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Fig. 1 Development History of Composite Substrates.
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Fig. 2 Schematic diagram of the standard surface activation bonding process principle.
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Fig. 3 Si 2p XPS spectra before and after Ar* treatment: (a) before treatment, (b) after treatment.
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Fig. 4 Schematic diagram of the gas cluster ion beam devicel
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Fig. 5 Comparison of resistivity between 4H-SiC substrate and SmartSi composite

substratel*3].
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Fig. 6: Thermal conductivity measurement using Laser Flash Analysis (LFA) technique for

standard m-SiC bulk and ultra-low resistivity p-SiCP7],
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Fig. 7 Ron comparison for a 13mOhm / 650V Gen2 SiC MOSFET manufactured with 4H-SiC and

SmartSiC™I0el,
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Fig. 8 Forward resistance of Standard SiC and SmartSiC™ for 2.5x2.5mm 10A rated MPS

diodes!®°l.
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Fig. 9 Comparison of the severity of bipolar degradation in a typical 10x10 mm observation area

under ultraviolet light illumination, for single-crystal silicon carbide + 10 pm epitaxial layer (left)

and silicon carbide composite substrate + epitaxial layer (right)!>¢l.
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Fig. 10 Main steps in the fabrication process for 6-inch SiC/SiC bonding[®'l.
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Table 2. Normalized substrate cost analysis for various substrate technologies
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Fig. 11 Measured temperature-dependent (a) TBR of SiC/SiC bonding interface and (b) SiC

thermal conductivity of 1 um 4H-SiC film at various temperatures from 300 K to 750 K[¢!1.
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Fig. 12 (a) Defect distribution; (b) Cross-sectional HRTEM image of the silicon carbide MOSFET

channel region fabricated on a 6-inch composite substrate and its epitaxial layer®!l.
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Fig. 13 (a) Output characteristics of SiC MOSFETs on composite substrate under various gate
voltage at 25 °C and 125 °C; (b) Off-state Ips-Vps characteristic up to 1 pA current compliance of
SiC MOSFETSs on composite substrate at various T of 25-175 °C; (c¢) Key device metrics before

and after the High-Temperature Reverse Bias test[¢!],
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Fig. 14 (a) Circuit schematic diagram; (b) Current and voltage waveforms of the DUT under
different overcurrent levels; (c¢) Photo of the overcurrent test device; (d) Ideal waveform; (e)

Resistance between pins of the faulty DUTI®!
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Fig.15. Main steps in the fabrication process for 6-inch 4H/3C-SiC composite substratel6?.
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Fig. 16 Wafer-maps of the resistivity of 6-inch (a) 3C-SiC substrate; (b) 4H/3C-SiC

composite substrate; (¢) 4H-SiC substrate using non-contact eddy current method; (d)

The maximum resistivity , minimum resistivity , and average resistivity of different substrates®?l.
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Fig.17. (a) TTR signal for bonding interface and the best-fitted curve from the analytical model; (b)
Sensitivity analysis of the TTR signals to the TBR of the 4H/3C-SiC interface,the Al/4H-SiC
interface, and the thermal conductivity of 4H-SiC; (c) Monte-Carlo analysis histogram of the
measured TBR of 4H/3C-SiC[¢2],
3 AT RS BONERIANFEIRRHR) SiC 75T AR B S T B BEL S B
Table 3. Comparison of interface thermal resistances for SiC hetero-integration based on wafer

bonding or epitaxial growth with different materials.
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3C-SiC/Silo HMIEA K 1.61
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4H-SiC/4H-SiC!62] SRR A sy 2.8
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K18 (a) A} A IRI11200V 4H/3C-SiC SBDHE#L I 45 M/~ = K5 (b) 4H/3C-SiC SBD&#4 1
BIMSEMEE; (c) TO-257# 24 ff14H/3C-SiC SBDit: J162

Fig.18. (a) The cross-sectional schematic of the 200V 4H/3C-SiC SBD with a bevel field plate; (b)

The SEM image of cross-section of 4H/3C-SiC SBD structure, illustrating the beveled field plate

in the fabricated devices; (c) The 4H/3C-SiC SBD dies were packaged inTO-257 packagel®?].
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Fig.19. (a) Circuit schematic; (b) ideal waveforms; (c) photograph of surge current test setup;
Current and voltage waveforms of SBDs on (d) engineered substrate and (e) 4H-SiC substrates
under various surge current levels, showing failure happened at 312 A and 256 A peak current,

respectively; (f) Reconstructed I-V characteristics using the last safe-withstand waveforms!62.
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Fig. 20 (a) Forward I-V characteristics and the extracted differential Ronsp values of the SBDs

fabricated on 4H-SiC substrate and 4H/3C-SiC engineered substrate at room temperature; (b) The

performance of SBD devices fabricated on 4H/3C-SiC composite substrates and4H-SiC substrates

was compared with other studies[¢?.
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Fig. 21 Fabrication procedure for wafer-scale bonding process(®3.
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Fig. 22 The structure of QST wafers!®®.
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Fig. 23 (a) Two-tone intermodulation distortion linearity measurements; (b) Small-signal
characteristics at different temperatures in GaN on Si and GaN on QST devices!”l.
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Fig. 24 TEM image of the SiC/diamond bonding interface!®!
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Fig. 25 (a) Pulse duty dependence of the output power of InAlGaN/GaN HEMTs with and without

diamond heat spreader; (b) Output power density of InAlGaN/GaN HEMTs evaluated by load-pull

measurement at the S-band(®1.
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Fig.26 General scheme of experimental process of fabricating inch-size SiC-on-diamond wafer(®4,
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Fig.27 Schematic illustration of the GaN-on-diamond/SiC technology scheme and

corresponding sample drawings(7®l,
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Fig. 28 Thermography images of devices at the same dissipation power (a) GaN-on-SiC;(b)
GaN-on-diamond/SiC; (c) Dependence of the devices surface temperature on dissipation power

for GaN-on-SiC and GaN-on-diamond/SiCl"8!,
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Fig. 29 Process for transferring 3C-SiC layer grown on a Si substrate to a diamond substrate!®3,
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Fig.30 (a) Picosecond ultrasonics measurements on the diamond substrate sample; (b) The data
fitting of TDTR experimental data on the diamond substrate sample; (c¢) Picosecond ultrasonics
measurements on the 3C-SiC/Diamond sample; (d) The data fitting of TDTR experimental data on

the 3C-SiC/Diamond sample!®3.
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Fig. 31 Fabrication process of GaN HEMTs on the ultra-thin 4H-SiC film/diamond substrate(”].
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Fig. 32 Cross-sectional HRTEM images of the SiC/diamond interface. (a) before annealing; (b)
annealed at 600 °C; (c) annealed at 900 °C[7],
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Fig. 33. (a) Thermal resistance of the SiC/Diamond interface as a function of annealing
temperature; (b) Junction temperature of GaN HEMT based on different substrates as a function of

dissipation power density!”?l.
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Abstract

With the continuous development of wide-bandgap semiconductor devices
toward higher power density, higher operating frequency, higher voltage, higher
temperature, and higher reliability, substrate materials are required to provide not only
mechanical support but also efficient heat dissipation, stable electrical transport, high
crystalline compatibility, process scalability, and acceptable manufacturing cost.
However, conventional single-material substrates usually fail to satisfy these
requirements simultaneously. For example, high-quality single-crystal substrates may
offer excellent electrical and crystalline properties but suffer from high cost and
limited wafer size, whereas low-cost or highly thermally conductive substrates may be
limited by lattice mismatch, thermal expansion mismatch, or poor compatibility with
device fabrication. Therefore, composite substrates have become an important
strategy for improving the performance and manufacturability of next-generation
wide-bandgap semiconductor devices.

Composite substrates are constructed by integrating a high-quality functional
layer with a supporting substrate through film transfer, heterogeneous integration,
interface reconstruction, and precision surface processing. By separating the functions
of the active layer and the supporting layer, this material platform can combine the
advantages of different materials and achieve coordinated optimization of thermal,
electrical, mechanical, and technological properties. In this review, the main
fabrication routes and key technical challenges of composite substrates are
systematically summarized. Particular attention is paid to three critical steps:
high-quality exfoliation and transfer of functional films, surface-activated bonding for
low-temperature heterogeneous integration, and high-precision planarization after
transfer. These processes determine the thickness uniformity, defect density,
interfacial bonding strength, thermal and electrical transport across the interface, and
surface quality required for subsequent epitaxy or device fabrication.

On this basis, recent progress in several representative composite substrate
systems is reviewed. For SiC/SiC composite substrates, including single-crystal
SiC/polycrystalline SiC, prime-grade SiC/dummy-grade SiC, and different SiC
polytype combinations, the main objective is to improve the utilization of high-quality
SiC, reduce substrate cost, lower conduction resistance, and support high-performance
power devices. For AIN ceramic-based composite substrates, the focus is on
combining high thermal conductivity, electrical insulation, and mechanical stability,
making them promising for GaN-based power and radio-frequency devices that
require efficient heat spreading and large-size manufacturability. For SiC/Diamond
composite substrates, the outstanding thermal conductivity of diamond is used to

enhance heat extraction from high-power devices, while the SiC layer provides a



more compatible platform for epitaxial growth and device processing. These
examples show that composite substrates are not simple material stacks, but
engineered substrate systems in which the functional layer, supporting layer, and
interface must be co-designed.

Finally, the remaining challenges and future directions of composite substrates
are discussed. Large-diameter uniform fabrication, controllable interface structure,
low thermal and electrical boundary resistance, suppression of residual stress, and
long-term reliability under high-temperature and high-power operation remain key
issues for practical application. With further progress in film transfer,
low-temperature bonding, interface engineering, and precision planarization,
composite substrates are expected to play an increasingly important role in
wide-bandgap semiconductor devices and related high-performance electronic
systems.
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