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Abstract: We investigated the temperature-dependent reverse characteristics (Jg-Vg-T) of vertical
GaN Schottky-barrier diodes with and without a fluorine-implanted edge termination (ET). To
understand the device leakage mechanism, temperature-dependent characterizations were performed,
and the observed reverse current was modeled through technology computer-aided design. Different
levels of current were observed in both forward and reverse biases for the ET and non-ET devices,
which suggested a change in the conduction mechanism for the observed leakages. The measured
Jr-VRr-T characteristics of the non-edge-terminated device were successfully fitted in the entire
temperature range with the phonon-assisted tunneling model, whereas for the edge-terminated
device, the reverse characteristics were modeled by taking into account the emission of trapped
electrons at a high temperature and field caused by Poole-Frenkel emission.

Keywords: gallium nitride; vertical Schottky-diode; reverse leakage; TCAD modeling

1. Introduction

Wide band gap (WBG) materials have received increasing attention in recent times,
due to the growing demand for high-power, efficient, and reliable-power semiconductor
devices in various applications, such as transportation, consumer electronics, and renewable
energy. As silicon (5i) is reaching its technological limits, WBG materials, such as silicon
carbide (SiC) and gallium nitride (GaN), are gradually replacing silicon-based technologies.
Although SiC currently dominates the market for high-voltage applications above 1200V,
GaN devices are being extensively researched to reach this voltage range because of its
superior mobility and critical breakdown field, which offer competitive advantages over
SiC. Currently, commercial GaN high-electron-mobility transistors (HEMTs) are based on
a lateral AlIGaN/GaN heterostructure grown on a foreign substrate, such as 5i, SiC, or
sapphire [1]. These lateral devices take advantage of the two-dimensional electron gas
(2DEG) that forms at the interface of the AlGalN and GalN heterostructures. However,
commercially available HEMT devices are unable to achieve a sufficiently high breakdown
voltage (BV) of over 1 kV. Additionally, as the current is confined to a very thin layer, it is
necessary to increase the device size significantly to achieve such a high BV and to lower
the on resistance (Ryn). HEMT devices also have a normally on operation, which requires
special structures, such as recess gate [2], p-GaN gate [3], or ion implantation [4], to cut off
the 2DEG and make the device suitable for normally off operation. In addition, normally
off HEMT devices are still prone to several issues, such as high threshold voltage instability,
due to charge trapping and current collapse [5], which need to be addressed. An alternative
structure to resolve these issues and boost the BV in GaN power devices is a vertical device
grown on a native GaN substrate. Vertical GaN devices utilize the conducting n- and p-type
bulk GaN layers for vertical conduction instead of 2DEG heterostructures.
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Several research groups have fabricated fully vertical devices on native GaN sub-
strates or pseudo-vertical devices on foreign substrates, such as sapphire and silicon, in
recent times [6-9]. However, the lack of understanding of the relationship between ma-
terial processing and the underlying physics is hindering the widespread adoption of
these devices. The reported vertical devices exhibit a much higher leakage and lower
breakdown than predicted, and the leakage mechanisms are not fully understood to date.
Limited literature is available on fully vertical devices, with most of the work focused on
pseudo-vertical devices. Crystal imperfections, such as dislocations, have been reported
to increase the leakage in the devices [10-15]. Several mechanisms, including enhanced
tunneling due to surface defects [16,17], Poole-Frenkel emission (PFE) [18-22], variable
range hopping (VRH) [19,21-25], phonon-assisted tunneling [26], space-charge-limited
conduction (SCLC) [25], and trap-assisted tunneling (TAT) [20,25], have been identified for
devices grown on either bulk GaN or foreign substrates.

In this work, Schottky diodes are fabricated on free-standing GalN, with and without
an edge termination (ET), and characterized electrically. Schottky metal-semiconductor
junctions are ideal test vehicles for analyzing material properties and electrical performance,
such as leakage and breakdown mechanisms. The leakage in the Schottky diode can be
attributed to carrier injection across the barrier and/or to bulk defects, such as dislocations
and deep trap levels in the epitaxial grown layers. To understand the mechanism(s)
responsible for leakage, temperature-dependent reverse leakage characterizations were
performed and analyzed analytically. Finally, technology computer-aided design (TCAD)
simulations using Synopsys® Sentaurus were performed to help interpret the results. The
objective of this analysis was to provide deeper insight into the physics and to establish a
simulation framework for fabricating high-performance power devices.

2. Materials and Methods

For this study, GaN layers were grown by metal-organic vapor-phase epitaxy (MOVPE)
in a close-coupled showerhead reactor on a highly n+-doped (around 2 x 10'® cm~3), 2 inch
diameter, 300 um thick GaN free-standing substrate provided by Saint-Gobain Lumilog. A
highly doped 0.1 um buffer layer was also grown on top of the substrate before the epitaxy
of the 5 um, lightly doped drift layer (Ng-N, = 1~2 x 10'® cm~3), as illustrated in Figure 1.
The quality of the crystal was characterized by X-ray diffraction (XRD) measurements. The
full-width half-maximum (FWHM) of (002) symmetric and (302) asymmetric plane rocking
curves (RCs) were 169 arc sec and 115 arc sec, respectively. The wafer was cleaved into
six pieces, two of which were used for Schottky-barrier diode (SBD) fabrication. On one
part, device fabrication started with 1 pum deep mesa isolation using ICP etching with Cl,
plasma chemistry, followed by multi-energy and multi-dose fluorine ion implantation to
form the edge termination (implanted device). The implant dose and energy were taken
from study [27]. Fluorine implantation has been widely used in GaN-based power devices
to provide a negative fixed charge, which is effective in spreading the peak electric field
away from the edge of the Schottky contact. Post-implantation, the wafer was annealed at
450 °C. A Ti/Al/Ni/Au metal stack was evaporated on the backside of the wafer to form
an ohmic contact, and Pt/ Au was used as the Schottky contact. The contacts were annealed
simultaneously at 300 °C in a nitrogen environment for 5 min. A bilayer SiN/SiO, was
deposited as the passivation and was opened to deposit a Ti/Au field plate contact. For the
non-implanted control diode, the same contact layers were deposited and annealed. The
schematic cross-sections of the non-implanted and implanted diodes are represented in
Figure 1a and Figure 1b, respectively.

Forward and reverse characterizations on the fabricated diodes were conducted using
a Keithley 4200 parameter analyzer, and the temperature was varied from 25 °C to 125 °C, as
shown in Figure 2a and Figure 2b, respectively. The analyzed devices had square geometry,
with the Schottky contact side length being 190 pm. For the devices without implantation,
as no edge termination was used, the measurement voltage was restricted to —50 V to
prevent the device from undergoing destructive breakdown, due to electric field crowding
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at the Schottky contact edge. For the fluorine implanted devices, the measurements were
conducted up to —200 V, which was the maximum voltage range of the equipment.

190 pm 190 um
—p ————p
T ‘lum — SiN/SiO, Passivation
Spum — Fluorine implant

A
0.1um 1} n++ GaN n++ GaN

b
300um FS GaN Substrate FS GaN Substrate

y

Ohmic Contact Ohmic Contact
(a) (b)

Figure 1. (a) Non-implanted diode; (b) implanted diode.
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Figure 2. Temperature-dependent characterizations of (a) forward biases and (b) reverse biases of
implanted (dashed line) and non-implanted (solid line) devices.

3. Results
3.1. Forward Bias

In the case of an ideal Schottky contact, the temperature (T)- and bias (V)-dependent
current (I) can be expressed as [28]:

1%
[=1I [exp(jkT> - 1}, )
I = AA*Tzexp<—qk®TB>, )
. Amgm*k?
A= )

Here, I; is the saturation current density obtained by extrapolating a semi-log I-V
curve to V = 0 V. A is the Schottky contact area, m* is the effective mass of an electron, A*
is the effective Richardson constant (taken at 26.4 A cm~2 K2 for m* = 0.2 from [29]), k is
the Boltzmann constant, g is the elementary charge, / is the Planck constant, and @ is the
Schottky barrier height. The ideality factor, 11, describes the dominant current transport
mechanism, with a value close to unity indicating that the main mechanism is thermionic
emission. When # is slightly larger than unity, it refers to a conduction mechanism that is
composed of both thermionic emission and tunneling, while a large value of # indicates a
tunneling-dominated conduction.
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The extracted values of n at RT for both devices were 1.02 and 1.05, respectively, as
shown in Figure 3. This suggests that the dominant conduction mechanism in forward
bias is thermionic emission. The forward bias characteristics of both the implanted and
non-implanted diodes exhibited different levels of current density, as can be observed from
Figure 2a, due to the difference in the Schottky barrier heights, which were calculated at
0.76 eV and 0.96 eV (at RT) for the implanted and non-implanted diodes, respectively. The
barrier height for the implanted device was 0.2 eV lower than that of the non-implanted
one, which can be attributed to changes in the metal contact-GaN interface, due to mul-
tiple process steps, such as chemical cleaning and the annealing steps performed for the
implanted device. Such steps can introduce surface states that can lead to inhomogeneous
barrier height and @ deviation from the Schottky-Mott model [28]:

Ip=Opm—X 4)
1-3 T T T T T 1-6
1.2~
N
—11F & " i
‘S [ ] u ~ RS
= 1.0 L@ L L ) ® -1.2 =
o ' —
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Temperature (°C)

Figure 3. Ideality factor and barrier height extracted from the I-V measurements in the temperature
range of 25 °C to 125 °C.

In the above calculation of barrier height, A* was assumed to be constant at 26.4 A cm 2K 2.
This calculation assumed an ideal case with a perfect barrier and crystal. However, in
reality, this value depends considerably on the homogeneity of the Schottky interface and
on crystal quality. Therefore, from the I-V-T measurement, the modified Richardson’s
constant was extracted from the thermionic emission model, as given by [30]:

I
ln<A;2> =In(A") — % (5)

The barrier heights extracted from the slope of Figure 4 were 0.69 eV and 0.83 eV for
the implanted and non-implant diodes, respectively. These values were slightly lower than
the previous extracted values, but there was a similar difference between the two samples.
The experimental values of A* for the implanted and non-implanted diodes were found to
be2 A cm~2 K2 and 0.23 A cm~2 K2, respectively. This underestimation of Richardson’s
constant from the ideal value could be explained by the presence of inhomogeneous
distribution of the Schottky barrier and has been extensively studied before for Schottky—
GaN contacts [31-36]. Due to the inhomogeneity in the barrier, the electrons at a higher
temperature had sufficient energy to overcome a higher barrier, thus increasing the average
barrier with the temperature, as can be observed from Figure 3. A comparative higher
value of A* for the implanted device could indicate a larger effective area [37], due to
the reduction in surface defects, interface roughness, or any other contamination, due to
different cleaning and annealing steps involved in the fabrication.
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Figure 4. Richardson’s plot for implanted and non-implanted devices.

3.2. Reverse Bias

Both the diodes had much higher leakage currents than those expected from the ideal
thermionic equation. The physical origin of leakages can be either from the contact-limited
processes, such as Schottky barrier lowering, direct tunneling through the contact, Fowler—
Nordheim tunneling, and semiconductor bulk-limited conduction, such as PFE, VRH,
SCLC, etc., or a combination of both contact- and-bulk related processes. A list of different
mechanisms is presented in Table 1. In order to understand the leakage mechanism(s), the
field and temperature dependences of the leakage currents were studied and simulated
in Synopsys TCAD. As both the devices exhibited different forward barrier heights and
leakage current densities, they were analyzed and simulated separately.

Table 1. Summary of different leakage mechanisms.

Mechanism Expression Reference
. issi q( D=/ qE/ ere,
Poole-Frenkel emission Jpr = CEexp (_ ( o ) > [18,19,21]
1
Variable-range hopping Tyrer = J(0)exp ( <C% (@) > r ) [21,25]
Phonon-assisted tunneling IphAT < exp (%) [26,38]
Space-charge-limited Jscrc «< V2 [25]
. . . —4~/2am* 3/2
Trap-assisted tunneling Jrar exp(ﬁli’g@z) [12]

3.2.1. Non-Implanted Devices

For non-implanted diodes, the leakage current increased more rapidly than for im-
planted ones. The origin of this high leakage could be a phonon-assisted tunneling mech-
anism [26], as observed from the linear dependence in the In(]) vs. E? plot in Figure 5.
According to this model, the current transport across the barrier was governed by the
tunneling of electrons from the interface states [39]. Note that the electric field strength (E)
was calculated using the formula:

E= \/Zq(Nd_N”) <V+Vb,«—k:>, (©)

&€

where Vj; is the built-in voltage, N; and N, are the donor and acceptor concentrations in
the drift layer, respectively, V is the applied potential, ¢, is the relative permittivity of GaN,
and g, is the permittivity of free space.
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Figure 5. (a) Reverse [n1(J) vs. E2 characteristics at different temperatures for the non-implanted diode.
(b) TCAD fitting with the phonon-assisted tunneling model.

In order to confirm this, two dimensional TCAD simulations were performed (as
the supplementary materials shown), with structural parameters the same as those of
the fabricated devices, as mentioned in the previous section. The work function (WF)
of the Schottky contact in the simulation was used as a fitting parameter to match the
experimental forward I-V. We obtained a good fit, with a Schottky WF of 4.91 eV that gave
a barrier height of 0.95 eV using Equation (4) (electron affinity x = 3.96 eV for GaN at RT).
This was in agreement with the extracted barrier height of 0.96 eV by I-V measurements.
For simulating the reverse bias leakage through phonon-assisted tunneling, trap states
were introduced at the Schottky interface, with trap energy, concentration, and thickness of
the interface as the fitting parameters. Two tunneling paths were defined for electrons to
tunnel from the metal to the trap state and for the subsequent tunneling to the conduction
band [40]. An electron effective mass value of 0.2 m, was used. The electron—-phonon-
coupling Huang-Rhys factor was taken as 6.5, and the phonon energy hw, was taken as 66
meV [41]. Thermionic emission and barrier lowering by image force were also included
in the simulation. For a trap concentration of 2 x 10! cm ™2 and a trap location at 0.25 eV
from the conduction band edge, a decent fit was obtained between the simulation and the
experiment, as plotted in Figure 5b. The thickness of the interface layer was estimated
to be 10 nm. This particular trap could be associated with nitrogen vacancies or point
defects segregated around a dislocation [42-45]. Further investigation is required to fully
understand the origin of this defect state.

3.2.2. Implanted Devices

The temperature and field dependence of the implanted devices suggested the pres-
ence of another mechanism apart from phonon-assisted tunneling, which could be related
to the presence of defects in the 5 um epitaxial GaN layer. Thermal activation energy E 4
was extracted at different voltages by linear fitting of the Arrhenius plot, according to the

equation I o exp(—%i). The extracted E4 vs. E/2 suggested Poole-Frenkel emission
(PFE) as a possible conduction mechanism, which is the thermal excitation of deep states in

the presence of an electric field. The field dependence of activation energy for PF is given
by the relation:

Ex = @ — BprE'/?, @)

_ q
,BPF*Hngosrr (8)

where @y is the emission barrier height for the deep state, Spr is the Poole-Frenkel coeffi-
cient, ¢, is the relative dielectric constant at high frequency, and E is the electric field. Two
trap energies were extracted, with energy values of 0.75 eV and 1 eV below the conduction
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band, and Bpr were equal to 1.8 x 1074eV-V~1/2.cm~1/2 and 5.5 x 10~* eV-V~1/2.cm~1/2,
respectively, as plotted in Figure 6a. The extracted Spr were in close agreement with
previously reported values [19,21,46]. To reinforce this, TCAD simulations were performed
by including bulk traps, with the PFE model activated in the GaN drift layer. Only a
single trap energy was considered to simplify the simulation process, while the energy
and concentration were used as the fitting parameters. A good fit was obtained between
the simulation and the experimental leakages for a bulk trap of E.—0.9 eV, with a trap
concentration of 1 x 10 cm~3, as plotted in Figure 6b.

0.8 T T T T T 1005 T T T
Prr=1.8x10"4eVV ¢ 12 = F
5'07_ - $i=0.75 eV 10 3
s ~e = §
T ....’"“0~ NE 1072k
N 0.6} . o~ F
= A} = b
S0 ®, 10 °F
3 A By E-°
2 05 % § Ll e ey
= % R0 2y
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E1/2 [(V/cm)IIZ] Reverse Voltage A4}

(a) (b)

Figure 6. (a) Linear fitting E4 vs. EY/2 for extracting the PFE parameters for the implanted diode.
(b) TCAD fitting of the reverse current density at different temperatures.

The identified traps at 0.75 eV and 1 eV could be possibly related to Ga%*, VGaN; and
VauN 1.2* states [47], or dislocation-related defects [48]. However, additional experiments
such as DLTS is required to confirm these observed traps.

4. Conclusions

In this work, we investigated both the forward and reverse characteristics of fluorine-
implanted and non-implanted Schottky diodes in order to determine the conduction mech-
anisms. Both the devices were fabricated on different pieces of the same wafer, but they
exhibited different forward and reverse characteristics. This clearly indicates that different
fabrication steps, such as plasma etching, implantation, and passivation deposition, can
alter the electrical characteristics of a Schottky—GaN interface significantly in both forward
and reverse biases. The dominant conduction mechanism in the forward bias was found
to be thermionic emission, with an ideality factor close to unity. The Schottky barrier
heights were calculated at 0.76 eV and 0.96 eV (at RT) for the implanted and non-implanted
diodes, respectively. The Richardson’s constant was extracted from the thermionic emission
model, which revealed an underestimation of the Richardson’s constant from the ideal
value, indicating the presence of inhomogeneous distributions of the Schottky barriers. In
the reverse bias, two different mechanisms were identified and simulated through TCAD.
For the non-implanted diodes, phonon-assisted tunneling through a trap located close to
the M-S interface at 0.25 eV below the conduction band was identified as the source of the
leakage. For the implanted diodes, Poole-Frenkel emissions from defects located deep in
the bandgap appeared to be responsible for the observed leakage. A TCAD simulation
successfully reproduced the experimental reverse I-V at different temperatures.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en16145447/s1.
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