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Abstract: This study focuses on the impact of negative fixed charge, achieved through fluorine (F)
implantation, on breakdown voltage (BV) enhancement in vertical GaN Schottky diodes. Several
device and implant-related parameters are examined using Synopsys Sentaurus TCAD simulations in
order to determine the optimum fixed negative charge concentration required to achieve the highest
BV. The simulated structure consisted of a Schottky diode with a box consisting of negative fixed
charges to achieve the edge termination of the Schottky device. An empirical equation is proposed to
determine the optimum fixed charge concentration for the highest BV based on depth. The simulation
also considered implantation profiles derived from SIMS data from an actual device implanted
with multi-energy and multi-dose F. It is demonstrated that the BV has a similar dependence on
the key parameters like in the box profile. In summary, this work provides valuable insights into
optimizing edge termination techniques using negative fixed charge for improved BV in vertical GaN
power devices.

Keywords: gallium nitride; vertical Schottky-diodes; edge termination; TCAD modelling

1. Introduction

Gallium nitride (GaN) offers superior physical properties than silicon (Si) and silicon
carbide (SiC) such as large bandgap, high critical breakdown field and high electron
mobility [1] necessary for high voltage and high-frequency operations. Lateral GaN-on-Si
devices have been commercialized up to 900 V [2] but they suffer from several issues
like charge trapping, lower threshold voltage, current collapse, etc. [3]. With the recent
advancements in the growth of high-quality native GaN substrates it is now possible
to fabricate vertical GaN-on-GaN devices which can enhance the performance of GaN-
based power devices. One key challenge related to the development of such devices
is the electric field management. In a real device, the observed breakdown voltage is
lower than the theoretical values for vertical GaN devices. This is due to the fact that
potential is curled at the edge of the Schottky contact/junction which leads to a high electric
field. Under high reverse bias, the electric field at the edge can locally reach the critical
electric field that can initiate pre-mature breakdown. Therefore, it becomes extremely
important to implement edge termination in power devices which can relieve the potential
crowding at the edges. Several edge termination techniques like mesa isolation, field plate
(FP) [4–6], junction termination extension (JTE) [7–9], reduced surface field (RESURF) [10]
or performing implantation to form resistive GaN using Ar, He, N, etc. [11–17] have been
demonstrated in vertical GaN devices. Unlike Si or SiC power devices, it is difficult to
implement JTE structures in vertical GaN devices, due to the the difficulty in achieving
selective p-type doping through magnesium (Mg) implantation. This requires complicated
ultra-high pressure and high-temperature annealing [18–21] and capping layers [22,23]
to repair implantation induced lattice damage, activate the implanted Mg and prevent
decomposition of GaN at these extreme conditions [24].
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Due to difficulty in the activation of implanted Mg, highly electronegative F has been
used as an alternative by several research groups to form a region of negative fixed charge,
which helps to reduce potential crowding at the contact/junction edge. F implantation has
been experimentally confirmed to create a negative fixed charge in GaN. In HEMT it is
utilized to deplete the 2DEG under the gate and adjust the threshold voltage (Vth) to higher
values [25,26]. First-principle defect calculations carried out within the density functional
theory (DFT) [27,28] indicate that the dominant defect configuration of F is negatively
charged interstitial F−

i with the lowest formation energy in n-GaN whereas F2+
N is the

dominant defect in p-GaN. In vertical GaN devices, this property of F has been utilized to
improve the BV by spreading the electric field away from the contact edge [29–33].

In this work, we simulate the impact of the negative fixed charge on the enhancement
of BV in vertical Schottky diodes through extensive simulations in Synopsys Sentaurus
TCAD. Several parameters such as depth, concentration, overlap, etc., have been studied
in order to propose a design rule for fixed charge-based edge termination. A rectangular
box is defined in the drift layer containing fixed negatively charged traps using an inbuilt
Synopsys TCAD trap model. Due to the smaller size of the F ion compared to the GaN
lattice parameters, the implanted ion tends to channel. This channeling effect causes the
ion implantation to produce a Gaussian-like profile instead of an abrupt box-like profile. To
accurately consider this non-abrupt profile, additional simulations were conducted using
the F profile obtained from secondary ion mass spectrometry (SIMS) measurements on an
actual device.

2. Simulation Structure

TCAD simulation is performed using the structure as shown in Figure 1. The n-GaN
drift layer has a thickness of 15 µm with an n-doping concentration of 1 × 1016 cm−3. A
rectangular box is defined in the drift layer consisting of fixed negatively charged traps
using the Synopsys trap model.

n- Drift 

n+ Substrate

Schottky

Cathode

Rectangular region with
negative fixed charges

15 µm

1 µm
 

 

 

50 µm 50 µm

Figure 1. Schematic cross-section of the simulated structure in TCAD. A rectangular box with fixed
negative charges has been defined in the structure.

The following parameters were varied one at a time while keeping the remaining param-
eters constant to study their impact on the breakdown voltage and electric field distribution:

1. Fixed negative charge concentration.
2. Overlap of the implanted region under the Schottky contact (L1).
3. Width/extension of the implanted region outside the Schottky contact edge (L2).
4. Depth of implanted region (L3).
5. Impact of drift layer doping.

The simulation has been divided into two parts:

1. Using a rectangular region of fixed charge.
2. Using profile obtained from SIMS measurements.

This has been conducted to take into account the Gaussian-like profile of the implanted
species. The simulation parameters implemented in TCAD are listed in Table 1. The BV was
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determined by including impact ionization physics [34] in the simulation and the impact
ionization coefficient was taken from [35].

Table 1. Key simulation parameters implemented in TCAD.

Parameters Symbols Values

GaN bandgap Eg 3.44 eV
Relative permittivity εs 9.7

Electron mobility µn 1200 cm²/V·s
Temperature T 300 K

3. Simulation Results and Discussions
3.1. Box Profile

The influence of different parameters on the BV is plotted in Figure 2.
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Figure 2. Breakdown voltage vs. (a) Overlap (b) Implant length (c) Implant depth (d) Fixed charge
concentration.

Implant overlap (L1): As can be seen from Figure 2a, no dependence of the implant
overlap under the Schottky contact is observed on the BV. The implant length L2, depth L3
and fixed charge concentration was taken as 50 µm, 0.2 µm and 1 × 1018 cm−3, respectively.

Implant extension/width (L2): The length of the implanted region was varied by
keeping all other parameters constant (L1 = 1 µm, L3 = 0.2 µm and fixed charge concentra-
tion of 1 × 1018 cm−3). As the implant length increases, the BV increases and saturates after
a certain length as shown in Figure 2b. This length is approximately equal to the drift layer
thickness. For a shorter length, the lateral spreading of the electric field is not sufficient
which leads to a lower breakdown due to the equipotential lines crowding at the outer
edge of the box.

Implant depth (L3) and fixed charge concentration: The dependence of BV on implant
depth L3 for a constant fixed charge concentration of 2 × 1018 cm−3 and L2 of 50 µm
is plotted in Figure 2c. For this simulation, the drift layer doping and thickness were
kept constant. A strong dependence on the depth of the box can be observed, with BV
first increasing and then decreasing after reaching a maximum value. The 2-D electric
field distribution and equipotential lines at −500 V for a fixed charge concentration of
2 × 1018 cm−3 and varying depth are plotted in Figure 3. A clear increase in the electric
field at the inner edge of the box can be observed with increasing depth.
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Additional simulations involving an increase in the fixed charge concentration for
a fixed box depth indicate the existence of an optimal fixed charge concentration for a
given depth. This optimum concentration corresponds to the highest BV, which is equal to
the parallel plane BV, as depicted in Figure 2d. The optimum fixed charge concentration
decreases with an increase in the thickness of the negative fixed charge region. Moreover,
as the implantation depth rises, the reduction in BV becomes more pronounced with
increasing concentration. The 2-D electric field profile at −100 V is plotted in Figure 4 for
four different concentrations and a depth of 0.8 µm. When the fixed charge concentration is
lower than the optimum value, the electric field is crowded at the edge of the contact. As the
concentration increases, this peak field is effectively suppressed. For a high concentration,
the field lines start to crowd at the vertex of the box leading to a very high electric field and
thus reducing the BV.

Figure 3. Electric field at −500 V with box depth (L3 of 0.1 µm, 0.2 µm, 0.4 µm and 0.5 µm and fixed
concentration of 2 × 1018 cm−3). EF is uniformly distributed for a shallower depth and starts to
crowd at the vertex as the depth increases.

Figure 4. Electric field at −100 V for 0.8 µm depth of box with different fixed charge concentration.
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Drift layer doping
The impact of drift layer doping on the optimum fixed charge concentration is plotted

in Figure 5a for four different drift layer doping concentrations. The thickness of the drift
layer was 15 µm, L1 and L2 are 1 µm and 50 µm, respectively. As depicted in the plot, the
breakdown voltage initially increases with the fixed charge concentration for a given depth
of the box, reaching a peak before declining. This optimum fixed charge concentration for a
given depth of the box was observed to be independent of the doping concentration in the
drift layer and only depends on the depth of the box.
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Figure 5. (a) BV vs. fixed charge concentration for four different drift layer doping concentrations and
three depths. (b) Optimum concentration of fixed charge for different depths to achieve highest BV.

Based on the above results of simulation, an empirical equation can be defined by
fitting the fixed charge concentration required for the highest BV and the depth of implant
as shown in Figure 5b and can be expressed as:

FC = exp−Depth×1.79+41.28 (1)

where FC is the fixed charge concentration in cm−3 and depth in µm. Using this equation,
the optimal implantation dose can be calculated by simply multiplying the concentration
by the implantation depth. According to these findings, the determined optimal dose for F
implantation is approximately ~1.6 × 1013 cm−2 irrespective of the drift layer doping and
assuming that 100% of the F exists as negative charges.

3.2. SIMS Profile

During an implantation process, ions are accelerated to a specific energy, typically
measured in keV, and then bombarded onto a crystal. The acceleration energy determines
the depth to which the ions penetrate the crystal lattice. The dose of the implantation (in
cm−2) governs the concentration of the implanted species. Thus, by controlling both the
energy and dose of implantation, one can achieve the desired depth and concentration.
Multi-energy implantation is often employed to achieve a more uniform profile. However,
achieving an abrupt box profile by implantation in an actual device is challenging due to
the phenomenon of ion channeling within the crystal lattice. This discrepancy between the
ideal profile and the actual profile can be observed in the Secondary Ion-Mass Spectroscopy
(SIMS) profile obtained from samples implanted with F using energies of 30/60/100 keV
and doses of 1 × 1013, 3 × 1013, and 6 × 1013 cm−2 respectively, as shown in Figure 6. A
noticeable difference exists between the simulated profile obtained using the ‘Stopping and
Range of Ions in Matter’ (SRIM-2013) software and the measured SIMS profile. The mea-
sured profile is also compared with simulations performed using another software called
‘scatGUI’, developed at Hosei University [36]. This software accounts for the channeling of
implanted ions and is able to closely reproduce the measured profile.
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Figure 6. Comparision between Fluorine concentration obtained from SRIM/scatGUI simulation and
experimental SIMS.

To account for this deviation from a perfect box-like profile, the TCAD structure was
modified by replacing the box of negative fixed charge with the profile extracted from SIMS
measurements. This was achieved by directly importing the SIMS concentration-versus-
depth profile into a TCAD simulation using a CSV file. Inbuilt TCAD functions were then
used to manipulate the SIMS profile in terms of depth and concentration as follows:

1. To emulate different implantation depths, the SIMS profile was scaled in depth while
maintaining the peak concentration constant, as shown in Figure 7a. This is analogous
to increasing the implant energy.

2. To scale the concentration of fixed charges, the SIMS profile was scaled by the maxi-
mum of its absolute value and multiplied by N0, as shown in Figure 7b. Here, N0 is
the peak concentration and was taken between 1 × 1016 cm−3 and 1 × 1020 cm−3. This
is analogous to scaling the implantation dose.
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Figure 7. Negative fixed charge profile used in the simulation structure: (a) varying depth (b) varying
concentration.

The BV had the same dependence as that of the box profile for the overlap under the
contact and implant length, except for the implant depth. As can be observed in Figure 8,
the BV plateaus after reaching a maximum which is equal to the parallel plane breakdown
voltage for the given drift layer doping and thickness. Figure 9 shows the electric field
distribution for four different concentrations (Figure 7b). No electric field crowding inside
the drift layer is observed when the concentration of fixed charge is increased, unlike the
box profile where the electric field is crowded due to the abrupt junction.

The simulations conducted using the SIMS profile indicate the potential to increase
the implant dose beyond the optimal level as determined by the box profile without
compromising the BV. This is significant due to the fact that not all the implanted F exists
as a negative fixed charge.
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Figure 8. Electric field profile and equi-potential line at −100 V with varying fixed charge concentration.

Figure 9. Electric field profile and equipotential line at −100 V with varying fixed charge concentration.

The formation energy of F in GaN, calculated through first-principles methods, indi-
cates that in p-type GaN, F2+

N is the dominant defect, whereas in n-type GaN, the negatively
charged interstitial fluorine F−

i is the dominant defect configuration [27,28]. Given that
the simulated structure pertains to n-type GaN, F−

i , with the lowest formation energy, is
the primary defect. During the implantation process, lattice damage is inevitable, leading
to fluorine occupying positions of N or Ga, in addition to interstitial sites. Research by
Wang et al. [37] on the thermal annealing behavior of fluorine-implanted GaN suggests that
gallium vacancies (VGa) are the primary vacancy type, which aggregates into clusters post-
annealing, and fluorine forms F-vacancy complexes. Molecular dynamics (MD) simulations
by [38] have shown that the diffusion potential between interstitial sites and Ga vacancies
is the lowest, compared to interstitial sites to nitrogen vacancies or to another interstitial
site. Therefore, due to the formation of vacancies and F-vacancy complexes, the number
of F at the interstitial site will reduce leading to a reduction in fixed charge density. Our
previous study [32] demonstrated that only approximately 10% of the implanted fluorine
exists as fixed negative charges. Therefore, it is necessary to reduce vacancy concentration
and increase the F concentration in interstitial sites. One possible solution is to perform
channeled implantation [39], where the ion beam is directed roughly within ±1◦ from the
〈0001〉 direction. This method will reduce the vacancy concentration and increase the F
concentration in the interstitial site and thus a higher fixed charge concentration.

In the presented simulations, the modulation of implant depth and concentration of
fixed charges appears linear when considering an ideal implant box profile. Specifically,
a shallower depth necessitates a higher concentration of fixed charges, while a greater
depth requires a lower concentration (Figure 5b). Translating this to implantation dose
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yields a fixed value of ~1.6 × 1013 cm−2, if 100% of the implanted ions exist as negative
charges, forming a perfect box profile. However, real implantation introduces complexities
such as ion channeling and defect formation. Consequently, the dose required for ideal
conditions may not suffice. Using the SIMS profile, we demonstrated that BV does not
degrade when the fixed charge concentration is increased to a high value, unlike the
box profile. Therefore, we recommend increasing the total implantation dose beyond
the calculated optimum to compensate for these non-ideal effects and ensure effective
termination. This approach accounts for non-idealities, including defects and the partial
activation of implanted fluorine as negative fixed charges.

In order to implement F implantation-based edge termination, it is necessary to
determine the implant profile via simulation first. To have a better estimation of injection
depth and diffusion degree, it is advised to use MC simulation software such as scatGUI
version 1.37 [36] which considers the channeling effect in GaN crystal lattice rather than
SRIM simulation. As can be seen from Figure 6 the simulation performed in scatGUI was
able to closely reproduce SIMS measurement and model the channeling effect.

Further simulations are required by using profiles of F and vacancies extracted from
software such as scatGUI to model the effects of vacancies more accurately. By incorpo-
rating these advanced simulations, we can refine our approach to optimizing ion implan-
tation energy and dose for improved device performance which is a perspective for the
presented study.

4. Conclusions

In conclusion, we have presented a detailed analysis of the impact of negative fixed
charge-based edge termination on the breakdown characteristics of vertical GaN Schottky
diodes. Key structural and implantation-related parameters like the depth of implantation,
concentration, overlap under the contact and length of implantation are critically analyzed
to provide a guideline for dimensioning such edge termination. The simulation results
suggested that an empirical equation can be formulated to determine the optimal fixed
charge concentration based on the implant depth, facilitating the calculation of an opti-
mal implantation dose. According to the simulations, an optimal dose of approximately
~1.6 × 1013 cm−2 was identified. Moreover, when considering the SIMS profile, which
deviates from a box-like profile, the simulations demonstrated similar trends in breakdown
voltage dependence on parameters such as overlap and length. However, unlike the box
profile where a reduction in BV was observed after reaching the maximum value, the BV by
using SIMS profile plateaus. Electric field distribution simulations indicated that there was
no electric field crowding inside the drift layer due to the Gaussian-like profile of negative
fixed charge. This allows the implantation dose to be increased beyond the optimum dose
as determined by the box profile simulation without compromising the BV. It is important
to note that these simulations do not account for the damage (such as vacancies, intersti-
tials, etc.) created during the implantation process. Further investigations are required to
comprehensively understand the influence of such damage on the overall performance of
vertical GaN SBDs while designing F implantation-based edge termination. Addressing
this aspect will contribute to a complete understanding, enhancing the applicability and
reliability of the presented guidelines in practical device implementations.

Author Contributions: Conceptualization, V.M., J.B., and D.A.; methodology, V.M.; validation, J.B.
and D.A.; formal analysis, V.M.; investigation, V.M.; resources, J.B. and M.C.; data curation, V.M.;
writing—original draft preparation, V.M., and M.E.A.; writing—review and editing, J.B., M.C. and
D.A.; visualization, V.M.; supervision, J.B. and D.A.; project administration, M.C. and J.B.; funding
acquisition, M.C. and J.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work is part of the VertiGaN project supported by the Labex GANEXT (ANR-11-
LABX-0014).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Micromachines 2024, 15, 719 9 of 10

References
1. Zhang, Y.; Udrea, F.; Wang, H. Multidimensional device architectures for efficient power electronics. Nat. Electron. 2022,

5, 723–734. [CrossRef]
2. Chen, K.J.; Häberlen, O.; Lidow, A.; lin Tsai, C.; Ueda, T.; Uemoto, Y.; Wu, Y. GaN-on-Si power technology: Devices and

applications. IEEE Trans. Electron Devices 2017, 64, 779–795. [CrossRef]
3. Meneghesso, G.; Meneghini, M.; De Santi, C.; Zanoni, E. GaN-based lateral and vertical devices: Physical mechanisms limiting

stability and reliability. In Proceedings of the 2019 Electron Devices Technology and Manufacturing Conference (EDTM),
Singapore, 12–15 March 2019; pp. 68–70.

4. Horii, T.; Miyazaki, T.; Saito, Y.; Hashimoto, S.; Tanabe, T.; Kiyama, M. High-breakdown-voltage GaN vertical schottky barrier
diodes with field plate structure. Mater. Sci. Forum 2009, 615–617, 963–966. [CrossRef]

5. Saitoh, Y.; Sumiyoshi, K.; Okada, M.; Horii, T.; Miyazaki, T.; Shiomi, H.; Ueno, M.; Katayama, K.; Kiyama, M.; Nakamura, T.
Extremely low on-resistance and high breakdown voltage observed in Vertical GaN Schottky barrier diodes with high-mobility
drift layers on low-dislocation-density GaN substrates. Appl. Phys. Express 2010, 3, 11–14. [CrossRef]

6. Tanaka, N.; Hasegawa, K.; Yasunishi, K.; Murakami, N.; Oka, T. 50A vertical GaN Schottky barrier diode on a free-standing GaN
substrate with blocking voltage of 790 V. Appl. Phys. Express 2015, 8, 071001. [CrossRef]

7. Johnson, J.W.; Zhang, A.P.; Luo, W.B.; Ren, F.; Pearton, S.J.; Park, S.S.; Park, Y.J.; Chyi, J.I. Breakdown voltage and reverse recovery
characteristics of free-standing GaN Schottky rectifiers. IEEE Trans. Electron Devices 2002, 49, 32–36. [CrossRef]

8. Anderson, T.J.; Greenlee, J.D.; Feigelson, B.N.; Hite, J.K.; Kub, F.J.; Hobart, K.D. Improved Vertical GaN Schottky Diodes with Ion
Implanted Junction Termination Extension. ECS J. Solid State Sci. Technol. 2016, 5, Q176–Q178. [CrossRef]

9. Koehler, A.D.; Anderson, T.J.; Tadjer, M.J.; Nath, A.; Feigelson, B.N.; Shahin, D.I.; Hobart, K.D.; Kub, F.J. Vertical GaN Junction
Barrier Schottky Diodes. ECS J. Solid State Sci. Technol. 2017, 6, Q10–Q12. [CrossRef]

10. Li, W.; Nomoto, K.; Pilla, M.; Pan, M.; Gao, X.; Jena, D.; Xing, H.G. Design and realization of GaN trench junction-barrier-Schottky-
diodes. IEEE Trans. Electron Devices 2017, 64, 1635–1641. [CrossRef]

11. Ozbek, A.M.; Baliga, B.J. Planar nearly ideal edge-termination technique for GaN devices. IEEE Electron Device Lett. 2011,
32, 300–302. [CrossRef]

12. Ozbek, A.M.; Baliga, B.J. Finite-Zone Argon Implant Edge Termination for High-Voltage GaN Schottky Rectifiers. IEEE Electron
Device Lett. 2011, 32, 1361–1363. [CrossRef]

13. Xu, W.Z.; Fu, L.H.; Lu, H.; Ren, F.F.; Chen, D.J.; Zhang, R.; Zheng, Y.D. GaN Schottky barrier diodes with high-resistivity edge
termination formed by boron implantation. Chin. Phys. Lett. 2013, 30, 057303. [CrossRef]

14. Han, S.; Yang, S.; Sheng, K. High-Voltage and High-ION/IOFF Vertical GaN-on-GaN Schottky Barrier Diode with Nitridation-
Based Termination. IEEE Electron Device Lett. 2018, 39, 572–575. [CrossRef]

15. Guo, X.; Zhong, Y.; Chen, X.; Zhou, Y.; Su, S.; Yan, S.; Liu, J.; Sun, X.; Sun, Q.; Yang, H. Reverse leakage and breakdown
mechanisms of vertical GaN-on-Si Schottky barrier diodes with and without implanted termination. Appl. Phys. Lett. 2021, 118,
243501. [CrossRef]

16. Chen, C.-W.; Kuo, L.-Y.; Lai, Y.-C.; Hsin, Y.-m. Vertical GaN Schottky Barrier Diode Using Nitrogen Ion Implantation to Form a
Donut-Shaped Channel. J. Electron. Mater. 2021, 50, 5453–5461. [CrossRef]

17. Koné, S.; Cayrel, F.; Yvon, A.; Collard, E.; Alquier, D. DLTS analysis of high resistive edge termination technique-induced defects
in GaN-based Schottky barrier diodes. Phys. Status Solidi (a) 2016, 213, 2364–2370. [CrossRef]

18. Breckenridge, M.H.; Tweedie, J.; Reddy, P.; Guan, Y.; Bagheri, P.; Szymanski, D.; Mita, S.; Sierakowski, K.; Boćkowski, M.; Collazo,
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