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Ga2O3 vertical trench Schottky barrier diodes with four different fin-channel orientations are realized on (001) substrates and compared. Fin-
channels along the [010] direction with (100)-like sidewalls result in the highest forward current, while other channel orientations all lead to a
shallow turn-on behavior and much lower forward current, indicative of severe sidewall depletion attributed to negative interface charges. The
comparison indicates that the interface charge density is the smallest on the (100)-like surfaces. The breakdown voltage of the diodes with 1-μm fin
width is around 2.4 kV, with no apparent dependence on the channel orientation. © 2019 The Japan Society of Applied Physics

β
-Ga2O3 has attracted considerable interest as a pro-
mising wide-bandgap semiconductor material for high
power devices. Aside from the availability of melt-

grown substrates,1) the sizable bandgap value of 4.5–4.7 eV
allows for a large critical electric field exceeding 5MV cm−1

as experimentally observed.2–6) Aided by the excellent field
strength, high breakdown voltages exceeding 1 kV have been
demonstrated in both diodes3,6–11) and transistors.12,13) In
addition, a Baliga’s figure-of-merit (BFOM) of around
0.5 GW cm−2 has been achieved in both lateral11) and vertical
Schottky barrier diodes (SBDs),6) which already exceeded
the unipolar limit of Si.
Vertical power devices can provide higher current density

than the lateral counterparts. For high voltage applications,
vertical power devices typically involve the use of p-type
doping. However, p-type doping in Ga2O3 remains elusive
due to the lack of shallow acceptors.14) Alternatively, vertical
fin-channels with metal-insulator-semiconductor (MIS) struc-
ture covering the fin sidewall can be used in vertical power
devices without the need for p-type doping.15,16) With the
incorporation of fin-channels, vertical enhancement-mode
Ga2O3 transistors with good gate-control12,17) as well as
vertical Ga2O3 trench Schottky barrier diodes with reduced
reverse leakage current6,9,10,18) have been realized.
In vertical fin-channel devices, the sidewall interface

quality of the MIS-junction is of high importance to the
device performance. We have shown that interface trapping
at the fin sidewall can exacerbate drain-induced barrier
lowering (DIBL) effects in vertical fin transistors.17) In trench
SBDs, the interface trapping is found to induce hysteresis in
the forward conduction.10) Due to the low symmetry nature
of β-Ga2O3, this issue may be compounded by different
behaviors associated with different fin-channel/sidewall or-
ientations. Previous studies on Schottky contacts have
suggested that differences exist in surface-state distribution
on different β-Ga2O3 surfaces.19) In this study, we compare
the electrical characteristics of trench SBDs with different
fin-channel/sidewall orientations. A strong influence of the
orientation on the forward conduction has been observed and
is linked with the difference in interface charge density at the
fin sidewall. The study highlights the importance of sidewall
interface quality in vertical fin-channel devices and provides
importance guidance on the choice of fin-channel orientations
in β-Ga2O3.

The schematic cross-section of the trench SBDs under
study is shown in Fig. 1(a). The diodes have a trench-depth
(dtr) of 1.55 μm and fin channel widths (Wfin) ranging from
1 μm to 4 μm. The area ratio (A.R.) of the fin channel over the
entire anode area can be calculated by Wfin divided by the
pitch size. The diodes are fabricated on (001) Ga2O3

substrates, on which a 10 μm drift layer is grown by halide
vapor phase epitaxy (HVPE) with a net doping concentration
of ∼2× 1016 cm−3. The fabrication process is described in
Ref. 6. The fin channels were formed by dry-etch using a gas
mixture of BCl3 and Ar. The wafer was then soaked in HCl
and HF each for 20 min to remove the etch damage, before
the subsequent processes. The MIS-junction consists of a
100-nm Al2O3 layer deposited at 300 °C using a plasma
atomic layer deposition (ALD) system. Along with the
fabrication of the trench SBDs, regular SBDs with and
without mesa structure together with MOS-capacitors were
co-fabricated on the same wafer, as shown in Figs. 1(b)–1(d).
The forward I–V characteristics of the diodes were measured
under pulsed condition to avoid self-heating,10) while the
reverse I–V characteristics were measured under the DC
condition.
The sidewall interface quality is first examined in the

circular-shaped regular SBDs. Figure 2 shows the compar-
ison of the forward I–V characteristics between the SBDs
with mesa and the SBDs without mesa. The current is
normalized by the area of the Schottky contact, which in
the SBDs with mesa has a diameter 6 μm smaller than that of
the mesa. In the SBDs without mesa, the current density
increases with decreasing diodes diameter thanks to current
spreading [see Fig. 3(b)]. In comparison, the current density
of the SBDs with mesa has the opposite trend. Figure 3(a)
shows the extracted differential specific on-resistance (Ron,sp)
from both types of diodes, which clearly exhibits opposite
trends with the diode diameter. Since the only difference in
conduction path between the two types of diodes is the mesa
region, it can be concluded that the conductance of the mesa
region does not scale linearly with the Schottky contact area.
This suggests that there exists a sidewall depletion region due
to surface band-bending along the periphery of the mesa, as
shown by the illustration in Fig. 3(b). Since there is a 3 μm
gap between the edge of the Schottky contact and the edge of
the mesa, the average depletion width should be larger than
3 μm. Using the measured net doping concentration of
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∼7× 1015 cm−3 near the surface (see Ref. 6), a minimum
negative interface charge density of 2.1× 1012 cm−2 can be
estimated by assuming the depleted space-charge is balanced
by the negative interface charge. This value is similar with
the extracted interface charge density on etched (001)
surface.10) The fixed charge density within the Al2O3 di-
electric is extracted to be around +1× 1011 cm−2 from the
measured capacitance of the MOS-capacitor at zero bias, thus
not contributing to the sidewall depletion.
As shown in our previous work,6) trench SBDs fabricated

on the same wafer with the fin-channels orientated along the
[010] direction—hence (100)-like sidewalls—have normal

turn-on behaviors, similar to the SBDs without mesa, as
shown in Fig. 2(b). These trench SBDs show a turn-on
voltage (Von) of 1.25 V, and their differential Ron,sp is found
to have an ideal dependence on the fin area ratio, which
means an absence of appreciable sidewall depletion beyond
Von. We can estimate the upper limit of negative interface
charge density (Nint,max) on those (100)-like sidewalls with
this simple expression:

N
V

ed
,int,max

ox on

ox

e
=

where e is the electron charge, εox= 8.2ε0 is the dielectric
constant of the Al2O3, dox is the thickness of the Al2O3 layer.
From this equation, Nint,max is calculated to be 6× 1011 cm−2,
which is about 1/4 of the afore-estimated minimum average
interface charge density on the mesa sidewalls in the circular
SBDs with mesa [Fig. 2(a)]. This discrepancy can only be
explained by a dependence of interface charge density on
sidewall orientations.
To verify this, we measure trench SBDs with four different

fin-channel/sidewall orientations fabricated on the same
wafer. Figure 4 shows the schematic top view of the device
footprint and the scanning electron microscopy (SEM)
images of the fin-channel cross-sections. Trench SBDs we
previously reported all have fin-channels oriented along the
[010] direction—as shown by the scenario in Fig. 4(a),6,9,10)

which we use as the reference direction. The other three fin-
channel orientations are rotated 30°, 60°, and 90°, respec-
tively, with respect to the [010] reference direction. SEM

Fig. 1. (Color online) Schematic cross-sections of the devices fabricated on the same wafer: (a) trench Schottky barrier diodes (SBDs), (b) regular SBDs with
mesa, (c) regular SBDs without mesa, (d) MOS-capacitors.

Fig. 2. (Color online) Forward I–V characteristics of (a) regular SBDs with
mesa and (b) regular SBDs without mesa. The current is normalized by the
Schottky contact area. Measurements are taken under pulsed condition with a
pulse width of 8.4 μs and a duty cycle of 0.84%.

Fig. 3. (Color online) (a) Differential specific on-resistance (Ron,sp) versus the diode diameter for the regular SBDs with and without mesa. (b) Illustration of
the sidewall depletion responsible for the increase of Ron,sp with decreasing diameter in SBDs with mesa, as well as the current spreading responsible for the
decrease of Ron,sp with decreasing diameter in SBDs without mesa.
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images of all cross-sections show similar channel profile,
featuring slightly inward-slanted sidewall with a sidewall
angle of 95°–97° and smooth trench bottom corners. Thus,
the channel morphology alone should not cause a large
difference in device characteristics.
Figure 5 shows the forward I–V characteristics of the

trench SBDs with different fin-widths and channel orienta-
tions. Devices with the reference orientation and thus (100)-
like sidewall shows a normal turn-on behavior. The barrier
height is extracted to be 1.38 eV from the thermionic
emission model and the ideality factor is 1.06 at 295 K. The
Ron,sp of the diodes with Wfin= 2–4 μm is 10 mΩ · cm2, while
the Ron,sp of the diodes withWfin= 1 μm is ∼20 mΩ·cm2. The
difference in Ron,sp is mainly due to the different fin area
ratio. Aside from the reference orientation, the other three
sidewall orientations all lead to a shallow turn-on behavior
and much lower on-currents, indicating the presence of
significant sidewall-depletion due to interface charge. The
worst case is when the fin sidewalls are (010)-like. Similar
shallow turn-on behavior has also been observed in etched fin
channels with slanted sidewall profile by Ref. 5, but the
sidewall orientation was not specified. Since devices with
Wfin= 4 μm and (010)-like sidewalls also show the shallow

turn-on behavior, the sidewall-depletion width must be larger
than 2 μm, which is consistent with the observations from the
regular SBDs with mesa.
The cause of the negative interface charge on the sidewalls

is likely from dry-etch-induced surface damage, which might
not be fully-removed by the wet etch using acids. Although,
F incorporation during the wet etch in HF may also introduce
negative charges,3) we do not believe it is the main reason,
since we observed similar sidewall-depletion and fin-orienta-
tion dependence in devices without wet etch on another
wafer. The surface damage likely induces acceptor-like deep
states, which lead to negative interface charges and surface
band-bending. The existence of upward surface band-
bending of 1.63 eV on chemical-mechanical polished
(CMP-ed) (010)-surface has indeed been observed with X-
ray photoelectron spectroscopy (XPS) by Ref. 19, corre-
sponding to a negative surface charge density of
8.8× 1012 cm−2. Reference 19 also showed that the (010)
surface has a larger surface band-bending and Schottky
barrier height than the (201) surface.19) In fact, the
Schottky barrier of the same metal contact on the (010)
surface has been reported to be generally higher than on other
surfaces,19–22) while the Schottky barrier on the (100) surface

Fig. 4. (Color online) Scanning electron microscopy (SEM) cross-sectional images of the trench SBDs with different fin orientations: (a) along the [010]
direction (0° rotation), (b) 30° rotation, (c) 60° rotation and (d) along the [100] direction (90° rotation). The cross-section cutline positions are indicated by the
red dashed lines, while the viewing directions by the red arrows in the schematic top-view cartoons. The viewing angle of the SEM is 52° from the norm of the
sample top surface.

Fig. 5. (Color online) Forward I–V characteristics of the trench SBDs with different fin-widths (Wfin) and fin-channel orientations: (a) Wfin = 1 μm, fin area
ratio (A.R.) = 33%; (b) Wfin = 2 μm, A.R. = 50%; (c) Wfin = 3 μm, A.R. = 50%; (d) Wfin = 4 μm, A.R. = 50%. All I–V curves are measured from fresh
upward scans under the same pulsed conditions used in the measurements of the regular SBDs. Below the measurement limit, the pulsed I–V curves are the
same for all devices since they are limited by the system charging time. In diodes with fin-channels orientated along the [010] direction (0° rotation), the semi-
log I–V characteristics under DC sweep (not shown) are similar to our earlier report.6)
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is among the lowest.11,23,24) This may be correlated with the
difference in surface band-bending and the corresponding
surface charge density, as the barrier height appears strongly
influenced by Fermi-level pinning in β-Ga2O3.

20,25) The
lowest interface charge density on the (100)-like surfaces
indicates that this surface may be least susceptible to surface
damage, which is likely linked with easy exfoliation of (100)-
oriented β-Ga2O3 flakes due to the strong in-plane covalent
bonds and weak perpendicular bonds.26) On the other hand, it
is worth noting another distinct possibility that the dry-etch-
induced surface damage is sufficiently removed by our wet-
etch treatments, therefore, the crystallographic orientation
dependence of surface/interface charge densities is inherent
in β-Ga2O3. The exact mechanism behind the crystallo-
graphic orientation dependence requires further study, espe-
cially on pristine β-Ga2O3 surfaces such as epitaxially grown
surfaces that are not subject to CMP, dry etch and so on.
Nearly all studies in the literature to date have been carried
out on β-Ga2O3 surfaces that were CMP-ed or etched, except
the exfoliated (100) flakes.
The reverse characteristics of the trench SBDs with a 1-μm

fin width is shown in Fig. 6. The breakdown voltage (BV) for
all fin-orientations is around 2.4 kV, similar with the BV of
the MOS-capacitor. It suggests that the breakdown of the
devices with a 1-μm fin width maybe limited by field
crowding at the device periphery, whereas for larger fin
widths the breakdown voltage is shown to be limited by field-
crowding at the trench corners.6) The lack of fin-orientation
dependence is as-expected since the presence of the negative
interface charge at the fin sidewall will not exacerbate the
field crowding at the trench corners.
In conclusion, we identified the presence of sidewall-

depletion at etched mesa sidewalls on (001) β-Ga2O3 wafers.
The sidewall-depletion is attributed to negative interface
charges, likely induced by dry-etch-induced surface damage.
The forward I–V characteristics of trench SBDs with four
different fin-channel orientations are compared. Trench SBDs
with (100)-like sidewall have near-ideal turn-on behaviors,
while all other orientations lead to a shallow turn-on behavior
and a much lower current density. It suggests that the

interface charge density on the etched (100)-like surface is
much lower than on other sidewall surfaces. The reverse
breakdown characteristics are not influenced by the fin-
orientation. The study identifies the significant impact of
the sidewall interface quality in vertical fin-channel devices
and reveals the superiority of the (100)-like β-Ga2O3 surfaces
in the presence of surface damage. Whether this crystal-
lographic dependence is native to β-Ga2O3 requires further
investigation.
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