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Ga, 03 is difficult to achieve p-type doping, which further hinders the development of Ga;O3-based power devices
and is not conducive to the development of new devices with high power density and low power consumption. This paper
expounds a B-GayO3/4H-SiC heterojunction lateral metal-oxide—semiconductor field-effect transistor (HIFET), which can
make better use of the characteristics of PN junction by adding p-doped SiC in the channel region. Compared with the con-
ventional devices, the threshold voltage of the heterojunction metal-oxide—semiconductor field-effect transistor (MOSFET)
is greatly improved, and normally-off operation is realized, showing a positive threshold voltage of 0.82 V. Meanwhile, the
off-state breakdown voltage of the device is up to 1817 V, and the maximum transconductance is 15.3 mS/mm. The optimal
PFOM is obtained by simulating the thickness, length and doping of the SiC in each region of the epitaxial layer. This
structure provides a feasible idea for high performance $-Ga; O3 MOSFET.
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1. Introduction

Gallium oxide (BGO), as a recently emerging power
semiconductor, occupies a place in the fields of high power, ]
high temperature,?! and high voltage.'*=! These all benefit
from the theoretical high critical breakdown electric field of
8 MV/cm,!®! ultra-wide bandgap of 4.5 eV—4.9 eV and high
Baliga’s figure of merit (3444).7! In addition to these unique
advantages, gallium oxide can also achieve controllable n-type
doping of 10> cm™3-10%° cm™3 as well as semi-insulating
properties through Si, Ge, Sn.[® The successful acquisition
of large diameter gallium oxide substrates in the molten state
has made gallium oxide ready for mass production and cost-
effective.

Although gallium oxide material has great advantages,
the current research of Ga,O3 MOSFETs is mostly depletion
mode (D-mode),®~' and the research on enhancement mode
At the same
time, the ultra-wide bandgap and flat valence band make it

(E-mode) has only increased in recent years.

easy for holes to form strong local polarons or self-trapped
holes, which makes the p-type doping of Ga,Oj3 difficult to
achieve. %]

Many efforts have been made to realize E-mode devices,
including the optimization of device structures, process and
the use of heterojunctions. In terms of device structure and
process, wrap-gate fin-array, !9 recessed gate,[!”-1®! vertical
structure, 1 double gate structure, 201 current aperture, (211
oxygen annealing,*?! VLD structure,!”! etc. the use of these
methods can shift the threshold voltage to the right to a cer-

tain extent, but some complex structures and processes will

fCorresponding author. E-mail: szluan@xust.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/aca39¢

cause certain difficulties in production. Compared with struc-
tural optimization, the introduction of p-type doping materials
can increase the turn-on voltage of the device without increas-
ing the conduction loss, such as BP/B-Gay03,[?3 graphene-
gate/B-Gay 03,11 h-BN/B-Ga, 03,121 SnO/B-Ga,03,1%%! etc.
So far, the material properties of Ga,O3 devices are still
far from the critical value, and further improvement is re-
quired. Based on this, a Ga;O3 heterojunction metal-oxide—
semiconductor field-effect transistor (HJFET) is proposed by
selectively adding SiC in the epitaxial layer. To verify the
validity of the proposed structure, the electrical properties of
heterojunction transistor and conventional transistor (CONV)
were investigated. And the device parameters are optimized,
such as the length (Lgic), thickness (7sic) of SiC and doping
concentration of epitaxial layer. It is expected that the pro-
posed structure can cause the threshold voltage to shift to the
right and realize the design of E-mode devices, which provides
a new idea for the design of subsequent normally-off device.

2. Devices structure and simulation

Figure 1 is the schematic cross-sectional view of the de-
signed device, a homoepitaxial gallium oxide thin film layer
on an Fe-doped (010) $-Ga,03 substrate, including a 250-
nm unintentionally doped buffer layer and a 240-nm epitax-
ial layer. The thickness of the gate oxide layer is 30 nm, the
source—drain distance (Lgq), gate length (L), and gate—drain
distance (Lgq) are designed to be 12 um, 2 pum, and 8 um re-
spectively. Si* implantation was used to form ohmic contacts
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and reduce device resistance, and an unintentionally doped
Gay 03 buffer layer was used to reduce implant damage to the
substrate and subsequent Fe out-diffusion.?”!
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Fig. 1. Schematic cross-section of a 3-Ga; O3/SiC HJFET.

Due to the lack of an accurate material model for Ga,O3,
experimental data from literature were used in the simulation
process. The dielectric constant is 10, and the mobility model
has a great influence on the current transport process in the
semiconductor, mainly including the doping dependence, the
high field saturation (Caughey—Thomas model)?®! and enor-
mal, which the doping dependence uses the Arora model.[*’]
For the computational efficiency in simulation, regardless of
the impact ionization model, when the critical breakdown elec-
tric field of 3-Ga,Oj is reached, the voltage in the channel is
extracted as the breakdown voltage, which is consistent with

the results reported by literature.[”!

3. Heterojunction principle

The electron affinities of 3-Ga; O3 and 4H-SiC are 4.0 eV
and 3.45 eV,!”! and the bandgaps are 4.85 eV and 3.3 V.13l
Therefore, the offset discontinuity at the bottom of the con-
duction band is 0.55 eV and the offset at the top of the va-
lence band is 2.1 eV. Figure 2(b) is an energy band diagram
of B-Ga;03/SiC heterojunction under thermal equilibrium. In
the heterojunction, since the barrier height of electrons in f3-
Ga03 entering p-type SiC is 0.55 eV and the height of the
barrier for holes to move to 3-GaO3 is 2.1 eV, so the elec-
trons of 3-Ga, O3 are easier to enter into the SiC, resulting in
the electrons playing a major role.

Due to the concentration difference between electrons and
holes, a space charge region is formed near the interface be-
tween the P and N regions, and the thickness of the space
charge region is related to the doping concentration. There
is an internal electric field in the space charge area. In order to
form a current in the PN junction, the resistance of the inter-
nal electric field in the space charge area must be eliminated.
Therefore, an external electric field can be applied to offset the

built-in electric field, so that the carrier can continue to move
and form a linear positive current.

(a) B-Gay03

X4H-sic = 3.45 eV
XGay03 = 4.0 eV l

l_v__

AEc=0.55 eV

(b) -
B-Gago;g | 4H—SIC

AEc=0.55 eV

L

Fig. 2. (a) Band alignment of isolated 3-Ga, O3 and 4H-SiC, (b) energy
band diagram of -GayO3/SiC heterojunction under thermal equilib-
rium.

4. Results and discussion

In addition to the P region, the traditional device structure
and doping concentration used for simulation are completely
the same as the proposed new device structure. The transfer
characteristic curves of the conventional structure and the het-
erojunction device are shown in Fig. 3. It can be clearly seen
that the threshold voltage of HIFET reaches 0.82 V, which is
mainly due to the p-type doping that makes the electrons in
the channel region are in a fully depleted state under zero bias.
The built-in electric field can be offset by applying a positive
gate voltage, which makes the depletion region thinner and
the device opens. Figure 3(b) shows the transfer characteris-
tic curve in logarithmic state. It can be seen that the current
on/off ratio of the device is more than 10°, and the maximum
transconductance is 15.3 mS/mm.

Figure 4 shows the output characteristic curve of the het-
erojunction device. During the output characteristic test, the
drain bias (Vy,) increases from 0 V to 30 V, the gate bias (V)
increases from 1 V to 7 V with a step size of 1 V. As can be
seen from Fig. 4, the device exhibits a good pinch-off char-
acteristic. When the gate bias is 7 V, the drain—source satu-
ration current reaches 63 mA/mm. The electric field distri-
bution of the transistor under Vgs = 1500 V and Vg =0 V
shows in Fig. 5(a), ensuring that the device is in the off state.
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The figure shows that the peak electric field of the heterojunc-
tion device reaches 7.46 MV/cm, which is lower than the crit-
ical breakdown electric field of Ga;O3 material. Figure 5(b)
shows the relationship between the peak electric field and the
drain—source voltage of the device after adding the heterojunc-
tion. Since the impact ionization model is not considered,
the corresponding voltage when the breakdown electric field
is 8 MV/cm is extracted. The breakdown voltage of the het-
erojunction MOSFET is 1817 V.
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Fig. 3. Simulation results of transfer characteristics (a) line and (b)
semi-logarithmic, the inset shows gm—V,s characteristics of HIFET.
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Fig. 4. Output characteristic curve of HIFET.

In the process of device design, the performance and
PFOM of the device should be improved as much as possible.
The expression of PFOM is[3!]

2
PFOM:A, (1

on,sp

where Ronsp 18 the specific on-state resistance, and Vi, is the
breakdown voltage. The depletion region is particularly im-
portant for device turn-on and withstand voltage. The expres-
sion of the depletion width at the PN junction is

ZSS(NA +ND)VD

2
gNAND

where Np and Np represent the acceptor impurity and donor
impurity respectively, Vp is the voltage at the edge of region
N, and & is the capacitance rate of the semiconductor. The
length, thickness of SiC and doping concentration of the epi-
taxial layer have obvious effects on the breakdown voltage and
on-resistance, so these parameters are optimized. Subsequent
optimizations are carried out on the basis of the previous one.
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Fig. 5. HIFET (a) electric field distribution under Vg4s = 1500 V and (b)
peak electric field versus V.
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As shown in Fig. 6(a), the characteristics of different SiC
lengths are compared. With the increase of Lgjc, the chan-
nel resistance of the device increases under the same cross-
sectional area,!3?! so the channel current decreases. The larger
channel resistance is, the more difficult it is for the device to
turn on. As the length of SiC increases, the threshold voltage
first increases and then gradually becomes saturated. There
is a PN junction at the edge of the SiC near the drain. As
the length of SiC increases, the PN junction is close to the
drain. Due to the voltage drop in the channel, as the length
of the SiC increases, the reverse voltage applied to the PN
junction is greater and the depletion region widens, resulting
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in a higher breakdown voltage. With the further increase of
the SiC, the depletion region begins to decrease, which leads
to the decrease of the breakdown voltage, so it has the low-
est breakdown voltage. Figure 6(b) shows the corresponding
PFOM of different SiC lengths. The inset shows the rela-
tionship between breakdown voltage, 1/ Ron,sp, and Lgic, when
Lsic = 1.5 pm, the maximum PFOM is reached, the peak elec-
tric field appears in Ga; O3, and the max electric field in SiC is
1.06 MV/cm, which is lower than the theoretical critical field
strength (2.5 MV/cm).133-34]
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Fig. 6. (a) Characteristics comparison and (b) PFOM under different
Lsic, the inset shows the relationship between Vi, 1/Ron sp, and Lgic.

When the thickness and concentration of SiC are low,
the Ga;0O3 in the channel is not completely depleted, and
the device itself has a conductive channel, so the specific on-
resistance increases slightly with the increase of thickness and
concentration. As the thickness and concentration of SiC in-
crease, Ga;O3 is completely depleted at a certain gate volt-
age, making it easier to create a inversion layer and making
the conductive channel wider, so the specific resistance de-
creases. When reaching a certain extent, the depletion region
is no longer widened, and the specific on-resistance changes
little.

Figure 7 shows the PFOM for different 7s;c, the high-
est PFOM is at point B, so the best thickness of the SiC is
0.11 pm. As the thickness of this region increases, a larger
gate voltage is required to make the device form an inversion
layer, so the threshold voltage will continue to increase. But

the increased thickness will also reduce Iy5, and the appropri-
ate thickness of SiC is critical.
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Fig. 7. PFOM at different Tg;c.

The doping concentration of the epitaxial layer changes
the saturation current by affecting the mobility. Figure 8(a)
shows the transfer characteristic curves under different dop-
ing concentrations of Ga,;O3 epitaxial layer. At the same drain
voltage, with the doping concentration of the epitaxial layer in-
creases, the threshold voltage decreases and the drain—source
current increases, which indicates that the on-resistance de-
creases, so the increase of doping concentration in this region
can reduce the conduction loss.
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Fig. 8. (a) Transfer characteristic curves and (b) electric field distri-
bution at the interface between the channel and oxide layer under the
different doping of epitaxial layer.

037302-4



Chin. Phys. B 32, 037302 (2023)

Figure 8(b) shows the electric field distribution at dif-
ferent doping concentrations of the epitaxial layer when the
drain—source voltage is 1500 V. It is necessary to ensure that
the device is in the off state, and the gate close to the drain side
will generate a peak electric field. The closer to the gate oxide
layer, the greater the peak value of the electric field. There-
fore, the electric field distribution under 2 nm on the channel
surface is selected. With the decrease of the doping concen-
tration of this region, the peak electric field is reduced to a
certain extent, and the electric field at the edge of the drain is
increased, which can achieve the effect of averaging electric
field distribution. Mainly due to the reduction of the doping
concentration in epitaxial layer, the depletion region continues
to widen toward the drain to withstand a higher voltage, so a
lower doping concentration in this region can achieve a higher
breakdown voltage. The peak electric field corresponding to
3% 10'% cm—3 is 6.4 MV/cm, which is the lowest electric field.

187.5F (a)
185.0}

182.5+

180.0+

~ 2000
~ 1900

177.5F

PFOM (MW /cm?)

175.0F

3 4 5 6
172.5F ) Nepiarial (Il(J“‘ cnr:)
3.0 35 40 45 50 5.5 6.0

Nepitaxial (1016 CIH_S)

190

(b) Dirgn
180 /AR u
170F

160F

150F

o (MO Lem?)

140F

PFOM (MW /cm?)

130F

1.0 15 2.0 25 3.0
Nsic (107 cm~3)

120

1.0 1I.5 2I.0 2I.5 3.0
Ngic (1017 cm—3)
Fig. 9. PFOM under different doping concentrations: (a) epitaxial layer
and (b) SiC, the inset shows the effect of doping concentration on Vi,
and 1/Ronsp-

Figure 9 shows the PFOM under different doping concen-
trations, where the inset shows the effect of doping concentra-
tion on breakdown voltage and 1/ Ronsp- It can be seen from
Fig. 9(a) that the highest PFOM is at point C, the correspond-

ing doping concentration is 5 x 10'® ¢cm™3

. Compared with
other values, the resistance decreases to a large extent, and the

breakdown voltage decreases to a relatively small degree, so

a larger PFOM can be achieved. Figure 9(b) shows the effect
of the doping concentration of the SiC on the PFOM. With the
increase of the doping concentration in this region, the break-
down voltage has a small change, which is attributed to the
doping of the P region. The increase of the concentration leads
to the narrowing of the space charge region on this side, and
the effect on the breakdown voltage becomes smaller.

By comparing the simulation results, it can be concluded
that HIFET has the highest PFOM when the length of SiC
layer is 1.5 um, the thickness is 0.11 wm, the doping con-
centration of epitaxial layer is 5 x 10'® cm ™3, and the doping

concentration of SiC is 2 x 107 ¢cm™3.

5. Conclusion

In summary, a 3-Ga;03/4H-SiC heterojunction metal—
oxide-semiconductor field-effect transistor is proposed, which
makes full use of the switching and breakdown characteristics
of the PN junction. By comparing the relevant parameters of
the epitaxial layer, the best results are obtained, i.e., the for-
ward movement of the threshold voltage and a larger break-
down voltage are realized. Finally, the device achieves a turn-
on voltage of 0.82 V, a breakdown voltage of 1817 V, and a
maximum transconductance (gm) of 15.3 mS/mm. The results
show that the addition of heterojunction can improve the per-
formance of the device, providing a reliable solution for device

optimization.
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