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Abstract: This study proposed a novel double-layer junction termination structure for vertical
diamond-based PN junction diodes (PND). The effects of the geometry and doping concentration of
the junction termination structure on the PNDs’ electrical properties are investigated using Silvaco
TCAD software (Version 5.0.10.R). It demonstrates that the electric performances of PND with a
single n-type diamond layer are sensitive to the doping concentration and electrode location of the
n-type diamond. To further suppress the electric field crowding and obtain a better balance between
breakdown voltage and on-resistance, a double-layer junction termination structure is introduced
and evaluated, yielding significantly improved electronic performances. Those results provide some
useful thoughts for the design of vertical diamond PND devices.
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1. Introduction

Energy consumption worldwide has become an increasingly serious problem with
the booming of industry and economy. Si-based devices are currently the most widely
used power devices in electrical applications. However, further improvement in the
energy efficiency of Si-based power devices through device design and manufacture is a
challenge due to the theoretical limits of the material [1-3]. Wide band gap materials such
as diamond, GapOs, and GaN have been used in recent years for the design and fabrication
of power devices because their excellent physical properties meet the growing efficiency
requirements [4-9]. Diamond possesses an ultrawideband gap, high thermal conductivity,
and high electric field, high carrier mobility [10-12], making it the most suitable material
for high-power, high-temperature, high-voltage, and high-frequency power electronics
applications [13-15].

However, the industrialization of diamond devices still faces the following key tech-
nical issues that need to be resolved: (1) the epitaxial growth of large-size single-crystal
diamond wafers; (2) the preparation of high-quality and low-defect diamond wafers;
(3) high efficiency and controllable n-type and p-type doping technologies; and (4) the
advanced structure of power devices. First of all, increasing the wafer size can theoretically
reduce the material loss caused by the production process (such as chip cutting), thus im-
proving the utilization ratio. At the same time, the larger wafer size improves production
efficiency, reduces cost, and improves yields. The single crystal size of natural diamond
or high-pressure high-temperature growth is usually less than 15 mm. Recently, 1-inch,
2-inch, and 4-inch diamond wafers have been obtained through 3D homoepitaxial growth,
mosaic technique, and heteroepitaxy technique, respectively [16]. Secondly, dislocation
and defect density are two key factors of power semiconductor materials, especially for the
high-power vertical device because the current conduction direction parallels the disloca-
tion. Generally, the yield of power chips shows an exponential decrease with the defect

Electronics 2024, 13, 1703. https://doi.org/10.3390/ electronics13091703

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics13091703
https://doi.org/10.3390/electronics13091703
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-3407-6404
https://doi.org/10.3390/electronics13091703
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13091703?type=check_update&version=1

Electronics 2024, 13, 1703

20f11

density. Also, many kinds of methods (growth parameters modulation, dislocation filter
layer, epitaxial lateral overgrowth, etc.), have been developed to enhance the crystalline
quality of diamond wafers [17,18].

So far, diamond-based rectifiers, e.g., Schottky barrier diodes (SBDs) have become a
hot research topic [19,20]. The vertical diamond SBD with the high breakdown electric
field (5.38 MV /cm) was prepared by Wang et al. using a field plate-assisted termination
structure [21]. The highest current density (>60 kA/cm? at 6 V) was also reported by
Makino et al. with an SPND to balance the on-resistance (R,;) and the breakdown voltage
(Vpg) [22]. Furthermore, Shikata et al. confirmed the high-temperature stability of diamond
SBD at 500 °C for a long work period [23]. Previous works demonstrate that the PND
can provide a lower reverse leakage current, better avalanche capability, and better surge
current capability than that of the SBD [24]. Also, the PN junction is usually adopted as
the termination structure for SBDs. We previously proposed a novel beveled PN junction
termination structure for the vertical diamond SBD, in which the Schottky contact is also
located in the (100) p-type diamond while the PND is formed on the beveled (110) plane [20].
It demonstrates that the forward turn-on voltage (V,,) of the device is almost unchanged
compared with that of conventional SBD. However, the depletion region formed by the
PN junction hinders the current conduction area and slightly increases R,;. Since the PN
junction does not conduct and inject minority carriers under forward bias, the introduction
of PN junction does not degrade the reverse recovery performance. In the reverse bias state,
the depletion region of the PN junction significantly alleviates the electric field concentration
phenomenon and enhances the V;;. However, there are rare reports on the development
of (100) diamond PN junction diodes (PNDs) and Schottky PN junction structure diodes
(SPND) due to the challenge of realizing high-quality n-type doped diamonds. Generally,
the n-type doped diamond with an effective dopant is still a challenge currently although
there exist many promising elements such as Li and Na in group I, N and P in group V, and
O and S in group VI [25-27]. Considering some key factors such as the donor activation
energy, dopant solubility, doping efficiency, and reproducibility, phosphorus is regarded
as the most promising dopant at present. However, the doping efficiency of phosphorus
in diamond at room temperature is low (50-90% compensation rate) and the ionization
energy of the donor level is relatively high (0.57 eV) [28]. In addition, the hydrogen atoms
in the growth atmosphere of diamond produce a passivation effect, which inhibits the
ionization of phosphorus and leads to high resistivity. Finally, the doping concentration
and doping efficiency on the (001) diamond are 1-2 orders of magnitude lower compared
to the (113) and (111) facets. From the perspective of a power device, non- (001) -oriented
diamond substrates still face problems such as small size, growth difficulty, and poor
surface flatness [29]. Therefore, it requires an extremely high doping concentration to
obtain the n-type (001) diamond with small resistance. On the other hand, the deteriorated
crystalline quality of diamonds with high doping concentration results in the performance
degradation of PNDs. Recently, a double-layer NiO was adopted to construct Ga;Os
heterojunction PNDs [30]. The relatively small hole concentration in the bottom NiO layer
helps to enhance the V}; while the high hole concentration in the top NiO is beneficial to
obtain good contact and reduce the resistance.

Taking into account the challenge of high-quality n-type doped diamond, one possible
route is to construct the heterojunction. In the wide-band semiconductor material system,
there are some materials that are easy to realize n-type doping (with electron concentration
of 1017-10' em—3) such as gallium oxide, gallium nitride, and zinc oxide. Therefore,
these materials can also be employed instead of n-type diamonds to form heterojunctions
to realize the JTE structure [20]. However, the heterojunction encounters the interface
issue experimentally. Therefore, we believe that the double-layered structure is useful for
improving the electrical properties of diamond PND. The first n™-diamond layer with
relatively low doping concentration and high thickness provides a wider depletion region
to sustain the reverse bias. In addition, the n~-diamond layer also shows better crystalline
quality, which is beneficial to improve the heterojunction interface. On the other hand, the
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increase in doping concentration in the n*-diamond layer helps to modulate the electric
field distribution and improve the contact with the electrode. However, the design and
manufacture of diamond PND has been little mentioned in the past decades. In this paper,
we proposed a vertical diamond PND with a double-layer n-type diamond. The Silvaco
technology computer-aided design (TCAD) simulation was performed to investigate the
influence of different parameters on the PND. The TCAD is usually adopted in developing
new semiconductor devices and their electrical characteristics to reduce costly and time-
consuming wafer testing. Based on basic physical equations such as diffusion and transport
equations, the simulation approach guarantees predictive accuracy over a wide range of
technologies. One of the key parameters to evaluate the performances of power devices
is Baliga’s figure of merit (BFOM = V};2/R,,). The thickness, doping concentration, and
relative location of the n-type diamond layer and the size of the electrode were studied to
enhance the electric field distribution in PND, which is beneficial to balance the R,,, and

VsD.

2. Design Models and Calibration

The schematic cross-section of the diamond PNDs with single and double junction
termination extensions designed by Silvaco TCAD software is shown in Figure 1a,b. The
single layer junction termination structure PND (Figure 1a, named S-PND) is composed of a
heavily doped diamond region (p* diamond substrate, 1 pm with the hole concentration of
1 x 10* em~3 at 550 K), a lightly doped diamond drift region (p~ diamond layer, 4 um with
the hole concentration of 1 x 10'® cm~3 at 550 K) and a single n-type diamond layer. The
anode and cathode were set at the bottom of the p* region and the top of the n-type region,
respectively. Subsequently, we carried out the design of the PND with a double-layer n-
diamond structure (Figure 1b, named D-PND). On the one hand, the double-layer structure
can improve the interface quality of the PN junction. On the other hand, this structure
serves as the junction termination extension (JTE), which was commonly introduced for
the power diode. We use the Shockley—-Read—-Hall Recombination, Auger Recombination,
Bandgap Narrowing, Low-Field Mobility, and Parallel Electric Field Dependence model
for simulation [31]. The Shockley—Read-Hall (SRH) Recombination primarily describes
phonon transitions that occur in the presence of a trap (or defect) within the forbidden gap
of the semiconductor. This is essentially a two-step process, the theory of which was first
derived by and then by Hall. The SRH is modeled as follows:

2
pn—n,

ol e ()] vl e (5]

Rsrp =

where n and p are the concentrations of electron and hole, respectively, n;, is the intrinsic
carrier concentration, Eyygp is the difference between the trap energy level and the intrinsic
Fermi level (default value), T is the lattice temperature in degrees Kelvin, and 7, (2 x 10~°
in this work) and 7, (2 x 10~ in this work) are the electron and hole lifetimes, respectively.
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Figure 1. The schematic cross-section of the PND with single-layer n-diamond structure (S-PND)
(a) and the PND with double-layered n-diamond structure (D-PND) (b).
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Auger recombination occurs through a three-particle transition whereby a mobile
carrier is either captured or emitted. Auger Recombination is commonly modeled using
the expression:

RAuger = TYe (P”Z - 7’11’1126) + Th (”Pz - pni23>

where 7, and 7, are the Auger coefficients of electrons (default values) and holes (default
values), respectively.
The low-field mobility model is adopted according to:

T 79”
HUn0 = HUn <300>

T\ %
EES

where T is the lattice temperature, u, (500 and 20 for p-type and n-type diamond in this
work) and 74, (200 and 1000 for p-type and n-type diamond in this work) are the mobility of
electrons and holes at 300 K. 6, (1.5 in this work) and 6, (1.5 in this work) are the mobility
of electrons and holes at 300 K.

Firstly, the S-PND was used to evaluate the effects of electrode size and n-type di-
amond doping concentration and depths. For the D-PND, the dimensions and doping
concentration of the double-layer n-type diamond were used for the study. The device
performance (in particular, forward conduction characteristics and reverse breakdown
voltage) was simulated by using the models reported in our previous work [32]. The key
material parameters of the diamond were set according to reference [33]. Generally, the
incomplete ionization model is adopted to evaluate the temperature dependency of dopant
ionization due to the large activation energy. When the temperature increases from 250 K to
650 K, the activation of dopants will be enhanced obviously to realize a small resistance. As
discussed in our previous work [34], we think that 550 K is the suitable temperature used
for simulation. It is worth noting that the critical electric field for a diamond is set to be
6 MV /cm, this is attributed to the fact that the impact ionization coefficient of a diamond is
not yet fully understood.

3. Results and Discussions
3.1. Modulation of the Structure Parameters for the S-PND

Firstly, the effect of the cathode size (reflected as the distance between the cathode
edge and the n-type diamond edge, S=0, 1, 2, 3 pm in Figure 1a) on the electrical behavior
of the S-PND was evaluated. For this simulation, the thickness and electron concentration
of n-type diamond is set to 150 nm and 5 x 10'7 em ™3 (at 550 K), respectively.

The electrical characteristics are summarized in Table 1 and shown in Figure 2.
The results show that the Ry, of the S-PNDs increases significantly from 4.51 mQ-cm?
(S =0 pum) to 7.04 mQ-cm? (S = 3 um). These changes can be explained by the current
density distributions at a forward bias of 8 V (Figure 3a,b). The current conduction area
decreases with decreasing cathode size, which leads to an increase in R,;. On the other
hand, the change in the size of the cathode has a positive effect on the electric field distri-
butions of the S-PNDs. Figure 3c—f show the effect of the cathode size on the electric field
distributions of S-PNDs at the reverse V5. With decreasing cathode size, new electric field
peaks are generated at the cathode edge to relieve the electric field crowding around the
JTE edge. It is worth noting that the electric field tends to balance between all the peaks
when S =2 um, while it tends to concentrate around the electrode edge and leads to the
degradation of the device performance when S = 3 um. Therefore, the S-PND with S =2 pm
can obtain the appropriate R,,; and Vp,; to obtain the best BFOM value.



Electronics 2024, 13, 1703 50f11

Table 1. The simulated electric performances for the S-PNDs with different cathode sizes.

S (um) Vo (V) Ron (mQ-cm?) Vi (V) BFOM (GW/cm?)
0 5.7 451 400 0.04
1 5.7 5.06 1150 0.26
2 5.7 5.86 1350 0.31
3 5.7 7.04 750 0.08

m(

\on

R
|

Current Density (kA/cm?)
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Voltage (V)

Figure 2. The I-V curves and the corresponding R, for the S-PNDs with different cathode sizes.
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Figure 3. (a,b) are the typical current distributions under forward bias (8 V) of S-PNDs with different
cathode sizes. The typical electric field distributions under V; of S-PNDs are summarized in (c—f).
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In addition, considering that the device performances of S-PNDs may be influenced by
the parameters of JTE, different depths (D = 100, 150, 200 nm) and electron concentrations
(1 x 10'7,5 x 107, and 1 x 10" cm~3 at 550 K) of n-type diamond were used to perform
the evaluation together. The electrical characteristics of the S-PNDs are shown in Table 2
and Figure 4. It demonstrates that the S-PND with D = 150 nm and electron concentration of
5 x 1017 em~3 can simultaneously obtain a larger V;,; and a smaller R, resulting in the
highest BFOM value. For the S-PND with a 100 nm n-type diamond layer, the n-type
diamond layer is rapidly depleted and severe electric field crowding occurs at the cathode
edge (Figure 4a). However, when the n-type diamond layer thickness increases to 200 nm,
the controllability of the cathode electrode becomes weak, and the electric field tends to
concentrate at the n-type diamond edge (Figure 4b). The uneven electric field distribution
results in the rapid breakdown of S-PND. When the electron concentration of n-type
diamond is relatively low (1 x 10" cm~3), the n-type diamond can be depleted easily. The
electric field tends to accumulate at the electrode edge, causing premature breakdown
of the device (Figure 4c). On the other hand, the electric field tends to concentrate at the
n-type diamond layer edge when the electron concentration reaches 1 x 10'8 cm~3, which
also degrades the electrical performance (Figure 4d).

Table 2. The simulated electric performance for the S-PNDs with different parameters of the
n-type diamond.

Electron

.cm2 2
D (nm) Density (550 K) Ron (mQ-cm?) Vpa (V) BFOM (GW/cm*?)
100 5 x 107 cm™3 5.32 1050 0.21
150 1 x 107 em—3 8.47 500 0.03
150 5 x 1017 cm™3 5.86 1350 0.31
150 1 x 108 em—3 452 600 0.08
200 5 x 1017 cm ™3 6.52 900 0.13
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Figure 4. The typical electric field distributions under V; of S-PNDs with different parameters of the
n-type diamond layer, (a) D = 100 nm; (b) D = 200 nm; electron concentration are (c) 107 em 3 and
(d) 10*® cm—3.



Electronics 2024, 13, 1703

7 of 11

3.2. The Effects of Structure Parameters on the D-PND

Based on the above result, the performance of the PND is mainly influenced by the
parameters of the n-type diamond layer. Therefore, we designed a double-layer structure
PND (D-PND), consisting of n*-diamond layer and n™-diamond layer, to further improve
the performances. The investigation of the performances of D-PND is carried out by
first adjusting the relative distance (S; in Figure 1b) between the n*-diamond layer and
the n™-diamond layer. The electrode length is fixed at 9 um, and the thicknesses of the
n~-diamond layer and n*-diamond layer are set to 100 nm and 50 nm, respectively. The elec-
tron concentrations of the n~ - and n*-diamond layer at 550 K are chosen to be 5 x 107 cm 3
and 1 x 10'8 em~3, respectively. The simulated results are summarized in Table 3 and
shown in Figure 5. In Figure 5e, we can see that the variation in S1 length presents no
obvious effects on the forward performance of D-PND with the comparable R, (Table 3),
while the V;,; of D-PNDs is significantly influenced. These changes can be explained by the
electric field distributions under V;; (Figure 5). With the increase in S;, new electric field
peaks are generated at the edges of the electrode and n*-diamond layer to relieve the electric
field crowding in the PN contact region (Figure 5a,b). The D-PND with S; = 1 pm achieves
optimal performance through the balance between three electric field peaks (Figure 5c).
However, the electric field peaks around the electrode edge and n*-diamond edge tend to
merge together with further increasing S;, resulting in uneven electric field distribution
and lower device performance (Figure 5d).

Table 3. The simulated electric performance for the D-PNDs with different S;.

S (um) Ry (mQ-cm?) Vg (V) BFOM (GW/cm?)
0 5.08 400 0.03
0.5 5.08 1200 0.28
1 5.08 1450 0.42
15 5.08 1350 0.36

Subsequently, different doping concentrations of the double layers were used to modulate
the performances of D-PNDs. The simulated electrical properties are summarized in Table 4,
in which the doping concentrations of the double layers have a significant effect on the
Ron and Vy,; of the D-PNDs. Figure 6 provides some typical electric field distributions of
the D-PNDs with different doping concentrations. Observed from Figure 6a, the n-type
diamond layers are depleted totally and result in the electric field crowding around the cathode
edge when the doping concentration of the n*-diamond layer and n~-diamond layer is low
(5 x 107 em™3 and 1 x 10" cm~3, respectively). As the doping concentration of the n*-
diamond layer increases to 1 x 10 cm~3 and that of the n~ diamond layer increases to
5 x 1017 em—3 (Figure 5b), the electric field distribution of the D-PND becomes uniform,
leading to the highest V;,; and BFOM values. However, when the doping concentration of the
n* diamond layer was increased to 5 x 1018 cm—3 (Figure 6b), the crowding of the electric
field tended to occur at the edges of the n*-layer and decreased the performance of the device.
Therefore, the best performance of D-PND is achieved when the doping concentrations of the
n*-and n~ diamond layers are 1 x 10'® cm~3 and 5 x 10'7 cm~3, respectively.

Finally, the total depth of the junction termination structure was controlled to 150 nm,
and the D-PNDs were modulated using different n* and n~ diamond layer thicknesses
(Table 5 and Figure 7). The results show that the electric field distributions of D-PNDs
become uniform with the increasing n™-diamond layer thickness (D) when the thickness is
less than 100 nm. For the D-PND with Dy = 50 nm, and D, = 100 nm (Figure 7a), the electric
field tends to crowd at the edge of the n*-layer. For the D-PND with D; = 75 nm, and
D, =75 nm (Figure 7b), a new electric field peak appears at the n-diamond edger, which
has a positive effect on alleviating the electric field crowding. For the D-PND with
D; =100 nm, D, = 50 nm (Figure 5b), the simultaneous presence of three electric field
peaks at the electrode edge, the n*-diamond edge and the n™-diamond edge equalizes
the electric field distribution inside the D-PND, which is conducive to obtaining excellent
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Vipa. However, further increasing D; to larger than 100 nm, the electric field of the D-PNDs
crowds at the edges of the PN junction contact (Figure 7c, with D; = 120 nm, D, = 30 nm)
and degrade device performance.
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Table 4. The simulated electric performances for the D-PNDs with different doping concentrations of

n*- and n~-diamond layers.

n~ Electron Density n* Electron Density Ron Vba BFOM
(550 K) (550 K) (mQ-cm?) W) (GW/cm?)
1 x 10" em—3 5 x 107 em—3 6.76 700 0.07
1 x 10" em—3 1 x 108 cm—3 6.07 1050 0.18
1 x 1017 em—3 5% 1018 ¢m—3 4.51 400 0.02
5 x 1017 cm—3 1 x 108 cm—3 5.08 1450 0.42
5 x 107 em—3 5% 10 cm—3 3.56 900 0.23

1 x 1018 cm—3

5 x 10 em—3

3.06 500 0.08
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n*=5x 108 cm3.

Table 5. The simulated electric performances for the D-PNDs with different n*-and n™-diamond
layer thicknesses.

D; (nm) D; (nm) Roy, (mQ-cm?) Viq (V) BFOM (GW/cm?)
50 100 4.94 850 0.15
75 75 5.03 1150 0.26
100 50 5.08 1450 0.41
120 30 5.33 1400 0.37
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Figure 7. The electric field distributions under Vpp of D-PNDs with different n* and n~ diamond
layer thicknesses. (a) D; = 50 nm, D, = 100 nm; (b) D; = 75 nm, Dy = 75 nm; (c) D; = 120 nm,
Dy =30 nm.

4. Conclusions

In summary, we report a novel diamond PND with a double-layer JTE structure and
comprehensively discuss the effects of different parameters on the electrical properties of
the diamond D-PND. The simulation results demonstrate that the electric performances
of PND with a single n-type diamond layer are sensitive to the doping concentration and
electrode location of the n-type diamond, implying the necessity of a double-layer n-type
diamond. The introduction of the double JTE structure has a positive effect on regulating
the Ry, and electric field distribution of the PND, and the BFOM value is significantly
increased from 0.035 GW/cm? to 0.414 GW/cm?. We believe that the results are very
promising to facilitate the application of diamond PNDs for high-power and high-efficiency
power electronics.
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