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The trench diamond junction barrier Schottky (JBS) diode with a sidewall enhanced structure is designed by Silvaco
simulation. Comparing with the conventional trench JBS diode, Schottky contact areas are introduced on the sidewall of
the trench beside the top cathode. The sidewall Schottky contact weakens the junction field-effect transistor effect between
the trenches to realize a low on-resistance and a high Baliga’s figure of merit (FOM) value. In addition, the existence of the
n-type diamond helps to suppress the electric field crowding effect and enhance the reverse breakdown voltage. With the
optimal parameters of device structure, a high Baliga’s FOM value of 2.28 GW/cm? is designed. Therefore, the proposed
sidewall-enhanced trench JBS diode is a promising component for the applications in diamond power electronics.

Keywords: diamond, Schottky barrier diode, junction terminal extension, simulation

PACS: 81.05.ug, 73.30.+y, 85.30.Kk, 88.30.gg

1. Introduction

Diamond is a promising candidate for the next genera-
tion of high power and high frequency electronic applications
due to its superior material properties, such as wide bandgap
(5.5 eV), high breakdown electric field (> 10 MV-cm™!),
and high carrier mobility (4500 cm?-V~!.s~! for electron,
3800 cm2-V—L.s~! for hole).['™* The diamond-based Schot-
tky barrier diodes (SBDs) play an essential role in indus-
trial realms in virtue of the high-temperature durability (>
250 °C),1>0 fast recovery,!”! high current (several to tens of
amperes), 8! and high breakdown voltage.!”! However, the im-
age force and electric field crowding effect under a relatively
high reverse voltage increase the reverse leakage current and
cause the premature breakdown. Until now, many kinds of
termination structures such as junction termination extension,
field plate, and junction barrier Schottky (JBS) have been
adopted to alleviate the electric field crowding.[!%11]

The JBS diode is commonly used because it features the
low turn-on voltage and fast switching frequency of a typi-
cal SBD,!"?! as well as the high breakdown voltage of the in-
tegrated PN junction.!!3] However, the junction depth of the
n-type diamond formed by ion implantation is very shallow
due to the high atom density and high hardness, which leads
to the weak field shielding effect of diamond JBS diode. A
trench JBS (T-JBS) structure that can realize a deeper pn junc-
tion than planar JBS is used to enhance the shield effect at
Schottky contact interface.!'*!3] On the other hand, the T-JBS
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diode introduces a strong depletion region along the sidewall
of mesa between the trenches, which suppresses the forward
current path and reduces the forward current density.[1%!7] Tn
previous work!!8] a sidewall enhanced trench JBS (SET-JBS)
SiC diode was proposed to increase the Schottky contact area
and reduce the junction field-effect transistor (JFET) effect,
resulting in the enhancement in forward current density and
the specific on-resistance. However, it mainly focused on the
forward current—voltage analytical model with mesa width as
the parameter. Many other parameters such as doping con-
centration, trench depth, and regrowth process have not been
evaluated extensively.

In this work, the influence of sidewall enhanced structure
on the electrical performances of diamond JBS diode is inves-
tigated extensively and compared with that of the conventional
trench JBS diode. The influences of structure parameters (the
doping concentration, mesa width, trench depth, regrowth pro-
cess) on forward and reverse properties of an SET-JBS diode
are included in design through Silvaco simulation. The sim-
ulation results indicate that the proposed SET-JBS diode is
promising component to balance the on-resistance (R,,) and
the reverse breakdown voltage (Vgp). It demonstrates that the
diamond-based JBS can reach a Vgp of approximately 1500 V
and an Ry, of approximately 1 mQ-cm? by using only 3.0-pm-
thick drift layer. On the other hand, the SiC SET-JBS requires
12-um-thick drift layer to realize 1500 V and 3 mQ.-cm?.[!8]

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Device structure and parameters

Figures 1(a)-1(c) show the device structures and param-
eters of the trenched SBD diode (T-SBD), the conventional
T-JBS, and the proposed SET-JBS, respectively. The struc-
ture consists of three parts: the heavily doped p*-diamond
region (0.5 pm in thickness and 1x10'® cm™3 in hole den-
sity), the p~-diamond drift region (3 wm in thickness and
1 x10'® cm™3

which exist in the trenches.

in hole density), and the n-diamond regions,
The Schottky (marked by red
line) contact served as electrodes for different diode struc-
tures. The Schottky contact was defined by setting a work
function to the metal while the ohmic contact is defined by
default without a work function. To reveal the effect of pn
junction, some key parameters such as the n-type doping con-
centration, mesa width (Wyesa), thickness of the n-type dia-

mond (7}, qi) and trench depth (D) were evaluated. A series
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of n-type doping concentrations (1x10'® cm—3~10'% cm™3),
Whesa (2 pm~8 pm), and 7j,_gix (0.05 pm~0.45 pum), as well
as the Dy (—0.3 um~0.1 pm) was adjusted to find the optimal
Baliga’s figure of merit (BFOM = VBZD /Ron)- For the Dy, the
minus value means that the top surface of the n-type diamond
is located underneath the surface of p~-diamond drift layer.

The main models used in our simulation were parallel-
electric-field-dependent mobility model, the Auger recombi-
nation model, Shockley—Read-Hall model, and the impact
ionization model. Finally, we calculate the R,y by using the
current—voltage (I-V) curves, while the reverse Vpp was deter-
mined by the electric field distributions. Although the impact
ionization model was added, the parameter values are differ-
ent in many previous researches due to the premature break-
down of diamond material and device. Then, the JBS diode
was deemed to be breakdown when the maximum electric field
reached 6 MV/cm. [1920]
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Fig. 1. Device structure and key parameters of (a) trench SBD diode, (b) conventional trench JBS diode, and (c) proposed sidewall enhanced

trench JBS diode.

3. Results and discussion

Figure 2 shows the electrical characteristics of different
diamond diodes obtained by TCAD simulation. For each of
the three diodes, the Wiesa, T;
doping concentratlon are set to 6 um, 0.15 pm, —0.2 pm,
and 5x10'7 cm ™3, respectively. It is observed from Fig. 2(a)
that the forward /-V curve of the proposed SET-JBS diode
presents a higher current density than that of the conventional
T-JBS diode, but smaller than that of the T-SBD. The deduced
R, value is around 0.67 mQ-cm? for the T-SBD structure,
0.86 mQ-cm? for SET-JBS structure, and 1.46 mQ-cm? for
T-JBS structure. The current distributions of the diodes un-

n-dia> Dy, and n-type diamond

der a forward voltage of 4 V are also simulated to investigate
the decreased R,y of SET-JBS (Fig. 2(c) and T-JBS (Fig. 2(d).
Comparing with the conventional T-JBS, the proposed SET-
JBS device has not only a larger Schottky contact area (in ad-
dition to the Schottky contact on the top cathode, the sidewall
of the trenches also introduces Schottky contacts), but also a
smaller JFET effect between the trenches. Thus, the forward
current density increases but the R, decreases.

The off-state electric field distributions of the diodes un-
der —700 V are shown in Figs. 3(a)-3(c). The correspond-

ing electric field profiles extracted along the cutline AA’ are
plotted in Fig. 3(d). It is found that the trench structure in
T-SBD can suppress the electric field localized beneath the
Schottky electrode effectively, while two peaks are found at
the mesa edges due to the electric field crowding phenomenon
(Fig. 3(a)). The introduction of depletion regions by the pn
junction helps to alleviate the electric field crowding and form
a uniform distribution, resulting in an increased breakdown
voltage (Figs. 3(b) and 3(c)). As shown in Fig. 3(d), the elec-
tric field of the conventional T-SBD diode is much higher than
those of the other two diodes, which results in the highest
leakage current density in all the diodes. The SET-JBS also
alleviates the electric field crowding effectively. It is worth
noting that the electric field at the Schottky contact of the pro-
posed SET-JBS structure is slightly larger than that of T-JBS
(Fig. 3(e)), which results in a slight amplitude of leakage cur-
rent increase than the scenario in T-JBS. However, the elec-
tric field is still much smaller than that in the drift layer. It
demonstrates that a maximum BFOM value of 1.96 GW/cm?
is obtained in the proposed SET-JBS due to the better balance

between the Ry, and Vpp.

088101-2



Chin. Phys. B 32, 088101 (2023)

2500 ()

(&)
o
o
o

1500 — 1-SBD
SET-JBS

10001

- T-JBS

Current (A/cm?

5001

Current density
< 2

—
o

Anode

[
S)
&

_0.8

Current density (10% A/cm?)

10 (b) Cathode
ﬂ
E
©
g
~ T-SBD
5
Anode
(d) Cathode
4.0

=N W
o o o

Anode

Fig. 2. (a) Linear forward /-V characteristics and corresponding R,y for three kinds of diodes, and (b)—(d) current density distribution under
4V for the T-SBD diode, SET-JBS diode, and T-JBS diode, respectively.
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Fig. 3. Electric field distribution under —700 V for (a) T-SBD diode, (b) SET-JBS diode, and (c) T-JBS diode, respectively. (d)—(e) Electric field profiles

obtained along cutline AA’ and CC/, respectively.

In the conventional JBS and T-JBS diode, the doping con-
centration of n-type region is a key parameter to modulate the
electrical behaviors. Therefore, it is necessary to evaluate this
parameter more detail. The Wiesa, Th-dia, and Dy of SET-JBS
diode are set to 6 um, 0.15 wm, and —0.2 pum, respectively.
The resulting /-V curves show that the turn-on voltages are ba-
sically the same with doping concentration increasing, while
the current density decreases slightly (as shown in Fig. 4(a)).
As shown in Figs. 4(b)—4(f), the depletion region width of the
pn junction becomes slightly wider and the Schottky contact
area decreases with the augment of doping concentration, re-
sulting in the slightly increased Ro,. This result is consistent
with our previous result.!?!!

Moreover, the n-type diamond doping concentration of
SET-JBS diode has an apparent effect on the electric field dis-

tributions (Figs. 5(a)-5(e)). Obviously, the n-diamond layer
is totally depleted and the electric field concentrates around
the edge of trench bottom when the doping concentration is
lower than 5x10'7 cm™3 (Figs. 5(a) and 5(b)). The electric
distributions localized beneath the Schottky electrode and the
pn junction tend to merge and form a much uniform one for a
medium doping concentration (Figs. 5(c) and 5(d)). However,
the electric field tends to crowd around the outer region of the
n-type diamond region, resulting in a premature breakdown
and the decrease of reverse breakdown voltage (Fig. 5(e)).
The highest BFOM value of 1.96 GW/cm? is obtained for the
sample with a doping concentration of 5x10'7 ¢cm~3. There-
fore, in the following discussion, we select the concentration
of 5 x 10'7 cm™3 for the n-type diamond doping concentration
to realize high breakdown voltage (Fig. 5(f)).
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In this section, we simulate the influence of Wyes, on the
electrical characteristic of proposed SET-JBS diode. The n-
type doping concentration, T gi,, and Dy, of SET-JBS diode
are set to 5x10'7 cm™3, 0.15 pum, and —0.2 um, respectively.
The forward I-V characteristics for the proposed SET-JBS
diode with different values of Wipesa (2 um, 4 um, 6 wm, and
8 um) are shown in Fig. 6(a). It is shown that the current
density increases and the R, decreases slightly with Weg, in-
creasing, which can be ascribed to the increase of Schottky
contact area (Figs. 6(c)-6(f)).

From the perspective of the off-state, the electric field pro-
files of the devices with different values of Wiy.s, are extracted
along the cutline AA’ and plotted in Fig. 6(b). It is found
that the Wpes, has no significant effect on the peak of elec-
tric field. However, the drift layer under Schottky contact can
be shielded more effectively with a relatively smaller Wiega
(Fig. 6(g)). On the other hand, the electric fields under Schot-
tky contact and pn junction tend to separate at a large Wies, of

8 pm, deteriorating the uniformity of electric field distribution
(Fig. 6(j)). Therefore, a high breakdown voltage of 1300 V
and a high BFOM value of 1.96 GW/cm? are obtained at a
Winesa value of 6 um.

The depletion regions play a key role in increasing the
breakdown voltage. Therefore, the Tj 4i; needs to be opti-
mized to achieve better electrical properties. The forward I-V
characteristics with different 7;_gi, thickness values (Tp.gix =
0.05 pm-0.45 pm) are shown in Fig. 7(a). It shows that the
current density decreases slightly with the augment of T;_gi,-
The main reason is that the depletion region of the pn junction
suppresses the current conduction area with 7}, 4i, increasing
and resistance slightly increasing. On the other hand, obvi-
ous variation is observed on the electric field distribution un-
der —1200 V for the SET-JBS diode with different values of
Th-dia (Figs. 7(d)-7(f)), which can be confirmed from the pro-
file extracted along the cutline AA’ (Fig. 7(b)). With the T;_g;a
increasing to 0.3 pum, the electric field crowding phenomenon
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decreases somewhat, and the electric field distribution turns
more uniform. The possible reason is that the width of de-
pletion region increases with the augment of 7j_giy, which can
attract the electric field and suppress the crowding around the
Schottky edge. In the SET-JBS diode, the electric field dis-
tributes at the depletion regions of pn junctions and Schottky
junctions. In addition, the depletion region of pn junctions is
wider than that of the Schottky junctions and sustains stronger

2400 102
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§ 800 et =
3 tmesa = e 5
s 0 Winesa =8 pm > I~
o 400 Lot
OA
2 3 4
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(d) Cathode (e)

(g) Cathode

Cathode

electric field. When the thickness is greater than 0.3 pm, the
distance between the pn junction and the anode decreases.
Then, the electric field tends to concentrate around the pn
junction, resulting in the premature breakdown. Therefore, the
electric field distribution is more uniform and the breakdown
voltage reaches 1430 V at a T gi, value of 0.3 pm (Fig. 7(c)),
obtaining a high BFOM value of 2.27 GW/cm?.
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Fig. 6. (a) Linear forward -V characteristics, (b) electric field profiles, (c)—(f) current density distributions at 4 V and (g)—(j) electric field distributions under

—1200 V for diodes with different values of Wiesa.
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Fig. 7. (a) Linear forward /-V characteristics and the corresponding Rop, (b) electric field profiles under —1200 V, (c) breakdown voltage, and (d)—(f) electric
field distributions under —1200 V for devices with different n-type-doped layer thickness values.
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Considering the device fabrication process, the n-type di-
amond regions are regrown in the trench. Therefore, the de-
vice structure will be affected by the thickness of n-type di-
amond. A series of distances between n-diamond surface
and the p-diamond surface (Dy = —0.3, —0.2, —0.1, 0, and
0.1 um) is used to further optimize the proposed SET-JBS
diode structure. The n-type diamond doping concentration and
Winesa are 5 x 1017 em™3 and 6 um, respectively. As shown
in Fig. 8(a), the current density decreases and the resistance
increases slightly as the Dy values change from negative to
positive. The current density distributions at a forward bias
of 4 V for different values of Dy are shown in Figs. 8(b) and
8(c), demonstrating that the depletion region along sidewall
spreads when the Dy value changes, which will suppress the
current conduction under Schottky contact. Furthermore, the

(Fig. 9(a), Dy = —0.3 um) is alleviated and the electric field
distribution is more uniform. A maximum breakdown volt-
age of 1480 V and a larger BFOM value of 2.28 GW/cm?
are obtained (Fig. 9(f)). But when it is higher than —0.1 pum,
the breakdown voltage of the device begins to decline. The
possible reason can be given based on the electric field distri-
bution in Figs. 9(a)-9(e). When the Dy = 0.1 um, the elec-
tric field distribution tends to concentrate around the corner
of mesa, leading to premature breakdown and relatively small
Vep. The electric properties of the optimized SET-JBS are
summarized in Table 1 to compare with those of typical T-JBS
with the same dimensions, indicating the good potential of the
proposed SET-JBS.

Table 1. Simulated electric characteristics for T-JBS and SET-JBS.

reverse electric field distributions corresponding to different Device Von (V) Ron (mQ-cm?)  Vgp (V)  BFOM (GW/em?)
values of Dy, are extracted as shown in Figs. 9(a)-9(e). With T-IBS 2.1 1.33 1450 1.58
. . Optimized SET-JBS 2.2 0.96 1480 2.8
the medium Dy, value of —0.1 pm, the crowding phenomenon P
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T12000 e , @
= 9001 D= 10 S =
g -o- D“ - —0.1 pm G —
§ 600[ 4Dl —0um" £ =
| ¢ Dy =0.1 pm f o —
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Fig. 8. (a) Linear forward /-V characteristics and the corresponding R, for diodes with different trench depths, and typical current density distribution under

4V for trench depth of (b) —0.3 um and (c) 0 um.
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Fig. 9. (a)-(e) Electric field distributions under —1100 V for the proposed SET-JBS diode with different trench depths, and (f) relationship between breakdown
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4. Conclusions

In this work, a new trench JBS diode device (SET-JBS
diode) is proposed to realize a high BFOM value. It demon-

strates that the Schottky contact on the trench sidewall reduces
the JFET effect in comparison with conventional trench JBS

diode. The slight increase of Schottky contact area can in-
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crease the current density and maintain a relatively high Vpp.
Therefore, the proposed SET-JBS diode has the potential to
replace the traditional T-JBS diode because of a better balance
between the on-resistance and the breakdown voltage.

Furthermore, the effects of different structural parame-
ters on the electrical properties of proposed diamond SET-
JBS diode are discussed comprehensively. By optimizing
the n-type diamond doping concentration (5x10'7 cm™3),
mesa width (Wppesa = 6 pm), thickness of the n-type diamond
(T},-dgia = 0.3 pm), and trench depth (D = —0.1 pm), the elec-
tric field crowding is found to be significantly alleviated, re-
sulting in more uniform distribution and higher breakdown
voltage. The optimal SET-JBS structure shows a resistance of
0.96 mQ-cm?, breakdown voltage of 1480V, and BFOM value
of 2.28 GW/cm?.
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