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Abstract. A unique hybrid structure of the 4H-Si1C bonded substrate offers advantages not achievable
with conventional 4H-SiC bulk substrates, such as a reduction in on-state resistance and the
suppression of forward bias degradation in power devices. This study focuses on the contact
resistance between the polycrystalline layer and the backside metal (Ni/Ti) of 4H-SiC bonded
substrates, along with its temperature dependence. The results indicate that the bonded substrates
exhibit low backside contact resistance, even without annealing, and this resistance remains stable at
elevated temperatures. Furthermore, power devices utilizing bonded substrates demonstrated reduced
on-state resistance, as evaluated using Schottky barrier diodes (SBDs). Specifically, 4H-SiC bonded
substrates without contact annealing lowered the forward voltage (VF) by 13% compared to 4H-SiC
bulk substrates with contact annealing. These findings suggest that 4H-SiC bonded substrates
simplify the backside contact process compared to 4H-SiC bulk substrates, offering significant
benefits in reducing on-state resistance in SiC power devices.

Introduction

The 4H-SiC bonded substrate (SiCkrest™), produced by SICOXS, consists of an ultra-thin (less
than 1 um) monocrystalline 4H-SiC layer bonded to an n-type low-resistivity polycrystalline 3C-SiC
substrate using the surface-activated bonding method. This hybrid structure presents advantages not
possible with traditional 4H-SiC bulk substrates, such as a reduction in on-state resistance[ 1] and the
suppression of forward bias degradation in PiN diodes[2-3].

This study examines the contact resistance between the polycrystalline layer and the backside Ni/T1
metal of 4H-SiC bonded substrates. Given that the polycrystalline layer in bonded substrates exhibits
extremely low resistivity (below 10 mQ-cm), the objective is to investigate the differences in backside
contact resistance and its temperature dependence between 4H-SiC bulk and 4H-SiC bonded
substrates. Additionally, to assess the suitability of 4H-SiC bonded substrates with low-resistivity
polycrystalline material and low backside contact resistance for power device applications, we
fabricated SBDs on 4H-SiC bonded substrates.
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Experimental

Fig. 1 presents the process flow and a schematic of the circular transmission line model (cTLM)
structure used in this study. Three types of sample substrates were tested: (Sample a) 4H-SiC bulk
substrates with contact annealing (annealed mono-SiC), (Sample b) 4H-SiC bonded substrates with
contact annealing (annealed bonded-SiC), and (Sample ¢) 4H-SiC bonded substrates without contact
annealing (unannealed bonded-SiC). The resistivity of the 4H-SiC bulk substrates and the
polycrystalline layer of the 4H-SiC bonded substrates were approximately 20 mQ-cm and 10 mQ-cm,
respectively. Ti/Ni was used as the ohmic metal, and contact annealing was performed using rapid
thermal annealing at 1200°C. The cTLM method was applied to measure backside contact resistance
with high accuracy. In the cTLM technique, when the sum of radii (rl + r2) is constant, the total
resistance (Rr) between two electrodes depends linearly on the spacing parameter =12 — rl. By fitting
the measured Rt values for different d values, the sheet resistance (Rs) and the transfer length (L)
can be determined. The specific contact resistance p. is then calculated using p. = Rs L1%[4]. The
cTLM pattern was designed with r1 + 12 constant and 2 — rl1 (=d) varying between 5 and 100 pum.
For I-V measurements, a Keithley B1505A was used, and the measurement temperature was
controlled at room temperature (RT) and 175°C using a hot plate.

Fig. 2 outlines the process flow and schematic of the Schottky barrier diode (SBD) with a junction
barrier Schottky structure, evaluated in this study. The same three types of sample substrates (SBD
1: annealed mono-SiC, SBD 2: annealed bonded-SiC, and SBD 3: unannealed bonded-SiC) were used
for the SBD evaluation as for the cTLM assessments. The backside metal for the SBDs was Ti/Ni/Au,
and the contact annealing conditions were the same as those used in the cTLM process. The forward
current (IF)-forward voltage (VF) and reverse current (IR)-reverse voltage (VR) characteristics of the
SBDs were measured.

(a) cTLM process flow (b) Schematic of cTLM structure
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Fig. 1. (a) Process flow and (b) schematic image of the cTLM structure in this study.

(a) SBD process flow (b) Schematic of SBD structure

Substrate :
A) Bonded SiC 10m-Qcm

B) Mono SiC 20mQ-cm Schottky metal

4H-SiC epitaxial 1x10%cm3, 10um Sio2 Sio2
P* Impla: Junction barrier Schottky diode EILI |_| |_| |_| |_| |_| |_| |L|i|
P Impla: Junction termination extension n- Drift

Activation annealing n+ Buffer

Field oxidation A) Bonded SiC 350pm

Back metal: Ti/Ni B) Mono SiC 350pym

RTA, 12000 | seo1 | ssoz | ssp3 |

split table Substrate Mono-SiC Bonded-SiC Bonded-SiC

Schottky metal RTA anneal Yes Yes No

Back metal: Au

Fig. 2. (a) Process flow and (b) schematic image of the SBD structure in this study.
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Results and Discussion
1. Backside contact resistance and its temperature dependence

Fig. 3(a) illustrates the I-V characteristics at d = 100 pm for the cTLM measurements. All samples
demonstrate ohmic contact behavior. Fig. 3(b) presents the TLM plots at RT. All samples exhibit
good linearity in the TLM plots, and the contact resistance can be accurately measured using linear
approximation. The slope and intercept for calculating the contact resistance were determined from
the approximate equation at d = 5-100 um.

(a) I-V characteristics at d=100um (b) TLM Plots at RT
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Fig. 3. (a) I-V characteristics at d = 100 um for the cTLM structure, and (b) TLM plots at room

temperature (RT). Sample a represents annealed mono-SiC, sample b represents annealed bonded-

SiC, and sample ¢ represents unannealed bonded-SiC.

Fig. 4 displays the backside contact resistance at RT. The values of backside contact resistance for
unannealed bonded-SiC are consistent with results from another research[5]. Unannealed bonded-
SiC shows lower backside contact resistance compared to annealed mono-SiC, with annealed bonded-
SiC demonstrating the lowest resistance. Notably, the contact resistance of unannealed bonded-SiC
is an order of magnitude lower than the resistance of the polycrystalline material itself (3.5 x 107
Q-cm? at thickness of 350 um), indicating that the contact resistance is not a limiting factor. These
findings confirm that low resistance backside contacts can be formed on 4H-SiC bonded substrates
without annealing. Therefore, the elimination of the backside contact annealing process represents a
key advantage of 4H-SiC bonded substrates.
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Fig. 4. Backside contact resistance at room temperature (RT). Sample a represents annealed mono-
SiC, sample b represents annealed bonded-SiC, and sample ¢ represents unannealed bonded-SiC.
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Fig. 5 shows the backside contact resistance and the reduction ratio for each sample at both RT and
175°C. The contact resistance of annealed mono-SiC decreases at 175°C compared to RT, while the
contact resistance of both bonded-SiC samples remains unchanged, demonstrating stability within
this temperature range. Unannealed bonded-SiC reduces contact resistance by 83% at RT and 74% at
175°C compared to annealed mono-SiC. In addition to reducing backside contact resistance, the lack
of temperature sensitivity provides another advantage of 4H-SiC bonded substrates.

(a) Backside contact resistance (b) Reduction ratios of backside contact resistance
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Fig. 5. (a) Backside contact resistance and (b) the reduction ratio of samples b and ¢ at room
temperature (RT) and 175°C, compared with sample a. Sample a represents annealed mono-SiC,
sample b represents annealed bonded-SiC, and sample c represents unannealed bonded-SiC.

The difference in temperature dependence between the 4H-SiC bulk substrate and the 4H-SiC
bonded substrates is discussed below. Equation 1 shows the relationship between substrate donor
concentration and contact resistance[6].

1 k2 " (EOO) (d)B +E, E, oh
pc = cosh|—)exp (——— —
" 9Ari /n(dp + Ey) Eoo kT Eo kT

Eoo=qgh/4m /ml\i?‘s (2)

In these equations, Eo =E, cosh(Eyy/KT), and Ar; = 4mm,,*qk?g/h3 is the Richardson constant.
Here, h is the Planck constant, q denotes the electron charge, k is the Boltzmann constant, T is the
absolute temperature, m*, is the effective electron mass, ¢ is the dielectric constant, ¢y is the barrier
height for carrier transport, Np is the electron carrier concentration (corresponding to the nitrogen
concentration in the polycrystalline 4H-SiC bonded substrate), and Ea represents the energy
difference between the conduction-band edge and the Fermi level of the semiconductor. The
characteristic energy Eoo is related to the tunneling probability for electrons in ohmic contacts.

It is expected that p. is mainly determined by Np and ¢p from Eq.1, and Eoo is primarily
determined by Np from Eq.2. These relationships indicate that when tunneling current dominates
ohmic contact behavior, the current in ohmic contacts depends on Np. Conversely, if thermionic
emission current dominates, the current depends on ¢g. Therefore, if tunneling current is the
dominant mechanism in ohmic contacts, the temperature dependence diminishes.

Fig. 6 presents the fitting curves of temperature dependence for contact resistance, compared with
the measured values of backside contact resistance (shown in Fig. 5). The fitting curve was calculated
using Equation 1, with parameters adjusted to align with the measured values. From Fig. 6, the
measured values closely follow the fitting curve, confirming that the strong temperature dependence
of annealed mono-SiC is due to thermionic emission current in ohmic contacts. In contrast, the
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minimal temperature dependence observed in bonded-SiC is predominantly influenced by tunneling
current in the ohmic contact. Since the specific contact resistance p. of bonded-SiC is primarily
determined by the donor concentration (Np) and is independent of the barrier height ¢g, the
difference in p. between bonded-SiC with and without contact annealing is negligible.

Based on the above discussion, the reduced temperature dependence of backside contact resistance
in 4H-SiC bonded substrates can be attributed to the tunneling mechanism dominating the ohmic
contact, driven by the high carrier concentration of the polycrystal. The polycrystalline layer of 4H-
SiC bonded substrates has a higher nitrogen concentration (approximately 8.4 x 10" ¢cm™) than the
4H-SiC bulk substrates (approximately 8 x 10'® cm™).
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Fig. 6. Fitting curves of temperature dependence for contact resistance, compared with the measured
values of backside contact resistance.

2. Effects of on-state resistance reduction evaluated by SBDs

Fig. 7 shows the (a) forward current (IF) - forward voltage (VF) characteristics and (b) VF at IF =
18 A for the SBDs, along with the corresponding reduction ratios. The VF of both annealed and
unannealed bonded-SiC are equivalent and lower than that of annealed mono-SiC. Specifically,
unannealed bonded-SiC reduces VF by 13% compared to annealed mono-SiC. Given that the
backside contact resistance of bonded-SiC is very low (1.31 x 107> Qcm? at RT for unannealed
bonded-SiC), the difference in VF across the SBDs is primarily attributed to the low resistivity of the
polycrystalline layer (3.5 x 10~* Q-cm? at thickness of 350 um). Fig. 8 presents the reverse current
(IR)-reverse voltage (VR) characteristics of the SBDs. No significant difference is observed in the
relationship between breakdown voltage and reverse leakage current. These results indicate that the
4H-SiC bonded substrate is highly advantageous for reducing the on-state resistance of SiC power
devices.
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(a) IF-VF characteristics (b) Reduction ratios of VF at IF=18A
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Fig. 7. (a) IF-VF characteristics and (b) VF at IF = 18 A for SBDs, along with the reduction ratio.
SBD 1 represents annealed mono-SiC, SBD 2 represents annealed bonded-SiC, and SBD 3 represents
unannealed bonded-SiC.
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Fig. 8. IR-VR characteristics of SBDs. SBD 1 represents annealed mono-SiC, SBD 2 represents
annealed bonded-SiC, and SBD 3 represents unannealed bonded-SiC.

Summary

In this study, we investigated the contact resistance between the polycrystalline layer and backside
metal (T1/Ni) of 4H-SiC bonded substrates, along with its temperature dependence. Backside metal
contact resistance was measured with high accuracy using the cTLM method. The results revealed
that the bonded substrates exhibit low backside contact resistance, even without annealing, and that
the contact resistance remains stable at high temperatures. The reduced temperature dependence of
backside contact resistance in 4H-SiC bonded substrates can be attributed to tunneling-dominant
ohmic contact, driven by the high carrier concentration of the polycrystalline layer, which has a higher
nitrogen concentration than that of 4H-SiC bulk substrates. In addition, the effects of on-state
resistance reduction in power devices using 4H-SiC bonded substrates were evaluated through SBDs.
Unannealed bonded-SiC reduced VF by 13% compared to annealed mono-SiC. These findings
suggest that 4H-SiC bonded substrates can simplify the backside contact process compared to 4H-
SiC bulk substrates and offer significant advantages in reducing the on-state resistance of SiC power
devices.
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