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A novel junction terminal extension structure is proposed for vertical diamond Schottky barrier diodes (SBDs) by
using an n-Ga;O3/p-diamond heterojunction. The depletion region of the heterojunction suppresses part of the forward
current conduction path, which slightly increases the on-resistance. On the other hand, the reverse breakdown voltage is
enhanced obviously because of attenuated electric field crowding. By optimizing the doping concentration, length, and
depth of n-Ga;03, the trade-off between on-resistance and breakdown voltage with a high Baliga figure of merit (FOM)
value is realized through Silvaco technology computer-aided design simulation. In addition, the effect of the work functions
of the Schottky electrodes is evaluated. The results are beneficial to realizing a high-performance vertical diamond SBD.

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 material for the next genera-
tion power electronic devices because of its low consumption
and high-frequency operation. In addition, diamond can be
used at high temperature with small leakage current due to
its extremely low intrinsic carrier concentration. Compared
with conventional power electronic device materials (such as
Si, SiC, and GaN), diamond has higher carrier mobilities
[4500 cm?2/(V-s) for electrons and 3800 cm?/(V-s) for holes],
higher critical electric field (> 10 MV/cm), higher thermal
conductivity [2000 W/(m-K)], lower dielectric constant (5.7),
and wide bandgap (5.5 eV).[?l The theoretical Baliga fig-
ure of merit (BFOM) value of diamond is 23000 (normalized
to Si), which means that a diamond-based power electronic
device is a promising candidate to balance the on-resistance
(Ron) and breakdown voltage (Vgp). [3.4]

Schottky barrier diodes (SBDs) are the most commonly
used electronic component in electric circuits because they

[5-101 However,

have low power loss and no recovery current.
electric field crowding is usually observed in SBDs under
a large reverse voltage, which decreases the energy barrier
and increases the reverse leakage current seriously. Up to
now, various advanced termination structures such as field
plates,!''=14 jon implantation,!'>~'7 and metal guard rings

have been adopted to enhance Vip.!'3!”) However, some ef-
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fective termination structures such as junction terminal ex-
tension (JTE) and junction barrier Schottky (JBS) structures
are still a challenge for diamond due to the lack of n-type
doping.?! A nitrogen dopant shows a large activation energy
of 1.7 eV, whereas a phosphorus dopant shows a low doping
efficiency (50%-90% compensation ratio). !}

Recently, wide bandgap gallium oxide (GaO,) with
a bandgap of 4.8 eV and a critical electric field of
8 MV/cm has been adopted to construct n-GaO,/p-diamond
heterojunctions.!””! GaO, can easily obtain n-type doping
(10'°-10'" c¢m~3) by optimizing the growth conditions,?3!
which is beneficial to realizing high-performance photodi-

(241 the band configuration of the

odes. In our previous work,
GaO,/diamond interface was determined, which has potential
for JTE and JBS application. Herein, a vertical diamond SBD
with an n-Ga;0O3 JTE structure was designed by a Silvaco
technology computer-aided design (TCAD) software. By opti-
mizing the JTE length, doping concentration, width, and depth
of n-Gay0O3, the trade-off between on-resistance and break-
down voltage without obvious crowding effect on the Schottky

contact characteristics was realized.

2. Device structure and simulations

The vertical diamond SBDs with and without n-Ga;0j3
JTE were designed through Silvaco TCAD. The cross-
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sectional structures of the SBDs are shown in Figs. 1(a)
and 1(b). The structure consists of a p™-diamond substrate
(1 x 10" cm™3, 0.5 um) and a p~-diamond drift layer (1 x
101 cm™3, 3.5 pm). The anode and cathode were located at
the bottom and top of the device and set into ohmic and Schot-
tky contact, respectively. For the reference diode without JTE
(Fig. 1(a)), the length of the cathode electrode was 10 pum.
The n-Ga, O3 regions were buried beneath the Schottky con-
tact with an overlap of 1.0 um. Different n-Ga; O3 doping con-
centrations (1 x 1017 ecm=3,5x 107 em™3, 1 x 10'® cm™3, and
5x 10" cm™3), ITE lengths L (0 um, 1.5 um, 2 pm, 2.5 pm,
and 3 pum), and JTE depths D (0 nm, 50 nm, 100 nm, 150 nm,
and 200 nm) were used for the simulations. The commonly
used parallel electric field-dependent mobility model, the
Auger recombination model, the Shockley—Read—Hall model,
and the impact ionization model were adopted to obtain the
current—voltage (/-V) curve and electric field distribution of
the SBDs.[?! In addition, a universal phonon-assisted tunnel-
ing model was defined at the anode region. The key mate-

(a) (b)

Schottky contact

p~ diamond
3.5 pm

Ohmic contact

Anode

p~ diamond
3.5 pm

Ohmic contact

rial parameters of diamond and Ga;03[%%! in the simulations
are shown in Table 1. The electron mobility u, (hole mobil-
ity pp) of p* diamond, p~ diamond, and n-Ga;O3 were 1000
(30) cm?/(V-s), 1000 (200) cm?/(V"s), and 200 (50) cm?/(V"s),
respectively. The impact ionization parameters of diamond
and Gay O3 are shown in Table 2.

Table 1. Key material parameters of diamond and Ga; O3 used in the simu-
lations.

. Affinity  Eg300 Nc300  Nv300 e
Material 18 19 Permittivity
(eV) (eV) (10°%)  (107)

Diamond 1.5 5.47 5 1.8 5.7
Gay 03 4.0 4.8 3.72 1.16 10.2

Table 2. Impact ionization coefficients of diamond?’! and Ga,03 used in
the simulations. 28]

Material An (10%) Ap (10°) Bn (107) Bp (107)
Diamond 1.89 5.4 1.7 1.42
Ga,0;3 7.06 0.706 2.1 2.1

Ohmic Cathode Ohmic
contac Schottky contac

—Fermi level
—Valence band
— Conduction band|

p~ diamond

Anode

Band energy (eV)

Fig. 1. Schematic structures of the vertical diamond SBDs (a) without and (b) with n-Ga, O3 JTE; (c) energy band diagram along the heterojunction interface
with the doping concentrations of Ga,O3 and diamond being 1 x 10'® cm™3 and 1 x 106 cm™3, respectively.

3. Results and discussion
3.1. Effect of n-Ga,03 JTE on the electrical properties

The depletion region introduced by the n-Ga;Os3/p-
diamond heterojunction plays a key role in the device per-
formance. First, an n-Ga;O3 doping concentration of 1 x
10'® ¢cm~3 and a JTE length of 3.5 um were chosen for the
simulation. Depths of 50 nm, 100 nm, 150 nm, and 200 nm
were adopted for comparison with the diode without JTE

(0 nm). The simulated electrical characteristics are shown

in Table 3. The obtained /-V curves of the SBDs with dif-
ferent JTE lengths are shown in Fig. 2(a). When compared
with the reference diode (0 nm), the turn-on voltages (Vo)
are comparable for all the SBDs. However, the current den-
sity decreases obviously due to increasing R,, (Table 3). On
the basis of the forward current distributions in Fig. 3, the de-
pletion region in n-GaO3 suppresses the conduction path and
increases the total diode area, resulting in the increase of Ry
from 0.97 mQ-cm? to 1.68 mQ-cm? (Table 3).
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Table 3. Simulated electrical characteristics of the SBDs with different JTE
depths.

Conc. Length Depth Vg, Ron
10¥em™)  (um)  (m) (V) (mQcm?) (V)

Vep  BFOM
(GW/cm?)

1 3.5 0 2.64 0.97 200 0.04

1 3.5 50 2.62 1.62 750 0.30

1 3.5 100 2.61 1.68 1300 1.00

1 3.5 150 2.61 1.66 1350 1.10

1 3.5 200 2.60 1.68 1300 1.00
% 1000 % 7.00 (®) ".\ -V 18’
i 800 Q?UO VRV 00
= < 500 \ 10° %
& 400 8 ;88 \'\_\- rd 10 E
§ 200 § 100 == aegeessesessaregtesees ~ }8‘]’ =
o‘s 0 S Qm{‘z.aov :8*2

15 2.0 25 3.0 35 4.0 1.5 2.0 25 3.0 3.5 4.0
Voltage (V) Voltage (V)

Fig. 2. (a) The I-V curves of the SBDs with different Ga,O3 depths; (b) typ-
ical I-V curve and the corresponding R, for an n-Ga; O3 depth of 150 nm.

(a) _Cathode_ (b) mmestHcdE

Current
distribution
(A/em?)
1520

D=0 nm D =200 nm

Fig. 3. Current distributions of the vertical diamond SBDs (a) without and
(b) with 200-nm n-Ga; O3 JTE under a forward bias of 3 V.

(a) | mesthicdsm

(b) _ Cathode _.

D=0 nm @Q—-200 V D =50 nm @Q-750 V

Electric field
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6.8

5.6

(¢} Cathode _ 4.1
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Fig. 4. Electric field distributions under Vgp for the vertical diamond SBDs
with JTE depths of (a) 0 nm, (b) 50 nm, (c) 150 nm, and (d) 200 nm.

From Table 3, the R, values of the SBDs with different
depths of n-Ga;O3 are comparable to each other but Vgp (the
electric field reaches 6 MV/cm) first increases and then de-
creases with increasing depth. The highest Vgp and BFOM

value are 1350 V and 1.10 GW/cm? for the SBD with a JTE
depth of 150 nm. From the electric field distribution at Vpp,
obvious crowding effect occurs at the edge of the electrode
for the SBD without JTE (Fig. 4(a)). After the introduction of
JTE, the depletion regions in n-Ga; O3 and p-diamond sustain
the reverse bias. Then, the electric field is distributed more
even and broader, which is beneficial to realizing higher Vgp
(Figs. 4(b) and 4(c)). However, the electric field tends to con-
centrate beneath n-Ga; O3 with the peak field occurring at the
edge of JTE when the depth increases to 200 nm, resulting in
the decrease of Vgp (Fig. 4(d)). The variation in the electric
field distribution is also confirmed from the profiles shown in
Fig. 5.

7 -
Depth
g 6r
§ 51 200 nm @—1300V
©
2 4l 150 nm @—1350V
o
© 3
& 50 nm @Q—-750V
E ok
+
3
o
€a) 0 nm @Q—200V
0 -

-2 0 2 4 6 8 10 12 14 16 18 20
Relative location (um)

Fig. 5. Electric field profiles under Vgp for the vertical diamond SBDs with
JTE depths of 0 nm, 50 nm, 150 nm, and 200 nm.

3.2. Optimization of the doping concentration of n-Ga;0j;

To search the best doping concentration of n-Ga;Os, the
effect of doping concentration on the electrical characteris-
tics is studied. Doping concentrations of n-GapO3z of 1 x
1017 em™3,5x 107 em™3, 1 x 10'® cm ™3, and 5 x 10'® cm 3
were selected with the depth and length of n-Ga,O3 being
150 nm and 2.5 wm, respectively. The simulation results are
shown in Table 4.

Figure 6(a) shows the forward-biased I-V curves of the
SBDs with different doping concentrations of n-Ga;O3. The
figure demonstrates that the current densities and V;,, values
are comparable for all the SBDs, implying that the forward
conduction is determined by the Schottky contact. The V,, and
Ron, of the SBDs are deduced from the /-V curves and summa-
rized in Table 4. By taking the SBD with a doping concentra-
tion of 1 x 10'® cm™3 as an example (Fig. 6(b)), V,, defined
by a linear extrapolation method and R,, were calculated to be
approximately 2.61 V and 1.47 mQ-cm?, respectively. From
Table 4, although all the V,, values of the SBDs are nearly
the same, R,, increases slightly with increasing doping con-
centration. The mechanism can be explained from the forward
current distributions as shown in Fig. 7. The depletion region
at the n-Ga,Os/p-diamond interface is widened at higher dop-
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ing concentration, which will suppress the conduction area and
increase R,y slightly. On the basis of the aforementioned re-
sults, 1 x 10'® cm~3 was chosen as the optimum concentration
to obtain the highest BFOM value.

Table 4. Simulated results for the SBDs with different doping concentra-
tions of n-Ga,O3.

Conc. Length Depth Vi, Ron VBD BFOM
10"¥ecm™3)  (um) (m) (V) (@mQ-cm?) (V) (GW/ecm?)
0.1 2.5 150 2.61 1.46 350 0.08
0.5 2.5 150 2.61 1.46 750 0.39
2.5 150  2.61 1.47 1150 0.89
5 2.5 150 2.61 1.48 500 0.17
;'E\ 700 g 700f (b) % 1
5 S Vv P
> 600 > 600 ——R -V 107 ~
< 500 2 co0 \\X 0""__1" 109
_g’ 400 g’ 400 Py L(;' S
g 300 5 300 X ; 107§
© 200 < 900 \ llJl z
g 100 £ Joo - o
: 0 E of= e’ 2,61 V 10!
O T 3 4 O 15 20 25 30 35 40"

Voltage (V) Voltage (V)

Fig. 6. (a) The I-V curves of the SBDs with different doping concentrations
of n-Ga,03; (b) typical /-V curve and the corresponding R, for a doping
concentration of 1 x 10'8 cm=3.

D e

12 nm 1Xx10'7 cm ™3 15 nm 1X10'% cm— 17 nm 5%X10'® cm ™3

Fig. 7. Depletion region width at the junction interface under different doping
concentrations of n-Ga,Os.

(a) Cathode (b) Cathode

1X10'7 cm o
Electric field

(10 V/cm)
6.2

(c) Cathode

5%10'® cm™3 @—500 V

Anode

Anode

Fig. 8. Electric field distributions under Vgp for the vertical diamond SBDs
with doping concentrations of (a) 1 x 10'7 cm™3, (b) 5 x 107 ecm™3, (c)
1x10'8 em™3, and (d) 5 x 10" em 3.

The variation in Vgp versus the doping concentration was
also evaluated, as shown in Fig. 8. The figure demonstrates

that the n-Ga,O3 layer is totally depleted at the edge of the
cathode when the doping concentration is 1 x 10'7 cm™3, re-
sulting in a relatively low Vgp. The depletion region with a
high doping concentration extends the electric field distribu-
tion and separates the peak into two parts, namely the edges
of n-Gay O3 and the cathode electrode. However, the dominant
electric field peak shifts to the edge of n-Ga,O3 for a doping
concentration of 5 x 10'® cm™3. This can be attributed to the
depletion region in n-GayO3 being too narrow to sustain the
reverse voltage. The variation in the electric field distribution
is also confirmed from the profiles shown in Fig. 9.

1X10'% cm ™3 @—1150V

5X10"7 cm™? @—750V

Electric field (10° V/cm)

8 10 12 14 16 18 20
X-location (um)

Fig. 9. Electric field profiles under Vgp for the vertical diamond SBDs with
different doping concentrations of n-Ga;Os.

3.3. Optimization of the JTE length

Here, a doping concentration of 1 x 10'® cm™3 and a
depth of 150 nm are chosen to evaluate the effect of JTE length
on the device performance. The simulated electrical character-
istics are summarized in Table 5, and the obtained /-V curves
of the SBDs with different JTE lengths are shown in Fig. 10(a).
It demonstrates that the V,,, values are comparable for all the
SBDs, whereas the current density decreases with increasing
length. The introduction of JTE increases the total diode area
and then increases Ry, from 0.97 mQ-cm? to 1.66 mQ-cm?
(Table 5).

Table 5. Simulated electrical characteristics of the SBDs with different JTE
lengths.

Conc. Length Depth Vg Ron VBD BFOM
108 cm™3) (um) (m) (V) (mQ-cm?) (V) (GW/ecm?)
1 0 150  2.64 0.97 200 0.04
1 15 150  2.62 1.27 750 0.44
1 2 150  2.62 1.37 1000 0.73
1 2.5 150  2.62 1.47 1150 0.90
1 3 150 261 1.61 1250 0.97
1 35 150 2.60 1.66 1350 1.10

On the other hand, it can be observed that the reverse
VBp increases from approximately 200 V to 1350 V when
the length increases to 3.5 um. The calculated BFOM val-
ues presents a maximum of 1.10 GW/cm? for the SBD with a
JTE length of 3.5 um. The electric field distribution under the
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reverse bias region is also simulated to determine the mecha-
nism of the JTE length (Fig. 11). When the doping concen-
tration in the JTE is 1 x 10'® cm ™3, the depletion regions in
both Ga; 03 and diamond sustain the reverse bias. Therefore,
the electric field distribution is extended with increasing JTE
length, resulting in enhanced Vgp.

& & .
g 800f(a IO 10"
3 (@) ——1.5um & oo} ™ A +§Vv o
< 400 < 500 A on” 100 g
S £ 400 h f0t &
g 400 2 300 \ 10° E
3 < 200 \ T
« A : g
z 200 B 100f o e H;“ ]
g £ L8 memss sov 10!
=] 0 5 0 - :
E E 10

1.5 2.0 2.5 3.0 3.5 4.0
Voltage (V)

1.5 2.0 2.5 3.0 3.5 4.0
Voltage (V)

Fig. 10. (a) The /-V curves of the SBDs with different JTE lengths; (b)
typical I-V curve and the corresponding R,y for a length of 3.5 pm.

(a) Cathode (b) Cathode

=2.0 uUm@—1000

7
(c)

~ gl
B
> 57
©
o
s 3
&
o ol — 1.50 pm@—-750 V
= ——2.00 pm@—-1000 V
©
LY
e

0_

-2 0 2 4 6 8 10 12 14 16 18 20

Relative location (um)

Fig. 11. [(a), (b)] Electric field distributions and (c) profiles under Vgp for
the vertical diamond SBDs with JTE lengths of 1.5 pm and 2.0 pm.

3.4. Effect of work functions of the Schottky electrodes

On the basis of the prior discussion, the optimum length,
depth, and doping concentration of the n-Ga;O3 region have
been obtained. However, the V,,, of the diode is relatively high,
which requires a trade-off between V,, and Vgp. Generally,
Von presents a direct relationship with Schottky barrier height,
which can be effectively modulated by a work function. Dif-
ferent cathode electrode materials (work functions) are chosen
for further evaluation. The corresponding electrical character-
istics are summarized in Table 6. The electrode material (work
functions) has no obvious effect on Vgp. By considering the
material properties, cost, and device parameters given in Ta-
ble 6, we think that Al and Cu are the preferable electrode

materials, which are also compatible with the conventional Si
CMOS process.

Table 6. Simulated electrical characteristics of the SBDs with different
Schottky electrode materials.

Conc. Length Depth  Workf Vi, Ron VBD
10%cm=3) (um) (m) (V)

BFOM
(V) (mQ-cm?) (V) (GW/cm?)

1 3.5 150 3.66 Mg) 2.99 1.55 1350 1.18
1 3.5 150 4.00 (Ref.) 2.61 1.66 1350 1.10
1 3.5 150 4.28 (Al) 2.38 1.74 1350 1.05
1 35 150 4.65 (Cu) 2.00 1.79 1350 1.02
1 3.5 150 5.10 (Au) 1.55 1.82 1350 1.00
1 3.5 150 5.56 (Pt) 0.98 1.84 1350 0.99
900
S 800
< 700
. 600
£ 500
@ 400 Mg @—1350 V.
© 300 Electric field
§ 200 (10° V/cm)
£ 100 6 )
o % 1 2 3 i
2.7
0.27
Cu @—1350 V Pt @—1350 V.

(c) (d)

Fig. 12. (a) The I-V curves of the SBDs with different Schottky electrode
materials; electric field distributions of (b) Mg, (c) Cu, and (d) Pt at a reverse
voltage of 1350 V.

4. Conclusions and perspectives

Vertical diamond SBDs with and without an n-Ga;0j3
JTE structure were proposed and simulated by Silvaco TCAD.
The introduction of n-Ga; O3 JTE decreases the forward cur-
rent density while enhancing the reverse breakdown voltage
effectively with a medium depth of 150 nm. In addition, Ry,
increases slightly with increasing doping concentration of n-
Ga, O3 while the electric field is distributed more even and
broader. However, the depletion region in n-Ga; O3 is too nar-
row to sustain the reverse voltage when the doping concentra-
tion is higher than 5 x 10'8 ¢cm~—3. Furthermore, the electrical
characteristics of the SBD can be enhanced with a large JTE
length but with the increasing device area. Finally, Al and Cu
were chosen as the preferable electrode materials to balance
the forward turn-on voltage and the reverse breakdown volt-
age.
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