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ABSTRACT Heterogeneous integration of p-GapOsz with Si substrate is considered as an effective and
low-cost technology for the thermal management of B-GayOj3 electrical devices. In this work, an isotype
heterojunction of n-GayO3/n™-Si (GayO3/Si) was fabricated by surface activated bonding in which an
amorphous layer was induced by ion beam bombardment. The current density of Ga;03/Si Schottky barrier
diodes (SBDs) are about two orders of magnitude lower than that of Ga;O3; bulk SBDs at 2.8 V due to
the influence of amorphous layer. The results are consistent with the simulation results when B-GayO3
Mole Fraction (MF = n(B-Gay03)/[n(B-Gaz03) + n(SiOz)]) and thickness of amorphous layers (Tox)
are set at 0.83 and 3 nm, respectively. Furthermore, devices with different MF and T,x were simulated
based on the nonlocal tunneling model by Sentaurus TCAD. The decrease of p-GaOs Mole Fraction
and increase of amorphous layers thickness in the hetero-interface of Ga;O3/Si SBDs lead to a dramatic
degeneration of current density and specific on-resistance in GayO3/Si SBDs. These results may provide
some guidance for improvement of vertical heterogeneous integration B-GayO3 devices performance.

INDEX TERMS f-Gay03, Schottky barrier diode, hetero-interface, TCAD simulation.

I. INTRODUCTION

As a promising semiconductor material, B-Ga;O3 has
attracted extensive attentions because of its ultra-wide band
gap of 4.8 eV and ultra-high breakdown field strength of
8 MV/cm. Baliga’s figure-of-merit (BFOM) of B-GayOs3 is
far superior to that of Si and surpasses its counterparts as
SiC and GaN [1], [2], [3]. It means that 3-Ga;O3 devices are
especially suitable for the high-power applications with low
power dissipation. Furthermore, large-size p-GapO3 single
crystals can be fabricated by the melt-grown method as the

case of Si [4], which could reduce the fabrication cost of
B-GapO3 wafers and improve the upper limit of its crystal-
lization quality. Thanks to the excellent electrical properties
of B-Ga0O3, MOSFETs [5], [6], [7], [8], [9], [10] and
Schottky barrier diodes (SBDs) [11], [12], [13], [14], [15]
with breakdown voltage of several kV class have been fab-
ricated which demonstrate the great potential of B-GayOs3
in the field of power electronics. However, the natural low
thermal conductivity of B-Gay O3, which is 0.1~0.3 W/cm-K
(only about 1/8 of that of Si) [2], [3], results in severe
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self-heating effect of B-GayOs3 high-power devices. The heat
dissipation is a key hindrance to the large-scale applications
of B-GayO3 power devices. One of the prospective solutions
is to integrate B-GapO3 thin films onto a foreign substrate
with high thermal conductivity [16], such as Si. On the other
hand, with the heterogeneous integration of f-GayO3 and Si,
Gay03/Si cascade structure can be realized similar to the case
of GaN/Si cascade [17], which is used to achieve the nor-
mally off devices avoiding the dilemma in the fabrication of
p-type B-GapO3 [18]. Nevertheless, it is difficult to integrate
high-quality B-GayOs3 thin films onto Si substrate by using
hetero-epitaxial method because of the large mismatch in the
lattice constant and the coefficient of thermal expansion. In
the previous work, the integration of single-crystal f-GayO3
films onto Si substrates were successfully achieved by ion-
cutting technique [19], [20]. However, due to the limit of
surface activation bonding, there was an amorphous layer
at the interface of GayO3/Si hetero-structure induced by Ar
bombardment during the bonding process [20], [21], [22],
which degraded the device performance of vertical Gay03/Si
power device [20]. Although the amorphous layer can be
eliminated by high temperature annealing [21], the interdiffu-
sion of elements at the heterogeneous interface of Ga;03/Si
is very serious at high temperature as mentioned in Liang’s
work [23], which is inevitable in the fabrication process
of heterogeneous vertical B-GayO3z-based power device. In
addition, the thickness of the amorphous layer is apparently
an important parameter which can influence the electrical
transport properties of GapO3/Si hetero-structure. Therefore,
it is necessary to investigate effect of elemental composition
and thickness of amorphous layer on the electrical transport
of Gay03/Si hetero-structure.

In this work, Gay03/Si SBDs and Ga;O3 bulk SBDs
were fabricated by surface activated bonding (SAB) tech-
nique and wafer thinning. High resolution transmission
electron microscope (HRTEM) was used to characterize the
interface quality of GayOs3/Si, and the element interdiffu-
sion at the Ga;O3/Si interface with a temperature of 900 °C
was confirmed by scanning transmission electron microscope
(STEM) energy dispersive spectroscopy (EDS). The device
performance of Ga;03/Si SBDs and Ga; O3 bulk SBDs were
measured by Keiythley ACS 4200 and the experimental
results were compared with the simulation results to clarify
the reliability of the simulation. Finally, to further inves-
tigate the effect of the amorphous layer on the Ga;Os3/Si
SBDs, Sentaurus TCAD was used to compare the device
performance of Ga;O3/Si SBDs with different amorphous
layer properties, including the thickness (Tox) and the ele-
mental composition which is represented by p-Ga,O3 Mole
Fraction (MF = n(B-Gay03)/[n(p-Gay03) + n(SiOy)]).

Il. DEVICE FABRICATION
METHODOLOGY

The fabrication process flow of the Gay03/Si SBDs is
schematically illustrated in Fig. 1(a). The doping concen-
trations of 650 um (-201) B-GayO3 wafers purchased from
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FIGURE 1. (a) Process flow of Ga, 05/Si SBDs. (b) Schematic band
diagram of Ga, 05 /Si SBDs before bonding and after bonding.

TABLE 1. Material parameters used for simulation.

Material B-Ga,0; Si SiO,
Band gap(eV) 4.85 1.08 9
Electron affinity (eV) 4 4.10 0.9
Relative dielectric constant 10 11.7 3.9
Effective electron mass 0.28 1.09 0.42

Room-temperature electron 115 1417 -
mobility(cm?*/V-s)
Saturation electron velocity ~ 2x107 1.07x107 -

(cm/s)

Novel Crystal Technology and 500 um Si wafers were
2x10' em™3 and 5x10'° ecm™3, respectively. Prior to wafer
bonding, the p-GayO3 wafer and the Si wafer were both
cleaned by alcohol and acetone solutions. After that, the
B-GayO3 and Si wafers were activated by Ar ion beam source
with a voltage of 1.0 kV and current of 100 mA. The SiO;
naturally formed on the surface of the Si wafer was also
removed during this process. After surface activation, the
B-Ga03 and Si wafers were bonded at room temperature
with a pressure of ~2.5MPa. More details of SAB pro-
cess can be found in [22] and [24]. The bonded B-GayO3
wafer of the Ga;03/Si hetero-structure was thinned to 35 um
by FD3803 Grinding equipment and a following chemical
mechanical polishing (CMP) was used to remove the dam-
aged region induced by grinding. After CMP, the Ga;O3/Si
hetero-structure was obtained with a -GaOs3 layer thickness
of 30 um. For comparison, B-Ga;O3 wafer without wafer
bonding was thinned to 30 um by the same thinning pro-
cess to fabricate GapO3 bulk SBDs. For both Ga;O3/Si and
thinned GayO3 bulk wafer, Ni/Au (30/100 nm) electrodes
with diameters of 200 um were deposited by electron beam
evaporation on the p-GayO3 surface to form Schottky con-
tacts. Ti/Au (50/100 nm) Ohmic electrodes were deposited
on the Si surface and thinned Ga;O3 bulk back surface by
magnetron sputtering.

Sentaurus TCAD was used to simulate the device
performance of SBDs on Ga;03/Si and thinned GayOs3
bulk. The electron affinity and band gap of B-GayOs3
were adjusted to be 4 eV [25] and 4.85 eV, respectively.
Furthermore, the electron mobility of p-GaOz was set at
115 cm?/V-s [26]. Material parameters used for simulation
are summarized in Table 1. The doping concentrations of
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FIGURE 2. AFM images of Ga,03/Si surface topography after the grinding
and CMP processes.

B-Ga;0O3 and Si were defined as 2x 10'7 and 5x10"° cm'3,
respectively, which were consistent with that used in the
experiments. Furthermore, the dopants were assumed to be
completely ionized. Fermi-Dirac model, Shockley-Read-Hall
(SRH) recombination model, Auger recombination model
and doping dependent mobility model were used to improve
the accuracy of simulation. High field saturation model was
used to describe the carrier drift velocity saturation in high
electric field [27]. Heterogeneous interface model used in
the simulation can introduce double points at the heteroint-
erfaces in the case of abrupt heterojunctions to avoid a large
barrier error [28]. Besides, the nonlocal tunneling model
was used to study the tunneling mechanism at the interface
between p-GayO3 and Ni/Au Schottky electrode as well as
the GapO3/Si interface [28]. Schematic band diagram of
Gay03/Si SBDs before bonding and after bonding are illus-
trated in Fig. 1 (b), in which the MF and T,x were 0.83
and 3 nm at zero bias, respectively. Considering the electron
affinity of B-Ga;O3 and Si used in the simulation, the band
offset at the bottom of the conduction band is 0.1 eV in
the ideal case. However, with an amorphous layer inserted
at the GapOs3/Si interface, the barrier for electrons in Si to
move through the amorphous layer is higher, which is about
0.6 eV.

11l. RESULTS AND DISCUSSION

To characterize the quality of GazO3/Si hetero-structure,
SBDs on Gay03/Si and GayO3 bulk were fabricated and
characterized. Atomic force microscope (AFM) images of
Gay03/Si surface topography can be found in Fig. 2. After
grinding and following CMP, the root mean square roughness
of Gay03/Si surface was 1.2 nm, which is flat enough for the
device fabrication. A cross-sectional transmission electron
microscope (TEM) micrograph and selected area electron
diffraction (SAED) patterns of the $-GayO3/Si interface after
annealing at 470 °C for 3 min are shown in Fig. 3 (a).
No obvious crack or void was observed at the f-Ga,03/Si
interface, indicating that -GayO3 and Si were well bonded.
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FIGURE 3. (a) Cross-sectional TEM micrograph of the Ga, 05/Si interface.
The inset 1, 2 represent the selected area electron diffraction patterns of
Ga, 03 region and Si region. (b) EDS spectrum of Ga, O, Si at the Ga,03/Si
interface at 900 °C for 30 min.

In addition, an amorphous layer with a thickness of ~4 nm
at the interface is induced by Ar ion bombardment, which
is consistent with previous reports [20], [21], [22]. The inset
1, 2 illustrate selected area electron diffraction patterns of
Ga;03 region and Si region respectively, which are marked
in Fig. 3 (a). The bright and regular patterns in the inset
1 and 2 indicate the single crystal quality of GayO3 and
Si. However, the crystal quality of GayO3/Si interface was
aggravated after annealing at high temperature. To confirm
the effect of high temperature annealing on the Ga;O3/Si
interface, EDS was conducted at the Gay03/Si interface at
high temperature of 900 °C for 30 min and the EDS spec-
trum of Ga, O, Si is shown in Fig. 3 (b). The interdiffusion
of Ga, Si elements into the GayQ3/Si interface occurred at
high temperature which leads to a thicker amorphous layer
in Fig. 3 (b) than that of Fig. 3 (a) annealed at 475°C for
3 min [23]. It indicates the potential of optimizing the amor-
phous layer at the hetero-interface by varying the annealing
conditions.

The J-V characteristics of the Gay03/Si and Ga,O3 bulk
SBDs are measured and used to calibrate the simulation, as
shown in Fig. 4 (a) and (b). The E in the label represents the
experiment results while S represents the simulation results.
The current density of GapO3 bulk SBDs exceed the mea-
surement limit of the instrument after the forward voltage is
higher than 2.8 V in Fig. 4 (a). It is found that the measured
J-V are basically consistent with simulated J-V character-
istics of the GayO3/Si SBDs when Tox and MF of the
simulated Gay03/Si SBDs are 3 nm and 0.83, respectively.
Compared with GapOs3 bulk SBDs, the current density of
Gay03/Si SBDs are much smaller which is verified in exper-
imental and simulation results as shown in Fig. 4 (c). To
understand the reason for the decrease of current density, the
specific on-resistance extracted by dV/dJ (Ropsp,a) of Ga03
bulk SBDs and Ga;03/Si SBDs were compared in Fig. 4 (d).
It can be easily accepted that the Rop,sp,a of Gaz03/Si SBDs
is the sum of the thinned Ga,;Os3 layer resistance, the Si sub-
strate resistance, the GapOs3/Si interface resistance and the
contact resistance, whereas the Ry sp g of Ga;O3 bulk SBDs
is only the sum of the thinned GayO3 layer resistance and
the contact resistance. According to the resistivity of Si [29],
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FIGURE 4. Simulated and measured (a) linear J-V curve of Ga; 03 bulk
SBDs, the current reached the compliance limit after 2.8 V in the
experiment. (b) linear J-V curve of Ga,05/Si SBDs. (c) semi logarithmic J-V
curve Ga; 03 bulk SBDs and Ga, 03 /Si SBDs. (d) Ry, op 4 and effective
barrier height of Ga, 05 bulk SBDs and Ga, 03 /Si SBDs.

its specific on resistance is only about 7x 10~ ©-cm?, which
is several orders of magnitude lower than the total Ry sp,a of
the GayO3/Si SBDs. Thus, the influence of the Si substrate
on Ryp,sp,a can be ignored. The Rop,sp,a of GapO3 bulk SBDs
is extracted to be about 0.8 Q-cm?2, which is only about 6%
of that of Ga;O3/Si SBDs at 10 V. Therefore, the Ron sp.d
of Gap03/Si SBDs is dominated by the GayO3/Si interface
resistance instead of the thinned Ga;O3 layer resistance and
contact resistance at 10 V.

The most important factor is the Ga;O3/Si interface.
Owing to the difference between the work function of
highly doped Si substrate and GapO3 layer, an electron
barrier is formed at the Ga;O3/Si interface that prevents
electrons transporting from Si substrate to f-GayOs layer,
which was also reported by Wang et al. [20]. Ga;O3/Si SBD
can be considered as a combination of B-Ga,O3 SBD and
Gay03/Si isotype heterojunction. It increases the effective
barrier height for electron to flow from Ti/Au Ohmic elec-
trode to Ni/Au Schottky electrode in Gay03/Si SBDs and
decreases the current density of GayO3/Si SBDs. Moreover,
due to the existence of the amorphous layer at the Gay03/Si
interface, the barrier height at GayO3/Si interface further
increases to 0.6 eV, as shown in Fig. 1 (b), which lead to
the increase of Ronsp,a and significant decrease of current
density. The effective barrier height (®p efr) of GaxO3 bulk
and Gay03/Si SBDs is calculated by (1):

o le <A*T2)
beff = —In
i q Jo

where A* is the Richard constant, k is the Boltzmann con-
stant, T is the absolute temperature, and Jy is the reverse
saturated current density extracted by the intercept of the lin-
ear region of fitted InJ-V plot. The measured @y, ¢t of SBDs
are lower than that of simulated one. It may be caused by
the high density of defects at the Schottky interface which

D
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(¢) Ron,sp,d-V curves, and (d) comparison of Ryp, ¢p ¢ and Ry p | Of
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increases the ideality factor and decreases the extracted
@y oif [30]. The root mean square roughness larger than
1 nm extracted from AFM images after CMP also implies
a high density of defects at the Schottky interface. Besides,
the Py i of Gap03/Si SBDs are slightly higher than that of
Gay0j3 bulk SBDs due to the electron barrier at the Gay O3/Si
interface.

As the amorphous layer plays an important role in the
device performance of Gap0O3/Si SBDs, the MF in the
amorphous layer was used to study the effect of element
composition changing of the amorphous layer on the device
performance induced by the post-annealing process. In the
simulation, the thickness of amorphous layer was fixed at
4 nm. The linear and semi logarithmic J-V characteristic
curves of Gap03/Si SBDs with different MF are plotted in
Fig. 5 (a) and (b), respectively. The current increases expo-
nentially at low voltages and enter the linear region gradually
at high voltages in ideal SBDs. However, an additional region
where the current increases nonlinearly is observed before
the linear region as the existence of the amorphous layer at
Gay03/Si interface. The nonlinear region widens as the MF
decreases, which is clearly shown in Fig. 5 (b). Besides,
the current density of GayO3/Si SBDs increases with the
increasing MF. It is caused by the diffusion of Ga element
at the GapO3/Si interface resulting in the decrease of barrier
height. According to the Wenzel-Kramers-Brillouin (WKB)
approximation, the tunneling probability T at the interface
barrier can be expressed by (2) [31]:

2 d
T= exp(—gf |k(x)|dx)
0

where k(x) is the wave vector within the barrier and d is
the width of the barrier. For a rectangular barrier with a
barrier height of q®p and a barrier width of d, (2) can be
approximated as following [31]:

T= exp(—ad@)

2)

3)
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where « is a constant. It is clear that the decrease of barrier
height at the interface leads to the increase of tunneling
probability, which increases the tunneling current through
the heterogeneous-interface, and therefore increases the cur-
rent density of Ga;O03/Si SBDs. The MF dependent Rop sp,d
versus applied voltage is shown in Fig. 5 (c). The Ron sp,d
keeps constant at high voltages, corresponding to the linear
increase of current density. The GayO3/Si SBDs with low
MF working in the linear region require a higher voltage
than GayO3/Si SBDs with higher MF. To confirm the above
specific on-resistance extracted by dV/dJ, which is labeled
as Ron sp,a in Fig. 5 (d), a linear fitting method reported by
Cheung and Cheung [32] is used to extracted the specific
on-resistance as expressed by (4):
nkT

dv 4

m - Ron,sp-] + 7 ( )
where n is the ideality factor. The Ronsp can be derived
from the slopes of the fitting curves, which is labeled as
Ron,sp,1 in Fig. 5 (d). Both of Ron,sp,d and Ron sp,1 decrease
with increasing MF, indicating that Ga diffusion is benefi-
cial to improve SBDs performance. Ga elemental diffusion
commonly occurs during high temperature annealing [22],
[24], [33], which can alleviate the performance degradation
induced by the amorphous layer. The Ron,sp,1 and Ron,sp,d
are all about 1 §-cm?, which is 0.2 Q.cm? higher than the
Ron,sp,a of Ga;O3 bulk SBDs, implying that the GayO3/Si
interface resistance accounts for about 20% of the total resis-
tance at a high voltage. The ®pefr of GayO3/Si SBDs is
constant around 1.26 £ 0.1 eV with MF varying from 0.85
to 0.90, which is consistent with that of the Ni/f-GayO3 [34].
It is noted that the extracted ®p s is dominated by the
Schottky barrier, since the barrier height of the amorphous
layer at heterogenous interfaces shown in Fig. 1 (b) is much
lower than that of Schottky interface.

The thickness of the amorphous layer between hetero-
geneous interfaces varies with the activation parameters
during the bonding process and post annealing conditions.
Therefore, the effect of Tox on the device performance of
Gay03/Si SBD was investigated with MF = 0.9. Fig. 6
(a) and (b) show the J-V curves of Gay03/Si SBD with
varying Tox in linear scale and semi-logarithmic scale,
respectively. It is clear that the current density of GayO3/Si
SBDs decreases with the increasing Tox from O nm to 5 nm.
This can also be explained by (3). The increase of Tox
decreases the tunneling probability, consequently reducing
the current density of Ga;O3/Si SBDs. It is noted that
there is no significant difference between the J-V curves
of Tox = 0 nm, Tox = 1 nm and Tox = 2 nm, suggesting
that the current degradation can be ignored when Ty is less
than 2 nm. Fig. 6 (c) shows that with the increasing T,
Ron,sp,d increases and approaches to a constant at a higher
voltage, suggesting that the device working in the linear
region needs a higher voltage. It can be considered that the
breakdown of amorphous layer occurs in the linear region
and the breakdown voltage increases with the increase of the
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Tox [35]. Therefore, the devices with a thicker amorphous
layer require a higher voltage to work in the linear region.
Besides, it can be seen that the widening of nonlinear region
is limited when the Tox < 2 nm. Fig. 6 (d) shows the Rop sp,d
and Ron,sp,1 extracted by derivation method and linear fit-
ting method. Overall, both of Ron,sp,d and Ron,sp,1 increase
with the increase of Tox as a result of the increasing of
Gay03/Si interface resistance. It is noted that the Rop sp,1 Of
Ga,03/Si SBDs without amorphous layer is 0.808 2-cm?,
which is very close to the Ronsp,d of GazO3 bulk SBDs,
confirming that the Si substrate resistance can be ignored.
The results above indicates that it is feasible to improve
the device performance of Ga;03/Si SBDs by optimizing
bonding and annealing conditions.

IV. CONCLUSION

In conclusion, the effect of amorphous layer at the het-
erogeneous interface on device performance of Ga203/Si
SBD was systematically investigated. HRTEM and SAED
confirm the existence of amorphous layer at the Ga203/Si
interface, which has a thickness of ~4 nm. The interdiffusion
of Ga, Si and increase of Tox occurred at the hetero-interface
after high temperature annealing. The current density of
Ga203/Si SBDs are about two orders of magnitude lower
than that of Ga203 bulk SBDs at 2.8V due to the exis-
tence of amorphous layer. The simulation results suggests
that the device performance of the Ga203/Si SBDs gradu-
ally degrade with the decrease of MF and the increase of
Tox. It means that the device performance can be recovered
by appropriate annealing process with enhanced Ga diffu-
sion and reduced Tox. This work highlights the importance
of heterogeneous interface optimization for further f-Ga203
device designs on heterogeneous integration materials. High
quality Ga203/Si SBDs with negligible performance degra-
dation are expected to be fabricated when the MF and Tox
can be further optimized by varying bonding and annealing
conditions.
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