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ABSTRACT Vertical GaN Schottky barrier diodes (SBDs) with floating metal rings (FMRs) as edge
termination structures have been fabricated on bulk GaN substrates. Devices with different FMR geometries
were investigated including various numbers of rings and various spacings between rings. These devices
have a low Ron of 1.16 ∼ 1.59 m�·cm2, a turn-on voltage of 0.96 ∼ 0.94 V, a high on-off ratio of 109,
a nearly ideal ideality factor of 1.03 ∼ 1.09, and a Schottky barrier height of 1.11 ∼ 1.18 eV at room
temperature. These devices have similar forward electrical characteristics, indicating that FMRs don’t
degrade the device rectifying performance. The ideality factor decreased and the Schottky barrier height
increased with increasing temperature from 300 K to 420 K, where the temperature dependencies of the
two parameters indicate the inhomogeneity of the metal/semiconductor Schottky interface. In addition,
FMRs can improve device breakdown voltages. As the number of FMRs increased from 0 to 20, the
reverse breakdown voltage increased from 223 to 289 V. As the spacing between the FMRs increased
from 1.5 to 3 µm, the reverse breakdown voltage increased from 233 to 290 V, respectively. These
results indicate multiple FMRs with proper spacings can effectively improve breakdown performance
without degrading the device forward characteristics. This work represents a useful reference for the FMR
termination design for GaN power devices.

INDEX TERMS Gallium nitride, power electronics, wide band-gap semiconductor, Schottky barrier diode,
edge termination, floating metal ring.

I. INTRODUCTION
Gallium nitride has been widely used in both electronic
and photonic devices [1]–[7]. It is an ideal candidate for
high power and high-frequency applications due to its wide
bandgap (∼3.4 eV), high critical electric field (>3 MV/cm),
and high Baliga’s figure of merit (BFOM). Conventional lat-
eral GaN power devices have been grown and fabricated
on foreign substrates such as sapphire [8], [9] and sili-
con [4], [10]–[12], which showed limited performance. This
is because lateral geometry results in surface-related issues,
poor thermal dissipation, and limitations on current and
voltage ratings. The second reason is related to the heteroepi-
taxial growth which gives rise to high defect densities and
thermal coefficient mismatch. Recently, bulk GaN substrates
have been commercialized that can enable vertical GaN

power devices with much lower defect densities, less strin-
gent requirements on thermal managements, better immunity
to surface states and higher currents and voltages [13]–[19].
GaN Schottky barrier diodes have been widely investigated
due to low turn-on voltages, fast switching, and lack of
reverse recovery charges.
One of the key topics of GaN power diodes is to elim-

inate or alleviate the electric field crowding effects at the
junction edge to avoid device premature breakdown, thus
achieving high breakdown voltages. Several edge termina-
tion methods have been reported, such as field plates, trench
structures, and deep mesa etching [20]–[24]. Floating metal
rings (FMRs) are another effective and easy-to-implement
termination method [15], [25]. It has been shown that FMRs
can effectively reduce electric field concentrations of the
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main Schottky junction due to the expansion of the deple-
tion layer along the FMRs [26]. This method has also
been adopted in SiC [26], [27] and Ga2O3 [28] Schottky
barrier diodes. Another advantage of this method is that
FMRs are very easy to implement. Unlike other edge ter-
mination techniques which require complicated fabrication
processes, FMRs can be formed simultaneously with the
Schottky contact without additional fabrication steps, sim-
plifying device fabrication and reducing costs. In this work,
we demonstrate the FMR termination structure on ver-
tical GaN-on-GaN Schottky barrier diodes with different
FMR geometry designs. The devices have similar forward
characteristics and nearly ideal ideality factors. With opti-
mized FMR structures, device breakdown performance was
improved. These results can serve as helpful references for
the future development of power GaN devices.

II. DEVICE FABRICATION
The samples were grown homoepitaxially by metalor-
ganic chemical vapor deposition (MOCVD) on c-plan
n+-GaN free-standing substrates. Trimethylgallium (TMGa)
and ammonia (NH3) were used as the gallium (Ga) and nitro-
gen (N) sources, respectively. N-type dopants Si were incor-
porated by using silane (SiH4) precursors. Figure 1(a) shows
the structure schematic of the devices. 1-µm-thick n+-GaN
with an electron concentration of ∼ 2×1018cm−3 were first
grown on the GaN substrates, followed by 9-µm-thick n-GaN
drift layer with an electron concentration of ∼ 2×1016cm−3,
which was estimated by the capacitance-voltage (C-V)
method [29]. High-resolution X-ray diffraction (HRXRD)
was used to characterize the crystal quality of the samples.
The setup used is the PANalytical X’Pert Pro materi-
als research X-ray diffractometer (MRD) system using Cu
Kα1 radiation source with a wavelength of 1.541 Å. The
incident beam optics and the diffracted beam optics are the
hybrid monochromator and the triple-axis module, respec-
tively. The full width at half maximum (FWHM) of (002)
and (102) planes are 44 and 32 arcsec, respectively. The
dislocation density can be calculated by using the following
equation:

D = β(002)
2

9
⇀

b1

2
+ β(102)

2

9
⇀

b2

2
(1)

where β is the FWHM and
⇀

b is the Burgers vector [30].
The first term represents the screw dislocation density, and
the second term represents the edge dislocation density. The
dislocation density was about 2.2 × 106 cm−2, indicating
high material quality of the epilayers.
After the material growth, conventional photolithography

was then applied to fabricate the devices. Figure 1(b) shows
the process fabrication flow. The samples were first cleaned
with ultrasonic using acetone and isopropyl alcohol, then
rinsed with deionized water. Next, photolithography was used
to define the pattern of the contacts. An oxygen plasma treat-
ment was applied to remove residual photoresist, followed

FIGURE 1. (a) Structure schematic of the vertical GaN Schottky barrier
diodes with multi-floating metal ring termination structure (b) Fabrication
process of the device. (c) Top view schematic diagram of the device with
rings. (d) Measurement setup with the device immersed in FC40 to avoid
breakdown through air.

by 30 seconds soaking in diluted hydrochloric acid (HCl)
to remove potential surface oxidization layers. The metal
deposition was conducted by electron beam evaporation.
Pd/Ni/Au metal stacks were first deposited on the sam-
ples to form the anodes and FMRs, followed by rapid
thermal annealing (RTA) at 400◦C in a nitrogen ambient.
Then Ti/Al/Ni/Au metal stacks were then deposited on the
backside of the samples to form the cathodes.
Figure 1(c) presents the geometry of the device with

FMRs. The anode has a diameter of 100 µm surrounded
by multiple FMRs. The number of FMRs varied from 0,
5, 10, to 20, and the spacing between the FMRs varied
from 1.5 µm to 3.5 µm with a step of 0.5 µm. The width
of the FMRs is 10 µm. Forward current-voltage measure-
ments and reverse breakdown measurements were conducted
using Keithley 2400 semiconductor parameter analyzer.
Figure 1(d) demonstrates the measurement setup. During
the breakdown measurements, the devices were immersed
in Fluorinert (FC-40) to avoid flash-over through the air,
which may underestimate the actual breakdown voltages.

III. RESULTS AND DISCUSSION
Figure 2 presents the forward current density-voltage (J-
V) curves and the on resistance-voltage (Ron−V) curves of
vertical GaN SBDs with 0, 5, 10, and 20 FMRs in a semi-
log scale at room temperature. The spacings were fixed to
be 2 µm. The forward voltage was applied at the anode
from 0 V to 2 V with a step of 0.02 V with the cathode
grounded. The current density was calculated based on the
area of the anode. The maximum current densities of these
4 devices at 2 V were about 699, 761, 905, 661 A/cm2,
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FIGURE 2. Forward current density-voltage curve (J-V) of vertical GaN
Schottky barrier diodes in a semi-log scale with various floating metal
rings at room temperature in a linear scale. The on voltage is around 0.94
∼0.96 V. The specific on resistance is around 1.2∼1.6 m�.cm2. All four
devices have a same spacing equal to 2 µm.

TABLE 1. Device parameters for the SBDs with various FMRs.

respectively. These devices all had a good on/off ratio of 109.
The turn-on voltages of the four devices were extracted
by linear exploration, which were about 0.96, 0.94, 0.94,
0.94 V, respectively. The specific on-resistances extracted
from the curves were about 1.47, 1.37, 1.16, 1.59 m�·cm2,
respectively. These results indicate that the addition of FMRs
doesn’t significantly impact the device forward rectifying
characteristics.
Figure 3 shows the forward temperature-dependent mea-

surements of these four devices in both linear and semi-log
scales. The temperature increased from 300 K to 420 K with
a step of 30 K. The relationship between diode currents and
voltages can be explained by the thermal emission model,
which is described by the following equations [29]:

I = Is

{
exp

[
q(V − IRs)

nkT

]
− 1

}
(2)

Is = AA∗T2exp

(
−qφb
kT

)
(3)

where Is, V, Rs, n, k, T, A, A∗, φb, are the saturation current,
the applied voltage, the series resistance, the ideality fac-
tor, the Boltzmann constant, the device area, the Richardson
constant, and the effective Schottky barrier height, respec-
tively. As the temperature increased, the current increased
under off-state and decreased under on-state, respectively.
This can be explained by the combination effect of the sat-
uration current (Is) and the series resistance (Rs). As the
temperature increased, the saturation current increased nat-
urally which leads to an increment in the diode current. On
the contrary, as the temperature increased, the series resis-
tance increased (due to more scattering) and hence the diode
current decreased because of the −IRs term in equation (2).
When the diode is off, the effect of the series resistance can
be neglected since the current level is too small (−IRs ∼= 0).
When the diode is on, this −IRs term needs to be taken
into the consideration. Combine both effects, the different
trends of the temperature dependence of the current under
on/off states can thus be explained. Moreover, the ideality
factor and the Schottky barrier height can be calculated as
a function of temperature using the following equations:

n = q

kT

1
d(lnI)
dV

(4)

φb = −kT

q
ln

(
Is

A∗T2

)
(5)

Figure 4(a) shows the extracted ideality factors and
Schottky barrier heights as a function of temperature for
the four devices. As the temperature increased from 300 K
to 420 K, the ideality factor slightly decreased from 1.03,
1.09, 1.07, 1.09 to 1.01, 1.03, 1.03, 1.04, respectively, and
the Schottky barrier height increased from 1.18, 1.12, 1.14,
1.11 eV to 1.21, 1.20, 1.26, 1.17 eV, respectively. The cor-
relation between the ideality factor and the Schottky barrier
height can be further characterized by a well know linear
relationship, as shown in Fig. 4(b). The abnormal behavior of
the device with 10 rings may stem from measurement errors.
This phenomenon has been studied and reported previously
in GaN [31]–[33] and other wide bandgap materials, such as
Ga2O3 [29] and SiC [34]. The temperature dependence of
both the ideality factor and the Schottky barrier height can
be explained by the thermionic emission over an inhomo-
geneous Schottky barrier with a voltage-dependent barrier
height. Some non-ideal condition such as rough interface
between electrode and semiconductor, metal grain bound-
aries, and non-uniform metallurgy can lead to this spatial
inhomogeneity [35], [36]. To incorporate the barrier inhomo-
geneity into the thermionic emission model in equation (2),
it is assumed that the Schottky barrier has a Gaussian distri-
bution potential with a mean barrier height φb and a standard
deviation s, and the barrier is linearly dependent on voltage:

φb = φb − q

2kT
σ 2 (6)

φb = φb0 + γV (7)

σ 2 = σ0
2 − ξV (8)
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FIGURE 3. Temperature dependent forward current-voltage (I-V) curves of devices with 0, 5, 10, 20 FMRs in both linear and semi-log scale. The
temperature was increased from 300K to 420K with a step of 30 K. The four devices have identical forward electrical performance.

where φb0 and σ0 are the mean barrier height and the stan-
dard deviation when V = 0. The coefficients γ and ξ

represent the voltage-induced deformation of the Schottky
barrier distribution. Note that γ < 0 and ξ > 0, indicat-
ing larger voltage can decrease the mean Schottky barrier
height and reduce the inhomogeneity of the barrier distri-
bution, respectively [29], [37]. The ideality factor can be
expressed as:

n−1 − 1 = −γ − q

2kT
ξ (9)

This explains why the experimental values of the ideality
factor always exceed 1. Figure 4(c) shows the fitting plot
of equation (7) and (9) using the average values of these
devices. The extracted φb0 is about 1.41eV and the extracted
σ0 is about 0.12 eV. Previously reported SBDs on differ-
ent materials showed a similar fluctuation parameter, such
as Ga2O3 (0.14 eV) [29], α-IGZO (0.13 eV) [35], ZnO
(0.134 eV) [38], and α-ZTO (0.12 eV) [37]. Moreover, this
inhomogeneity modification can be applied into the original
thermionic emission model:

ln

(
Is
AT2

)
− q2σ0

2

2k2T2
= ln

(
A∗) − qφb0

kT
(10)

Figure 4(d) shows the original and the modified Richardson
plot based on the Eqs. (3) and (10), respectively. The
extracted original A∗ (3.91 × 10−2Acm−2K−2) is unreason-
ably small. However, if we take the inhomogeneity barrier
into consideration and use the modified model for the extrac-
tion, the value of A∗ (33.48Acm−2K−2) is close to the
theoretical value (26Acm−2K−2) [39]. Table 1 and figure 5
summarize the forward characteristics of the four devices.
These devices have very similar forward performance, even
though there are still some trivial differences due to non-
uniformity of the material quality and the process fabrication
skills, their forward characteristics are still similar enough
for a fair comparison of the reverse breakdown performance
in the next part.
Figure 6(a) presents the reverse breakdown voltage mea-

surements of these four devices with 2 µm spacings and
various numbers of FMRs. The device breakdown was edge
breakdown with catastrophic damage at the contact edge
as observed by optical microscopy. As the number of the
FMRs increased from 0 (reference) to 5, 10, and 20, the
average breakdown voltage increased from 223 to 247, 272,
and 289 V, which were about 11%, 22%, 30% increment.
This increase in breakdown voltages is because FMRs can be
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FIGURE 4. (a) Ideality factor and Schottky barrier height as a function of temperature from 300 K to 420K with a step of 30 K. (b) Ideality factor versus
Schottky barrier height. (c) Plot of the average effective barrier height and n-1-1 versus 1000/T. (d) Original and modified Richardson plot for GaN SBDs.
The dash line shows the fitting curve.

considered as depletion region extension to achieve a smooth
potential contour at the device edge. More FMRs can help
spread the electric field laterally at the device edge and thus
significantly enhance the breakdown voltage.
In addition, the spacing between FMRs is also very crit-

ical since it determines the location of the peak electric
field. Figure 6(b) shows the reverse breakdown voltage mea-
surements of 5-ring GaN SBDs with various ring spacings
from 1.5 µm to 3.5 µm with a step of 0.5 µm. As the
spacing increased, the breakdown voltage increased from
233 to 247, 260, 290 and 271 V, about 4%, 11%, 17%,
30%, and 22% increment compared to the reference device
(no ring, Vbr = 223 V). The maximum breakdown volt-
age of 290 V occurred at the spacing equals to 3 µm. At
this condition, the depletion region extensions can cover the
spacings effectively and hence the electric field can spread
widely. This helps lower the peak electric field and thus

reach a higher breakdown voltage. However, when spacing
equals to 3.5 µm, it is too wide for the depletion region
extensions to cover the spacing effectively. As a result, the
uniformity and the area of the electric field distribution
decreased and hence the breakdown voltage decreased to
271 V. Furthermore, the enhancement effects in breakdown
voltages by the FMRs with increasing ring spacing may
also decreased afterward. Similar phenomenon happened in
reference [15] and [28], too.
In short, although these devices have very similar for-

ward performance, their reverse breakdown performance is
very different. More FMRs lead to higher breakdown volt-
ages, indicating that FMRs can effectively alleviate the
electrical field crowing around the edge of the anode.
In addition, the spacing of the FMRs also plays an
important role in the electric field distribution of the
devices.
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FIGURE 5. Device forward characteristics for the SBDs with 0/5/10/20 FMRs. Despite the trivial differences caused by non-uniformity of the material
quality and the process fabrication skills, their forward performance is similar enough for a fair comparison of the reverse breakdown measurement.

FIGURE 6. (a) Reverse breakdown voltage of GaN SBDs with 2 µm spacings and various numbers of floating metal rings (b) Reverse breakdown voltage
of GaN SBDs with 5 FMRs and various distance between contact and rings.

IV. CONCLUSION
Vertical GaN Schottky barrier diodes with various FMR
structures were fabricated on bulk GaN substrates. The
devices have a low Ron of 1.16 ∼ 1.59 m�·cm2, turn-on
voltage of 0.96 ∼ 0.94 V, and a high on-off ratio of 109. The
ideality factor is about 1.03 ∼ 1.09, which is nearly unity
and the Schottky barrier height is about 1.11 ∼ 1.18 eV at
room temperature. As the temperature increased to 420 K,
the ideality factor decreased and the Schottky barrier height
increased. This phenomenon is due to the inhomogeneity of
the Schottky barrier. All these devices have very similar for-
ward characteristics, indicating the FMRs don’t degrade the
device rectifying performance. As the number of the FMRs
increased from 0 to 5, 10, and 20, the breakdown voltage
increased from 223 to 247, 272, and 289 V, respectively.
This indicates more FMRs help distribute the electric field
laterally at the device edge and thus enhance the break-
down voltage performance. In addition, as the spacing of
the FMRs increased from 1.5 µm to 3.5 µm with a step

of 0.5 µm, the breakdown voltage increased from 233, 247,
260, to 290, then drop to 271 V. The maximum occurred
at 3 µm and then decreased afterward. This is because the
non-effective depletion region expansion through the wider
spacing. These results can serve as important references for
the future design of FMR structure on power devices to
obtain better breakdown performance.
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