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We fabricated p*-, p-, and p~-Si/n-4H-SiC junctions by surface activated bonding (SAB). We investigated their electrical properties by measuring
their current—voltage (/-V) characteristics at raised ambient temperatures, capacitance—voltage (C—V) characteristics at various frequencies, and
capacitance—frequency (C—f) characteristics at room temperature. The activation energy of their reverse-bias current and the flat-band voltage in
their C-V characteristics, which were estimated to be 0.97-1.01eV and 0.83-0.84V, respectively, were insensitive to the concentrations of
acceptors in Si substrates. The relaxation times estimated from the C—f characteristics were 0.8 and 1.5 ys for the p-Si/n-4H-SiC and p~-Si/n-4H-
SiC junctions, respectively. The results are explained by a scheme wherein Fermi level pinning occurs at the Si/4H-SiC interfaces fabricated by

SAB. © 2015 The Japan Society of Applied Physics

1. Introduction

Recently, owing to its large bandgap and high thermal con-
ductivity, silicon carbide (SiC) has been extensively studied
as a promising material for high-power and high-efficiency
applications.” SiC-based electron devices such as Schottky
barrier diodes and MOSFETs have been intensively inves-
tigated, and SiC-based power modules have recently been
commercialized.>®) The combination of SiC with Si tech-
nologies holds promise for high-frequency, high-power, and
high-temperature operating devices, modules, and integrated
circuits.*> Si/SiC junctions are of great potential as con-
stituents of bipolar transistors with large current gains, diodes
with high breakdown voltages, and Si/SiC monolithically
integrated circuits.®® the possibility of applying Si/SiC
junctions as an intermediate structure for fabricating high-
quality SiC MOS devices has been explored.”!?) However,
the difficulty in fabricating Si/SiC junctions because of
the different crystal structures and lattice constants between
the two materials has limited the performance of the
junctions.'V

As an alternative approach to overcoming these difficulties
and realizing a variety of heterogeneous structures with high
mechanical strength, the direct wafer bonding method has
been investigated in recent years.'>!'?) This method has been
employed for fabricating various junctions made of semi-
conductor materials with different crystal structures or lattice
constants, such as Si/GaAs,'¥ Si/InGaP,!> Si/InP,'® Si/
GaN,'? and Si/SiC.'"®

Among the various direct bonding methods, we focus on
surface activated bonding (SAB), in which samples are
bonded to each other after their surfaces are activated by Ar
plasma irradiation.'”?") We previously fabricated Si/SiC
junctions and investigated their physical and electrical
properties and the effects of thermal annealing.?>2%)

In this work, we fabricated p*-, p-, and p~-Si/n-4H-SiC
junctions by SAB and examined the correlation between their
electrical properties and the concentration of acceptors in Si.
The electrical properties of the respective junctions were
investigated by measuring their current-voltage (/-V') char-
acteristics at raised ambient temperatures, and their capaci-
tance—voltage (C-V) and capacitance—frequency (C—f)
characteristics at room temperature. We estimated the
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Table I. Carrier concentrations of bonded p-Si substrates and estimated
activation energies, flat-band voltages, and relaxation times of the junctions.
pt-Si/n4H-SiC  p-Si/n4H-SiC  p~-Si/n-4H-SiC
Na (cm™) 2.6 x 10" 2.4 x 107 1.4 x 10
E, (eV) 1.01 0.97 0.98
Vo (V) 0.84 0.83 0.84
T (us) — 0.8 1.5

activation energy of reverse-bias current, the flat-band
voltage, and the relaxation time in these junctions.

2. Experimental procedure and results

2.1 Sample preparation

We employed B-doped (100) p*-, p-, and p~-Si substrates
and an n-4H-SiC layer epitaxially grown on n*-4H-SiC sub-
strates. The Hall measurements at room temperature revealed
that the carrier concentrations of Si substrates were 2.6 X
10" (p*-Si), 2.4 x 10'7 (p-Si), and 1.4 x 10" ecm™ (p~-Si),
respectively. These values are shown in Table I. The C—V
measurement of n-4H-SiC Schottky diodes at room temper-
ature and a frequency of 100 kHz revealed that the carrier con-
centration in n-4H-SiC epitaxial layers (6 um) was 5.5 x 10'°
cm™3. The nominal carrier concentrations in buffer layers
(0.5 pm) and n*-4H-SiC substrates (360 pm) were >1 x 10
(buffer layers) and ~3 x 10'® cm™3 (substrates).

Before junctions were fabricated, we formed Al/Ni/Au
multilayer metal contacts on n*-4H-SiC substrates by vacuum
evaporation followed by annealing at 1000 °C for 60s in N,
gas ambient to obtain good ohmic contacts for n-4H-SiC. The
4H-SiC epitaxial substrates and three types of Si substrates
(p™-, p-, and p~-Si substrates) were bonded to each other. The
bonded samples were annealed at 700 °C for 60 s to improve
the mechanical strength and electrical properties.>® Then,
Al contacts were evaporated to p-Si substrates, by annealing
at 400 °C for 60 s, ohmic contacts were achieved. We diced
the respective junctions into 1.7 x 1.7 mm? chips with metal-
lization of their tops and bottoms. We measured the -V
characteristics at raised ambient temperature using an Agilent
B2902A and the C-V and C—f characteristics at room
temperature using an Agilent E4980A.

© 2015 The Japan Society of Applied Physics
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Fig. 1. (Color online) /-V characteristics of (a) p*-Si/n-4H-SiC, (b) p-Si/
n-4H-SiC, and (¢) p~-Si/n-4H-SiC junctions measured at various
temperatures.

2.2 Current-voltage characteristics

The -V characteristics of p*-Si/n-4H-SiC, p-Si/n-4H-SiC,
and p~-Si/n-4H-SiC junctions measured at temperatures
between 27 and 200°C are shown in Figs. 1(a)-1(c), res-
pectively. The I-V characteristics of the three junctions show
rectifying properties at both temperatures. The magnitudes of
the currents for reverse-bias voltages of these junctions are
equal to each other at each temperature. It is notable that the
magnitude of the reverse-bias currents measured at 27 °C is
lower than those previously measured at room temperature
for n-Si/n-SiC® and p-Si/n-SiC?** junctions fabricated by
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Fig. 2. (Color online) Dependence of the reverse-bias current measured at
—3V on the ambient temperature for p*-Si/n-4H-SiC, p-Si/n-4H-SiC, and
p~-Si/n-4H-SiC junctions.

other methods. The reverse-bias current increases by ~10°
times as the measurement temperature increases to 200 °C.
We also find that the slope of the currents obtained at 85, 135,
and 200 °C for reverse-bias voltages between —1 and —3V
does not vary as the measurement temperature increases. The
relationship between the reverse-bias current at —3 V and the
measurement temperature is shown in Fig. 2. The data
obtained at 27 and 46 °C are not shown in this figure because
they are below the measurement resolution. The dependence
of reverse-bias current on temperature is approximately
expressed as I ocexp(—E,/kT), where E, is the activation
energy.?>?>) We estimate E, to be 1.01, 0.97, and 0.98 eV for
the p*-Si/n-4H-SiC, p-Si/n-4H-SiC, and p~-Si/n-4H-SiC
junctions, respectively. These £, values are summarized in
Table I. We find that these values are larger than E, of the p-
Si/n-4H-SiC junctions without annealing (0.33 eV).?>)

2.3 Capacitance—voltage characteristics
C-V measurements were performed at frequencies ranging
from 1kHz to 1 MHz at room temperature. The 1/C>-V char-
acteristics of p*-, p-, and p~-Si/n-4H-SiC junctions are shown
in Figs. 3(a)-3(c), respectively. As is shown in Fig. 3(a), 1/C?
is insensitive to frequency and almost linearly depends on bias
voltage. In contrast, as is seen from Figs. 3(b) and 3(c),
marked warps and frequency dispersion are observed at
frequencies higher than 50 kHz in the p-Si/n-4H-SiC and p~-
Si/n-4H-SiC junctions. Their 1/C?~V characteristics meas-
ured at frequencies between 1 and 10kHz are linear and in
agreement with each other. By linearly extrapolating 1/C? of
the respective junctions at 10kHz to zero, we extracted the
flat-band voltages (V) of 0.83, 0.84, and 0.83 V for p™-Si/
n-4H-SiC, p-Si/n-4H-SiC, and p~-Si/n-4H-SiC junctions,
respectively. These V;, values are shown in Table I. It is
notable that these values are in agreement with each other.
The C—f characteristics of p- and p~-Si/n-4H-SiC junc-
tions, whose 1/C?—V characteristics revealed a marked fre-
quency dispersion, were measured at 0 V and room temper-
ature. The frequencies of measurements ranged from 1 kHz to
2 MHz. The results are shown in Fig. 4. In each junction, the
capacitance remains almost constant for frequencies lower
than 10kHz and higher than 1 MHz, whereas it drastically
decreases as the frequency increases from 10 kHz to 1 MHz.

© 2015 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 54, 030210 (2015)

SELECTED TOPICS IN APPLIED PHYSICS

5X10 T T T
(a) p-Si(2.6x10"[cm™])
4x10"°F
— Measured
N& 3X1016’ frequency
g 1kHz ~ 1 MHz
= 2x10'}
IS
1X10]6\ 7
V, =083 (V)
O PRI R U R \/| PR
-3 -2 -1 0 1 2
Voltage [V]
5x10'° : ; :
(b) p-Si (2.4x10"[cm™])
16
4x10°7F Measured
o frequency
N& 3x10° 1 - 1 MHz
‘E‘ 2X1016_ /; ?gg tgi
g 16 1,5, 10, 50 kHz
1x10° 1
\ Vb70.84 V)
0 . .

-3 -2 -1 0 1 2
Voltage [V]

5)(1016 L B T
p-Si (1.4x10"[em™])
4x 1016 r Measured
frequency
& 3x10"°F — 1 MHz
= | 500kHz
<] 100 kHz
16
= 2x10°} ; S0kHz
Q 1,5, 10kHz
1x10'°F ]
V. =083 (V)
0 1 1 1
-3 -2 -1 0 1 2
Voltage [V]
Fig. 3. (Color online) C-V characteristics of (a) p*-Si/n-4H-SiC,

(b) p-Si/n-4H-SiC, and (c) p~-Si/n-4H-SiC junctions measured at room
temperature and frequencies ranging from 1kHz to 1 MHz.

The corner frequencies, or the frequencies that give a
capacitance corresponding to the average of its low- and
high-frequency limits, (Cif + Cy¢)/2, which likely character-
ize the variation in capacitance in this frequency range,”® are
195 and 105kHz in the p-Si/n-4H-SiC and p~-Si/n-4H-SiC
junctions, respectively. The relaxation times defined as
1/(27 x corner frequency)®® are 0.8 and 1.5pus for the p-
Si/n-4H-SiC and p~-Si/n-4H-SiC junctions, respectively.
The relaxation times of the two junctions are given in Table I.

3. Discussion

The result that the C—V characteristics measured for fre-
quencies lower than 10 kHz and the flat band voltages of p*-
Si/n-4H-SiC, p-Si/n-4H-SiC, and p~-Si/n-4H-SiC junctions
are similar to each other suggests that the depletion layer
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Fig. 4. (Color online) C—f characteristics of p-Si/n-4H-SiC and p~-Si/n-
4H-SiC junctions measured at room temperature and frequencies ranging
from 1kHz to 2 MHz.

formed in the SiC substrate only contributes to the capaci-
tance, i.e., the junctions behave as one-sided junctions, in this
frequency region. We extracted the concentration of dopants
from the 1/C?—V characteristics at 10 kHz in this framework.
It is notable that the obtained concentrations, (3.1-4.7) x
10"°cm™ in the three junctions, are close to the nominal
concentration of donors in the SiC bonding layer.

It is assumed that for lower frequencies the interface states
of Si/SiC junctions are charged and/or discharged in
response to the bias voltage change so that the electrical
charges at the interface, or the carriers trapped at the interface
states, are in equilibrium with those in the Si layers. Given
that the response of the charges at the interface depends on
the tunneling of electrons between the valence band of Si
substrates and the interface states across the depletion layer of
Si, a delay should occur so that the depletion layer thickness
in the Si substrates should be modulated in the case of
measurements at high frequencies. The delay in the response
is likely more marked in junctions with Si substrates with
lower doping concentrations. The observed frequency dis-
persion in the capacitances of p-Si/n-4H-SiC and p~-Si/
n-4H-SiC junctions [Figs. 3(b) and 3(c)] and the longer
relaxation time deduced from the C—f characteristics of the
p~-Si/n-4H-SiC junction (Fig. 4) can be explained in this
scheme. The result that }}, &~ 0.83-0.84 V suggests that in
the low-frequency (<10 kHz) measurements, the Fermi level
seems to be pinned at an energy gV}, — &, ~ 1.05¢V below
the conduction band edge of the SiC layer at the interface.
The band diagram of Si/SiC junctions based on this scheme
is schematically shown in Fig. 5.

The observed similarity in the /-V characteristics and E,
among the p*-Si/n-4H-SiC, p-Si/n-4H-SiC, and p~-Si/n-
4H-SiC junctions is consistent with aforementioned scheme
that the electrical characteristics of these junctions are
dominated by the SiC layers in low-frequency measurements.
The result that £, of 0.97-1.01 eV was obtained suggests that
the current for the reverse bias voltages is dominated by (i)
the thermal excitation of electrons in the valence band in Si
layers to their conduction band and (ii) their subsequent
tunneling across the depletion layer in the SiC substrate. The
first process in the above scheme might be the excitation of
electrons trapped in the interface to states with a high energy

© 2015 The Japan Society of Applied Physics
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