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A novel enhanced mode (E-mode) Ga; O3 metal-oxide—semiconductor field-effect transistor (MOSFET) with verti-
cal FINFET structure is proposed and the characteristics of that device are numerically investigated. It is found that the
concentration of the source region and the width coupled with the height of the channel mainly effect the on-state character-
istics. The metal material of the gate, the oxide material, the oxide thickness, and the epitaxial layer concentration strongly
affect the threshold voltage and the output currents. Enabling an E-mode MOSFET device requires a large work function
gate metal and an oxide with large dielectric constant. When the output current density of the device increases, the source
concentration, the thickness of the epitaxial layer, and the total width of the device need to be expanded. The threshold
voltage decreases with the increase of the width of the channel area under the same gate voltage. It is indicated that a set of
optimal parameters of a practical vertical enhancement-mode Ga; O3 MOSFET requires the epitaxial layer concentration,
the channel height of the device, the thickness of the source region, and the oxide thickness of the device should be less
than 5x10® cm—3, less than 1.5 pm, between 0.1 pm—0.3 pm and less than 0.08 wm, respectively.

Keywords: gallium oxide, E-mode, device simulation, threshold voltage

PACS: 73.40.Qv

1. Introduction

The monoclinic -phase of gallium oxide (Ga;03) is one
of the promising ultra-wide bandgap (UWBG) materials for
power device application due to its fundamental properties and
a low-cost manufacturable native substrate,[!] such as large
bandgap E, of ~ 4.9 eV, critical electric field E; of 8 MV/cm,
and electron saturation velocity Vg of 1.8 x 107 cm/s—2.0 x
107 cm/s. In recent years, the research on GayOz metal—
oxide—semiconductor field-effect transistor (MOSFET) de-
vices is more in-depth worldwide,*'?! such as Ga,O3 ver-
tical MOSFET with V4, > 1 kV is published.'?) Ga,03 MOS-
FET is becoming a major breakthrough in the research of
high temperature, voltage, and power devices. Due to the
low donor energy level (E. —0.04 eV) formed by the oxy-
gen vacancy in the growth process, the f-Ga;Os is an n-
type semiconductor. However, due to the large hole effec-
tive mass and the self-trapping effect, the p-type doping of
Ga, 03 has not achieved adequate practical progress so far.[!
The research of Ga;O3 based MOSFET devices mainly fo-
cuses on the depletion-mode (D-mode),*7) and the more in-
depth studies of enhancement-mode (E-mode) MOSFET are
urgently pending.®-191 Because the MOSFET worked in en-
hanced mode operation with Vi, > 0 V is considered to work

as a preferred safety mode.!! 121

fCorresponding author. E-mail: rxjia@mail.xidian.edu.cn
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Technology-Computer-Aided-Design (TCAD) provides a
practical approach to understand the device physics. Up
to now, there have been many works on the TCAD sim-
ulation of B-Ga,O;3 transistors, especially in the verti-
cal MOSFET.[!3-21] Researchers have gained comprehensive
knowledge of the material characteristics of Ga;O3 single
crystal and significantly promoted the incomplete ionization
model, mobility model, energy band model, collision ioniza-
tion model, high field mobility model, temperature depen-
dence model of gallium oxide for practical device simulation.
The simulation work of the Ga;O3 device currently remains
on the change of characteristic regularity and trend, thus lack-
ing the capability to precisely quantify the electrical param-
eters of the device, such as the breakdown voltage (V,), the
maximum electric field strength, the output, and the transfer
characteristics of the device. The vast deviations regarding the
device performances between the simulation and the experi-
ments are critical issues hindering Ga;O3 device design and
broader applications. 2223

This paper reports establishing the basic model of ver-
tical E-mode Ga;O3 MOSFET by TCAD and demonstrating
the model’s correctness by combining it with the experimental
data. Experimental data verify the correctness of the model,
and the device structure is optimized considering the output

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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current and threshold voltage.

2. Simulation details
2.1. Bandgap model

The bandgap (E;) of Gay0Os is set as 4.85 eV at room
temperature. According to the equation,!?*! the relationship
between E,; and the lattice temperature (7') is as follows:

Eo(T) =5.0243 — dE,/dT x (T +B) 7", (1)

where T is the lattice temperature, dE,/dT = 4.45 X
103 (eV/K), B is 2000 K.

2.2. Effect of incomplete ionization and compensation
doping
Since the incomplete ionization and compensation dop-
ing have a significant influence on the electrical properties of
Gay03 devices, especially in the drift region, the model of the
incomplete ionization state of donor energy level is established

as follows: 19

1/3
ED = EDO - aionND/ P (2)
where Epg is the zero doping ionization energy, which is
36.3 meV, oy is 2.0609x 1078 eV-cm (effective electronic
mass is 0.28my, and the effective density of states (Nc) of the
local conduction band is 3.67x 1018 cm~3).[20]

2.3. Mobility model

For power Ga;O3; MOSFET, mobility is one of the es-
sential electrical parameters, and modeling usually considers
factors such as the doping concentration, the high field satura-
tion effect, and the surface effect. Because electrons flow in a
vertical MOSFET’s fin center, the surface effect does not play
an important role. The low electric field mobility of GayO3 is

usually used as follows: ']

T 7Tm|—ln
How = Ho X (300> s 3)

where Ujow, Ho, T, and Ty, are the low field mobility,
the initial mobility, the lattice temperature, and tempera-
ture coefficient, respectively. The o, and the T, were
118 cm?-V~!.s~1 and 2.0.2!

According to the nonlinear relationship between the car-
rier drift velocity and the electric field, the high-field saturation
mobility is calculated based on the Caughey—Thomas velocity

saturation model 2!

.ulow
14 tiowE / Usar) B 1/B”

“4)

Hhigh field =
S

where Ugy is the saturation drift velocity of the carrier and
E is the electric field. Because the [001] direction is the

preferred direction for fabricating B-Ga,Oj3 vertical MOS-
FETs, the optimization of stimulation parameters is conducted
only along the z direction, corresponding to [001] orientation.
The carrier saturation drift velocity Vs in GapO3 is about
1.708x 107 cm/s.[?®! The formula of parameters f3 are the same
as that of the Si B(T) relationship, as follows: !

B(T) = Po x (T /300)°, (5)

where f is set to 6.97 at [001] direction.
For vertical MOSFET, the doping-dependent mobility is
calculated based on the Arora modell'”! as follows:

Ad
Hdoping = Hmin + W7 6)
T Oy T [eA]
Hmin = Amin - <300) , Mg =Aq- <300> , (D
T oN T [07%
No=AN'| — A=A, | —
0 =AN (300) ) a (30()) ) (®)

where Apin, Ad, AN, and A* are parameters related to GapO3

materials. 10}

2.4. Device structure

The simulated structure and related parameters of the ver-
tical Ga;O3 MOSFET is shown in Fig. 1 and Table 1.

Source

1.45%X1016 cm—3

2.10X10'% cm—3

»
P

20.44 pm

Fig. 1. Structure of vertical gallium oxide MOSFET. The green area is drain
area, the blue area is epilayer film, the red area is source area.

Table 1. Structural parameters of the vertical Ga,O3 MOSFET.

Structural parameters Vertical Ga,O3 MOSFET
Thickness of drain area (Hgrain) 2 um
Thickness of epilayer (Hygif,) 9 um

1.45%10' cm ™3
5%10" em3

Doping concentration of epilayer (Nep;)
Doping concentration of source (Nsource)

Doping concentration of drain (Ng) 10'8 cm—3
Thickness of source area (Hy) 0.1 um
Space length of source and gate (Hy) 0.1 pm
Height of Fin (Ly) 0.8 um
Width o f Fin (Wy) 0.44 pm
Workfunction of gate (®p,) 5.65eV
Width of gate (W) 10 um

017304-2
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3. Results and discussion

Figure 2 shows the transfer curve and the output curve
obtained by TCAD, whcih are consistent with the experimen-
tal results.[>3) In Fig. 2(a), the threshold voltage (Vi) ob-
tained is 0.24 V (Vy, is defined as the gate voltage when
Iy = 0.1 mA/ecm?). 1In Fig. 2(b), the Iy is microampere
level when the gate voltage is less than 0 V. Ij in the sat-
uration region and the Ij; with TCAD are 22.7% and 6.9%
smaller than the literature values, respectively.!>3! This is be-
cause o = 118 cm?-V~1-s~! used in the Arora model comes
from practical measurement, which is not particular optimized
for simulation. We note that the output saturation current of
the device will increase with increasing g, and the simulation
results and experimental can reach better consistency.

10%F
102f —=— W, =0.44 ym (a)
10'F Vin=0.24 V
109F
5101
g 107'2r
\<E/ 10-3F
z 1074r
~ 10-5F
10761'
10_7r
10781'
—6 —4 —2 0 2 1 5
Ves (V)
—a— Vi =30V
600 [ V..=25V (b)
—— V=20V
200 :+Vgs:1.5 A%
& V=0V
é 400:—4—‘/; -
~ -V,
$ 300r
,:‘3 200:
o vy
I ,yvvvvvvvvvvvvvvvvvv
oF
0 5 10
Vas (V)

Fig. 2. (a) Transfer characteristics and (b) output characteristics of vertical
Ga; 03 MOSFET.

Figure 3 shows the output and transfer characteristic
curve of different gate metals with different work functions. It
shows that the output current density decreases, and the thresh-
old voltage increases with the increasing of work function. As
the metal work function is rising up to 5.95 eV, the device
operation will change from depletion device to enhancement
device. In order to realize the E-mode MOSFET device, the
material with a large gate metal work function should be cho-
sen, such as Au and Pt for Ga, O3 devices.

Figure 4 shows the output and the characteristic trans-
fer curves with different gate oxide materials under the oxide
layer thickness (Hop) is 30 nm. The Iy of the device with the
HfO, layer increases with the increase of the dielectric con-
stant of the gate oxide material. The threshold voltage reaches

the maximum when I and Vi, with SiO; layer are the mini-
mums at the same thickness, which is attribute to I35 and Vi,
increasing with the increase of the oxide layer’s dielectric con-
stant (&qx).

1000
[ —— &, =5.23 eV

[ —— &,=5.65 eV
800 —=— &, =5.95 eV

()
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10t

100
10—
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Vie (V)

Fig. 3. (a) Output curves and (b) transfer characteristic curves of the device
with different metal work functions.
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Fig. 4. (a) Output curves and (b) transfer characteristic curves of the device
with different gate oxide materials.
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Figure 5 shows the output and transfer characteristic
curves with different epilayer concentrations (Ngyit). The out-
put current density increases, and the threshold voltage de-
creases with the increase of epitaxial layer concentration. With
the increase of epitaxial layer concentration, the hole concen-
tration in the depletion region of the device channel becomes
smaller and easier to be turned on under the same gate metal
condition so that the threshold voltage will shift to the left. The
results indicate that the epitaxial layer concentration should

not exceed 5x10'° cm 3.

~—¥—N,_ . = 5X10" cm~?
1200 —— N = 1.45X10' cm—? (a)
I —— N, =5X10" cm™®
1000 F —8#—N_ . = 5x10" cm~?
o~ 800
=) L
< 600 [~
) I
~° 400
200
ok
0 5 10 15 20
V. (V)

I, (A/cm?)

Figure 6(a) shows the transfer characteristic curve of
channel height (L) at different channel heights. It can be seen
from the curves that the output current density decreases, and
the threshold voltage increases with the increase of channel
height. The resistance in the channel region increases with the
increase of L, leading to the current decreasing and the thresh-
old voltages shift to the right, as shown in Fig. 6(b). With the
increase of channel height, the increase of threshold voltage
decreases gradually, and the output current decreases signif-
icantly, suggesting that the channel height should be smaller
than 1.5 pm.

10*
=N,
drift

F o N,
drift

=5X10" cm™?
=5%10"% ¢cm™?
F—* N, =145x10"
—>— N, = 5X10" ¢

-

10?

(b)

10°F

—_ —
o el

| |

IS )

S I I B |

—
o]
|
Y
T

—
o
|
%
o

V. (V)

Fig. 5. (a) Output curves and (b) transfer characteristic curves of the device with different epilayer concentrations.
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Fig. 6. (a) Transfer curves and (b) characteristics comparison at different channel heights.
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Fig. 7. (a) Transfer curves and (b) characteristics comparison at different source heights.
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Figure 7(a) shows the output curves with different heights
of the source region (Hy). It can be seen from Fig. 7(b) that
with the increase of the source height, the output current den-
sity increases firstly and then decreases. Threshold voltage
firstly decreases and then increases. With the increase of the
source height, the depletion of the channel undermines, and
the current density increases. When the source thickness is
more than 0.2 um, the L, and the resistance become rising,
and the current decreases. The device’s threshold voltage is
mainly related to the concentration and width of gate metal
and channel area. Therefore, the source area thickness of the
device is set at 0.1 pum-0.3 wm is more suitable.

Figure 8 shows the output transfer characteristic curves
with different oxide layer heights (Hp). It can be seen from
the curves that with the increase of oxide layer height, the out-
put current density first decreases and then increases. Due to
the work function difference between the gate metal and the
semiconductor, the device’s channel is in the depletion state,
and the device is turned off. When the thickness of the gate
oxide layer is reduced, the gate voltage is easier to control the
formation of holes, and the depletion region is easier to form,
leading to an increase of the threshold voltage of the device.
When the device is turned on, the output current increases with
decreasing the oxide layer’s height. When the thickness of the
oxide layer is beyond 0.13 pm, the threshold voltage becomes
negative. Therefore, the oxide thickness of the device should
not exceed 0.08 um.

|—— Ho=0.03 pm
—v— Hp=0.08 pm
—A— Hp=0.1
—~ 00} 0=0.13 pm
g Al,O3
~ L
)
= 200
0.
0 5 10 15 20
Vas (V)
440_- - (b) . -O‘é?
a0l 100
= L m 40.4
é 420_— lo2
= 410} 1o =
~ + [ o
4 400} 1702 %
L i {-0.4
~ 390t =
[ \4_9\ 1-06
380 ] m {—0.8
370

1 L 1 L 1 L 1 L 1 L 1 L —1.0
0.02 0.04 0.06 0.08 0.10 0.12 0.14
Ho (pm)

Fig. 8. (a) Out curves and (b) characteristics comparison with different oxide
layer heights.

Figure 9 shows the output and transfer characteristics of
different channel widths (W,). The output current density and
the threshold voltage decrease with the increase of channel
width. The cross-sectional area of current flow increases, and
the resistance of channel area decreases with the increase of
channel width at the same channel length so that the output
current will increase with the increase of channel width. At the
same gate voltage, the resistance in the channel region of the
device becomes smaller and easier to turn on, and the thresh-
old voltage will shift to the left.

800 —# W,=0.55 pm (a)
| —*~ W,=0.44 ym
—— 1, =0.33 um
R 600 —v— Wy =0.22 um
g L
<
i 400
3
200
0 0 5 10 15 20
Vae (V)
103F
102} —&— W, =0.55 um
101 —— W,=0.44 ym
()I’ —4— W,=0.33 um
10% —+ w,=0.22 ym
g 10-1f
S 1072%F
~ .
< 1073}
1074
=~ 10-%F
10—
10-7f
10-8F

Fig. 9. (a) Output curves and (b) transfer characteristic curve of the device
with different drift heights.

Through simulation above, it can be found that the width
and height of source “fin” will have a significant impact on the
performance of the device. Therefore, the high precision etch-
ing process is the key step to achieve this device. In addition,
the covering ability of the gate electrode on the “fin” mesa also
has influence on the gate control of the device.

4. Conclusion

Based in TCAD simulation and experimental data ver-
ification, we propose an improved Ga;O3 model for Ga;O3
MOSFET device simulations. Based on the established model,
the static characteristics of vertical Ga,O3; MOSFET are cal-
culated by the TCAD simulation software. The simulation
results are in good agreement with the experimental results
giving rise to optimization simulation parameters of the de-
vice. Through the optimization of the gate metal work func-
tion, the channel length, the width, the gate oxide material,
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the thickness, the epitaxial layer concentration thickness, the
source region thickness, the concentration are included in the
simulation. We found that the gate metal material, the oxide
layer thickness and material, the source region concentration,
the epitaxial layer concentration, the source region thickness,
and the source region concentration are the key factors. The
channel region’s width and height greatly influence the output
current, while the gate metal material, the thickness of the ox-
ide layer, and the concentration of material and epitaxial layer
greatly influence the threshold voltage. According to the sim-
ulation results, materials with a large gate metal work function
and large oxide dielectric constant should be chosen for fabri-
cating the E-mode MOSFET device. The epitaxial layer con-
centration should not exceed 5x10'® cm—3, and the channel
height of the device should be smaller than 1.5 um. The thick-
ness of the source area is set at 0.1 um-0.3 pm. The thickness
of the oxide layer should be less than 0.08 um. Our findings
from the theoretical calculations are omportant guidelines in
designing and manufacturing the Ga,O3 MOSFET device.
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