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Lateral $-GayO3 Schottky barrier diodes (SBDs) each are fabricated on an unintentionally doped (-201) n-type -
Ga, 03 single crystal substrate by designing L-shaped electrodes. By introducing sidewall electrodes on both sides of
the conductive channel, the SBD demonstrates a high current density of 223 mA/mm and low specific on-resistance of
4.7 mQ-cm?. Temperature-dependent performance is studied and the Schottky barrier height is extracted to be in a range
between 1.3 eV and 1.35 eV at temperatures ranging from 20 °C to 150 °C. These results suggest that the lateral f-Gay O3
SBD has a tremendous potential for future power electronic applications.
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PACS: 73.40.Mr, 84.30.Jc, 85.30.De, 85.30.Kk

1. Introduction

Recently, gallium oxide (GayO3) has received much at-
tention because of its unique properties,!! ! including a wide
bandgap (4.5 eV-4.8 eV) and a high breakdown electric field
of 8 MV/cm. The Baliga’s figure of merit of $-Ga,O3 reaches
up to 3444, which is significantly higher than that of sili-
con carbide (SiC) and gallium nitride (GaN).[*-%! Moreover,
high-quality large-size single-crystal 3-Ga,O3 substrates can
be easily grown by low-cost and stable melting methods. ’~10!
Thus, B-GapOs materials have great potential applications
in power devices. In power electronic circuits, two types
of power devices each play a key role in power conversion.
The first type is the switching transistor, which controls the
switching state of the current transmission to regulate the to-
tal power, and the second type is the rectifier diode, which
controls the transmission direction of the current. As the P-
type doping technology of -Ga; O3 materials is very difficult,
B-GapO3 wafers are all of n-type semiconductor and more
applicable for unipolar power devices, such as metal-oxide—
semiconductor field-effect transistors (MOSFETSs) and Schot-
tky barrier diodes (SBDs).!'l:'?I Considerable efforts have
been made to enhance the performances of 3-GayO3 power
devices, and remarkable results have been achieved. For ex-
ample, field-plated MOSFETs each with a high breakdown
voltage (BV)!'3] and high power figure of merit (P-FOM)!!*]
have been reported.

The SBDs are important for power rectification appli-
cations due to their advantages of low turn-on voltage, fast
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switching speed, and low switching loss.[!>1%] The B-Ga,03
SBDs reported possess almost vertical structures by homoepi-
taxy of high-quality 8-Ga, O3 drift layers.!!”-!1 For example,
Allen et al. reported that vertical structured SBD with a break-
down electric field of up to 3.5 MV/cm involves an edge ter-

221 Lj et al. re-

mination and a small-angle beveled field plate.
ported vertical trench SBD with a BV of 2.89 kV and PFOM
of 0.95 GW/cm?.[133! Unlike vertical SBD structure, the lateral
SBD structure can be fabricated on single-crystal 3-GayO3
substrate with the highest quality drift layer, while avoiding
the difficult and costly hydride vapor phase epitaxy homoepi-
taxial growth techniques. However, the current flowing in a
lateral structure device is limited in the extremely thin chan-
nel layer; therefore, there are few reports on lateral B-Ga; 03
SBDs.[?*261 For example, lateral SBD with the highest for-
ward current density of 40 mA/mm has been fabricated by
transferring -Ga,O3 nano-membranes.

In this study, we fabricate lateral SBDs on high-quality
single-crystal 3-Ga;O3 substrates by designing L-shaped
electrodes. By introducing the sidewall electrodes on both
sides of the conductive channel, the high forward current den-
sity of 223 mA/mm and the low specific on resistance (Rop,sp)
of 4.7 mQ-cm? are achieved. In addition, the device shows
a high reverse voltage and good rectifying ability. These re-
sults indicate that lateral -Ga,O3; SBDs have great potential

applications in power electronics.
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2. Experimental details

The unintentionally doped (UID) (-201) n-type B-
Ga0O3 bulk crystal with carrier concentration about was
2.2x10'7 cm™3 used in this work for fabricating lateral
SBD. Figure 1(a) shows the high resolution x-ray diffraction
(HRXRD) 26— scans of the 3-Ga; O3 substrate to character-
ize the crystal quality. A schematic of the device is shown
in Fig. 1(b). The conductive channels of carriers were de-
signed along the [010] direction, which has high carrier mobil-
ity. Moreover, it was found that the dry etch has low damage
to the (010) sidewalls, providing the high performance of lat-
eral SBD. The lateral 3-Ga;O3 SBD structure was fabricated
by depositing a 300-nm-thick passivation layer on the top of
the substrate by plasma-enhanced chemical vapor deposition
(PECVD). The cathode and anode regions were shaped by dry

[27]

etching,'“’! respectively. The Si implantation and annealing
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treatment were performed in the cathode region of the side-
wall and bottom mesa to form an ohmic contact.?8! The dop-
ing concentration is estimated at ~ 5 x 10! cm—3, based on
the simulation. After Si activation, the Ti/Au electrodes were
evaporated and implemented rapid thermal annealing (RTA) at
475 °C for 1 min. Based on the transfer length method (TLM),
the sheet resistance (Rsy) and contact resistance (Rc) were
extracted to be 176 Q and 1 Q-mm, respectively. Finally, a
Schottky contact was introduced by stacking metals of Ni/Au,
followed by the steps of device passivation, pads opening and
metal thickening. An optical micrograph of the fabricated de-
vice is shown in Fig. 1(c). The current—voltage characteri-
zations were tested in the dark by using an Agilent B1500A
semiconductor parameter analyzer. The reverse breakdown
characterizations were performed by using a Keithley 4200-
SCS.
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Fig. 1. (a) HRXRD curve of (-201) -Ga, O3 single crystal substrate, (b) schematic diagram of device cross-section, and (c) optical micrograph of a

fabricated SBD.

3. Results and discussion

Figure 2(a) shows the forward J-V on a linear scale and
differential resistance—voltage (Diff. R,,—V) characteristics
for lateral SBDs with different values of Lac. From the DC
measurements, a current density of 223 mA/mm, which is
one order of magnitude higher than the current density of the
reported lateral -Ga;O3 SBDs,?*>] and a very low V,, is
achieved to be 0.98 V. The anode length (La) and the cathode
length (Lc) are 5 um. The value of Diff. R, is extracted to
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be 13.5 Q-mm, yielding the value of Ry sp 0of 4.7 mQ-cm? for
Lac =25 pum by considering that Roy sp = Ron X (La + Lac +
Lc). Figure 2(b) shows the forward current density—voltage
(J-V) characteristics of the lateral SBD with Lyc = 25 um on
a semi-logarithmic scale. The I, /Ly ratio is as high as 10°. A
subthreshold swing of 67 mV/dec is extracted from the current
density between 10~® mA/mm and 10~ mA/mm. Figure 2(c)
demonstrates that the measured current is nearly proportional
to the device width.
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Fig. 2. (a) Linear-scale plots of forward J-V and Diff. R,,—V characteristics, (b) log-scale forward J-V characteristics of the fabricated lateral SBD
with Lac = 25 um, and (c) dependence of current on the width of SBD for Lac =25 um.
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Figure 3 shows the reverse I-V characteristic of the -
Gay03 SBD. The device can withstand a reverse voltage as
high as 200 V without breakdown, much higher than other
B-Ga;O3 SBDs using single crystals!?®! and lateral GaN
SBDs. 131 We cannot further increase the voltage for testing
due to the limitation of the test instrument. Moreover, the
breakdown voltage will be larger than 200 V, for the reverse
current value is about 10~7 A under the maximum test volt-

age.
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Fig. 3. Reverse /-V characteristic of Ni/f-Ga;O3 SBD with Lyc = 30 pm.

According to the thermionic emission (TE) model, the
forward J-V relationship can be expressed by the equation of

qv qV
= 2 ) ]1= _
s=sew () [1-e (= 7 )|

where Jy represents the saturation current density which can
be expressed as

Jo=A*T?exp (— qub’0>7

kT

and 7 is the ideality factor, where the effective Richardson’s

constant
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using m* = 0.23my ~ 0.34my calculated from first-
principles;[!7-3% qPy is the height of Schottky barrier at
zero bias and given by ¢y, o = gVhi + (Ec — Er) — g i1, With
qWoi, E., Ef, and gAPis,) being the zero bias built-in potential,
minimum value of conduction band, Fermi level, and potential
barrier reduction caused by image force.

The forward temperature-dependent J—V characteristics
of the 3-Gay O3 SBD in a semi-logarithmic scale are measured
as shown in Fig. 4(a). By increasing the working tempera-
ture from 20 °C to 150 °C in steps of 25 °C, these charac-
teristics evolve smoothly. Analysis of the linear region of the
logJ-V plot shows that Jyp and 1 can be calculated from the
slope and intercept. Figure 4(b) is Richardson’s plot, that is,
the [In(Jo/T?) — 1/kT] plot. By fitting the test data linearly,
qPpo and A* are obtained from slope and intercept, respec-
tively, to be g®, 0 = 1.3 eV and A* = 29.7 A/cm?-K?. The ex-
tracted @y values is higher than those of Ni/Ga,O5!19-20-24]
and TiN/Ga, 03 Schottky contact,*6! and even higher than that
of Pt/Ga; 03 contact.l!”! The high qPy o is mainly caused by
the low doping concentration of the UID wafer.!>3-!1 More-
over, the A* value is smaller than other reported experimen-
tal results'!7-18] but matches well with previous first-principles
calculation results. The lower A* may be due to the low effec-
tive density of states in the conduction band*?! or the uneven
distribution of Schottky barrier.!33! Figure 4(c) also displays
the plots of the temperature dependence of g®, o and 1 de-
rived by fitting the J-V curves, showing they slightly decrease
to about 1.30£0.05 eV and 1.16 £ 0.05 eV as the tempera-
ture increases from 20 °C to 150 °C. Both the ¢®, o values
obtained from the Richardson’s plot and fitted J-V curves are
in accordance with each other. The reason for a weak temper-
ature dependence of gPy g is that E.—E; has a positive temper-
ature coefficient while gV is negatively correlated with tem-
perature. As the temperature increases, more electrons have
enough energy to cross the barrier, resulting in slight decrease

of g®y, o and n.17

(b)
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Fig. 4. (a) Forward J-V-T characteristics on a log scale of lateral SBD with Lyc = 25 um in a temperature range of 20 °C-150 °C, (b) Richardson’s
plot of lateral SBD with Lac = 25 pum, and (c) temperature dependence of extracted g@y o and 7.

The benchmark performances of some state-of-the-art representative -Ga; O3 SBDs with marked vertical and lateral struc-

tures, are shown in Table 1. It is evident that the SBD in this work shows the highest forward current density among all the lateral

B-Gay03 SBDs reported so far. Moreover, in this work, the SBD presents an extremely low Ro, sp because it is fabricated on
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a high-quality single substrate with low dislocation.!3*

I By thickening the B-Ga, O3 etching depth to enlarge the metal contact

profile, the forward current density can be further enhanced as the Ropsp Will be reduced, ' whereas the Ron sp of vertical SBD

can only be reduced by increasing the carrier concentration at the cost of reduced BV.

Table 1. Comparison among characteristic parameters of 3-Ga; O3 SBDs.

SBDs Current density Ron.sp (mQ-cm?) Ref.

B-Ga, 03 drift layers 10 A/em? 25 [19]

B-Ga, 03 single crystal 56 A/cm? 12.5 [18]

B-Ga, 03 trench 150 A/em? 10.5 [23]

B-Ga; 03 nano-membranes 30 mA/mm 10.2 [24]

B-Ga; O3 nano-membranes 40 mA/mm - [25]
B—Ga, 03 single crystal 223 mA/mm 4.7 this work

4. Conclusions

In this work, the lateral 3-Ga;O3 SBDs each with an in-
novative structure adopting an unintentionally doped (-201)
B-Gay03 single crystal have been demonstrated. The fabri-
cated devices each with a simple L-shaped electrode struc-
ture exhibit outstanding forward current density and low Rop sp
with respect to other lateral SBDs. The lateral SBD fabricated
on f3-Ga, 03 single crystal substrate has a high-quality drift
channel in comparison with those fabricated by homoepitaxial
techniques. The lateral SBDs in this work have broad appli-
cations, and may serve as an promising candidate for future
high-power electronic devices.
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