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Introduction
• There is a growing demand for SiC devices in high power and high

voltage applications.
• High quality single crystalline SiC, in particular 4H polytype, is an

important electronic material used in many applications where Si is
unable to satisfy the requirements.

• The properties of 4H-SiC include:
– energy bandgap of 3.26 eV (3 of Si)
– thermal conductivity coefficient  of 3.3 W/cm-K (2 of Si)
– electrical breakdown field Vb of > 2.2 MV/cm (10 of Si)
– saturation electron velocity vsat of 2.2107 cm/sec (2  of Si)

• High quality thermal SiO2 can be grown on its surface
• A unique combination of large bandgap and surface passivation with

a thermally grown SiO2 offer a possibility of making devices with
extremely low leakage in the off-state.
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Motivation for Laser Processing
• The attractiveness of single crystalline SiC applications is 

counteracted by the very high cost of substrates 
(typically the cost is $2,000 for 3-inch in diameter wafer). 

• Exfoliation of thin layers (1-10 µm) from standard wafer and having 
such layers bonded to lower cost substrates would drive the material 
cost down and expand the use of single crystalline SiC.

• Current technology on “Ion-beam cutting process” is costly, labor 
intensive and rather slow involving furnace annealing. 

• Laser processing is faster, and it can produce direct or assisted 
exfoliation and layer transfer.

• Laser processing is also suitable for process automation and 
integration with clean room production.
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Ion-beam cutting process (i.e. Smart Cut)
• A layer splitting process† by ion 

implantation and subsequent 
annealing.

• Step 1: Hydrogen implantation 
into SiC wafer capped with a 
dielectric layer, e.g. thermally 
grown SiO2 (H+  dose in the 5-
10 x 1016 ions/cm2 range)*.

• Step 2: Bonding of SiC wafer 
to a “handle” wafer.

• Step 3: Heat treatment of the 
two bonded wafers: 800-950°C 
for exfoliation.

• Step 4: Polishing-after splitting.

†Di Cioccio et al.  Electr. Lett. 32(12), 1144 (1996).

*Depth of implantation (1µm), Hydrogen rich layer thickness (~150 nm)
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Pulsed Laser Assisted Exfoliation Process
• A layer splitting process by ion 

implantation and subsequent 
laser processing. 

• Step 1: Hydrogen implantation 
into SiC wafer capped with a 
dielectric layer, e.g. thermally 
grown SiO2 (lower H+  dose in 
the 3 - 6 x 1016 ions/cm2 
range)*.

• Step 2: Bonding of SiC wafer to a 
“handle” wafer.

• Step 3: Laser processing with 
pulsed nanosecond ( 5-7 ns) 
visible (532 nm) irradiation.

• Step 4: Polishing-after splitting.
*Depth of implantation (1µm), Hydrogen rich layer thickness (~150 nm)
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Research on Hydrogen Ion Implantation of SiC
• Tong et al. Appl. Phys. Lett. 70 (11) (1997) 1390-1392.

For 5x1016 ions/cm2 H+ dose implanted at 160keV, blisters were
seen on a Si surface after 10 min at 350°C, but 750°C was required
for 6H-SiC and about 1200°C for diamond.

• The activation energy for micro-crack formation was calculated to be
1.2 eV for Si and 4.0 eV for SiC, comparable to the bond energies
(1.81 eV for Si-Si, and 4.47 eV for Si-C)

• Senga et al. Jap. J. Appl. Phys. 47(7) (2008) 5352–5354.
Investigated exfoliation in 4H-SiC as a function of crystal orientation.
They implanted H+ with a dose of 1x1017 ions/cm2 at 200 keV to
obtain peak H concentration at 1.2 μm depth

• Bedell & Lanford J. Applied Physics, 90(3) (2001)
Investigated exfoliation in 6H-SiC. They implanted H+ with a dose of
5x1016 to 1.3x1017 ions/cm2 at 100 keV.
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SiC Wafer Characteristics

• Three-inch-diameter single crystalline polytype 4H SiC wafers 
(Cree Inc.) SiC crystalline structure contains four hexagonal 
closed packed atomic layers that are stacked along the c axis. 

• n-type doped (nitrogen introduced during crystal growth is the 
doping impurity) with resistivity of about 0.02 ohm cm. 

• The wafers are intentionally miscut from the C plane by 4 
degrees, as this facilitates the growth of epitaxial layers that 
are usually needed in power device applications.  

• Because of the way the carbon and silicon atoms are bonded, 
one side is always terminated with Si atoms, while the other 
one is always covered with C atoms. 

• These are known as Si-face and C-face, respectively, and it 
is important to keep track of them, as their chemical and 
physical properties are different.  
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Hydrogen and Boron Ion implantation of 
SiC wafers 
• Wafers were thermally oxidized to produce a thin layer of SiO2 on all 

surfaces because fusion bonding of two semiconductor samples requires 
that both surfaces be coated with SiO2

• Thermal oxide was grown in a furnace with flowing dry oxygen at 1150°C for 
60 minutes

• Resulted in about 10 nm of SiO2 on the Si-face, and about 70 nm on the C-
face as measured by ellipsometry

• Hydrogen ion implantation were done on samples wih 6E16  H+ ions cm-2

dose at 180keV acceleration voltage in which energized hydrogen ions 
penetrate about 1 micrometer into the SiC (Rp=1.07µm) under non-
channeling conditions

• An ion implanted layer about 150nm thick and 1.07 µm under the surface 
has been obtained on the Si-face.

• Some samples were implanted with boron ions (B+) at 400 keV energy 
which provided a penetration of  Rp=621 nm into a 4H-SiC crystal and the 
width of the light absorbing zone of about 140 nm. A dose of 3x1015 ions 
cm-2 was chosen which was expected to provide significant absorption of 
light at 532 nm wavelength.
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Optical transmission of implanted SiC
• Optical transmittance and ion channeling data indicated that ion beam heating 

raised the temperature to about 250-300°C. 
• We should note here that the 532 nm wavelength is ideally suited to maximize 

the difference in transmittance between the implanted and unimplanted
regions within the material for both H+ and B+ implanted wafers.
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Experimental set-up for pulsed laser irradiation 
on SiC workpiece

• Q-switched Nd:YAG Gaussian-like laser 
• Fundamental wavelength of =1064 nm
• Operating wavelengths of 1064, 532 and 

355 nm
• Pulse energy of E=415 mJ
• Pulse duration of  =5-7 ns, 
• Spot size of A=0.25 cm2 (=1064 nm)

• Single pulse laser irradiation experiments on the Si-face (implanted side) and 
C- face of the ion implanted single crystalline SiC specimens (10 mm x 10mm) 
have been conducted at about =1.66 Jcm-2 energy density. 

• Irradiation experiments were carried out at a =532 nm wavelength with 
individual pulses of E1=115, mJ, E1=140 mJ and E2=170 mJ energy and with a 
spot size area of A=0.283 cm2 that provided about 1=0.4 Jcm-2 , 2=0.5 Jcm-2

and 3=0.6 Jcm-2 energy density, respectively. 
• The pulse energy is monitored by using a Molectron EPM1000 with a Coherent 

J-50MB-YAG energy sensor to adjust optical attenuation to reduce or increase 
the power in conditioned optical beam at second and third harmonics.
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Pulsed Laser Irradiation Experimental Factors
Factors Levels

Material Single crystalline 4H-SiC cut 4 degrees off-axis
Implantation ion H+

Implantation dose 6x1016 ion cm-2

Implantation voltage 180 keV
Implantation temp. 300°C, -196°(77K)
Laser type Nd:YAG nanosecond pulsed laser
Laser wavelength 532 nm
Pulse duration 6 ns
Laser fluence 0.4, 0.5, 0.6 J cm-2

Laser spot size Ø = 6 mm
Number of pulses Single, Double
Bonding options No bonding, Copper tape, Clamping, 

Si fusion bonding
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Thermal Modeling of Laser Irradiation

• A thermal model is proposed to compute to temperature rise 
at different layers of implanted SiC wafer.

• A higher than normal temperature rise may result in damaging 
transferred SiC layer and can cause an undesirable change in 
crystalline structure of the film.

• In order to calculate the laser energy absorbed in each layer 
of the implanted SiC wafer, the absorption coefficients have to 
be determined.

• Transmittance expression for refractive index and absorption 
coefficients can be calculated as given below.

1
1

where, Tr is transmittance (%),  is absorption coefficient (cm-1), 
R is reflectivity, z is  distance from surface (cm) and ni = refractive index of medium i.
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Optical properties of SiC, Si, and SiO2

Absorption coefficient Wavelength  = 532 nm

4H-SiC 19.6 cm-1

H+ implanted layer 75,205 cm-1

B+ implanted layer 566,470 cm-1

Si 7,850 cm-1 

Reflectivity Wavelength  = 532 nm
Air to SiC 0.2086
SiC to SiO2 0.072
SiO2 to Si 0.209

Based on the selected wavelength, absorption coefficients for SiC and 
implanted layer have been determined 
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Laser peak intensity absorption at the implanted SiC 
wafer bonded with another Si wafer
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Light intensity at each layer has been calculated by applying Beer’s law

1 	
where, I (z) = light intensity at depth z (W/cm2) and I0 = initial light intensity (W/cm2)
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Thermal modeling for the implanted SiC bonded with Si 
substrate

SiC wafer thickness  365.8 µm
Transferred SiC layer thickness 1 µm
Implanted layer thickness  0.15 µm
SiO2 layer thickness  10 nm

T = temperature (K)
 = material density (gcm-3)
I (t) = power intensity (Wcm-2)
z = depth (cm)
t = time (s)
k = thermal conductivity (WK-1cm-1)
C = heat coefficient (J g-1 K-1)
 = absorption coefficient  (cm-1)
R = reflectivity

 = 3.22 g cm-3, 
k = 611/(T-115) WK-1cm-1

C=0.6+0.77/(222+T) Jg-1K-1 (Brink et al. 2009) 
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Thermal Modeling Assumptions

• No heat consumption throughout the process,
• Using average beam intensity of the Gaussian beam profile,
• No reflection between implanted layer and SiC,
• Laser absorption coefficient is independent of temperature,
• Neglect the heat transfer through SiO2 layer (only the 

reflectivity are considered),
• The implanted layer has the same thermal properties as SiC.
• The following initial and boundary conditions are applied for 

solving the heat equation:

T(t=0,z)=300 K (initial temperature is an ambient temperature)

∂T/∂z (t,z=0)=300 K (zero heat flux at irradiated surface)

T(t,z=L)=300 K (fixed temperature at the end surface)
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Effects of Laser Fluence on Temperature 
Profile on Hydrogen (H+) Implanted SiC

H+

implanted
layer 

Si 
bonding 
layer

Melting point of Si = 1687 K, Sublimation temperature of SiC = 3000 K

Peak Temp. 0.6 J cm-2 0.5 J cm-2 0.4 J cm-2

Implanted layer 1636 K 1410 K 1054 K 

Si bonding layer 737 K 676 K 575 K 
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Effects of Laser Fluence on Temperature 
Profile on Boron (B+) Implanted SiC

H+

implanted
layer 

Si 
bonding 
layer

Melting point of Si = 1687 K, Sublimation temperature of SiC = 3000 K

Peak Temp. 0.6 J cm-2 0.5 J cm-2 0.4 J cm-2

Implanted layer 2989 K 2368 K 1644 K 

Si bonding layer 909 K 768 K 604 K 
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Exfoliated area on the surface SiC

Exfoliated area
SiC flake

Laser
beam

Single pulse
Free surface
= 532 nm 
E=170 
mJ/pulse 
 = 0.6 Jcm-2

The original SiC surface

Ra=50nm



20/25

Image of the transferred SiC layer on Copper tape

SiC flakes on copper tape 
Laser
beam

Single pulse
Copper tape 
bonded
= 532 nm 
E=170 mJ/pulse 
 = 0.6 Jcm-2
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Image of the transferred SiC layer on tape 

Laser
beam

Single pulse
Clamped to Si 
wafer
= 532 nm 
E=170 mJ/pulse 
 = 0.6 Jcm-2

Thin SiC layers transferred to
Si wafer

Ra=50nm
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Laser irradiated and furnace heat treated SiC

Blisters

Laser 
exfoliated 
area

Thermally 
exfoliated 
area

Flakes

Laser
beam

Single pulse
Si wafer 
clamped
= 532 nm 
E=170mJ/pulse 
 = 0.6 J/cm2

Heat treated:
900 C, 60 min

100 µm
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Laser generated ripples on the exfoliated surface of SiC

Laser
beam

Single pulse
Free surface
= 532 nm 
E=170 
mJ/pulse 
 = 0.6 Jcm-2
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Conclusions
• Nanosecond pulsed laser processing enables exfoliation of thin single 

crystalline SiC layers. 
• It is feasible to exfoliate a thin layer of single crystalline 4H-SiC by 

using ion implantation to define the film thickness and laser processing 
to effect the film removal and its transfer to another substrate. 

• Exfoliation in a furnace is only possible for hydrogen implanted layers 
and is uniquely tied to the agglomeration of hydrogen into voids of 
nanoscale dimensions that lead to microcracks and eventually to layer 
separation from the main substrate. 

• Laser exfoliation occurs under approximately adiabatic conditions, with 
the fracture in a narrow laser heated zone occurring faster than 
conductive heat transfer out of this very small and momentarily very 
hot region.

• Implanting other species such as boron ions seems to be also 
promising for improved optical absorption and lower pulse energies for 
more effective laser processing.
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