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High-efficiency and low-loss processing is the mainstay to reduce the cost
and deepen the application of 4H silicon carbide (4H-SiC) wafers in
high-power and high-frequency electronics. In this study, the high-yield slicing
of 4H-SiC wafers is realized by combining femtosecond laser irradiation and
bandgap-selective photo-electrochemical (PEC) exfoliation. By combining
light-absorption measurements, micro-Raman, and micro-photoluminescence
characterizations, it is found that the damage layer formed inside 4H-SiC after
femtosecond-laser irradiation consists of amorphous silicon and amorphous
carbon. This indicates that the femtosecond-laser irradiation leads to phase
separation in 4H-SiC. The bandgap of the damage layer is 0.4 eV. Taking
advantage of the different bandgap energies of the damage layer and the
perfect 4H-SiC region, the damage layer is removed from the perfect region of
4H-SiC by using bandgap-selective PEC etching. During the PEC etching,
light-generated holes can selectively oxidize and corrode the damaged layer
with the assistance of the HF solution, and leave the upper and lower perfect
4H-SiC layers being intact. The current work contributes to the development
of the high-yield and high-throughput femtosecond laser slicing of 4H-SiC

wafers.

1. Introduction

4H silicon carbide (4H-SiC) is one of the most promising wide-
bandgap semiconductors for power electronics due to its high
saturated electron velocity, high breakdown field, and strong
chemical inertness.["?] 4H-SiC wafers are usually obtained from

4H-SiC single-crystal boules by us-
ing mechanical processes including
wire sawing, grinding, lapping, and
chemical-mechanical polishing (CMP).
The sawing process significantly affects
the yield and quality of 4H-SiC wafers.l!
The wire-sawing technique has been
widely employed to slice 4H-SiC single-
crystal boules to thin wafers and has
realized mass production of semicon-
ductor wafers due to its high throughput
and high maturity.>->] However, the wire
sawing of 4H-SiC wafers suffers from
the problems of low efficiency and high
material loss due to the high hardness
and high brittleness of 4H-SiC.[®} The
slurry wire sawing of a 6-inch. 4H-SiC
boule often takes above 100 h.”} Even
though the diamond-wire sawing in-
creases the sawing efficiency of 4H-SiC
wafers, additional high-temperature
annealing is usually required to repair
the warpage of 4H-SiC wafers.®l As
to the material loss, the kerf loss of
4H-SiC material during the wire sawing is usually in the range of
150-180 um per wire.[l Furthermore, wire sawing creates high
amount of surface damages and subsurface damages on 4H-SiC
wafers, which should be removed by the followed grinding, lap-
ping, and CMP.[1011]

The ultrafast laser slicing has emerged as a technical
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breakthrough for the high-efficiency and low-loss slicing of 4H-
SiC wafers.l>13]1 Under ultrafast laser irradiation, phase separa-
tion and defect generation occur in the focal depth of the un-
trafast laser. A thin damage layer is thus created inside the semi-
conductor single crystal by the ultrafast laser writing through-
out the surface of the semiconductor.l'*¢] The slicing of semi-
conductor wafers can be realized by exfoliating the damage
layer from the perfect single-crystal region via mechanical stress,
swelling stress, or thermal stress.[>!7!8] By replacing wire saw-
ing with ultrafast laser slicing, the material loss and slicing dura-
tion per wafer are significantly reduced.®”) Moreover, the ma-
chining of ultrafast laser-sliced 4H-SiC includes only fine lap-
ping and CMP, which further reduces the processing loss and
improves the processing efficiency of 4H-SiC wafers.[”! By opti-
mizing the parameters of the ultrafast laser, the thickness of the
material loss can be reduced to ~20 pm.!3] These advantages
endow the ultrafast laser slicing a great potential in the high-
efficiency and low-loss slicing of 4H-SiC wafers. However, the
physical exfoliation often generates cracks or micro-cracks in the
perfect region of 4H-SiC, which reduces the yield and hinders the
application of ultrafast laser slicing of 4H-SiC wafers. Recently,
photo-electrochemical (PEC) etching has attracted considerable
attention as a bandgap-selective etching technique for separating
I11-V nitrides heterostructures with different compositions.[20-22]
By selecting the wavelength of illumination that only gener-
ates electron-hole pairs in the narrower-bandgap III-V nitride,
the photo-generated electrons transport to an external cathode
and photo-generated holes participate in an oxidation reaction
and initiate the etching of the narrower-bandgap III-V nitride.
Since the ultrafast laser causes phase separation in the damage
layer and changes the bandgap energy of the damage layer, the
bandgap-selective PEC etching opens a pathway to exfoliate ultra-
fast laser-processed 4H-SiC wafers without introducing external
stress, and fully explore the potential of ultrafast laser slicing of
4H-SiC wafers.

In this work, we realize the laser slicing of 4H-SiC wafers
combining femtosecond laser irradiation and bandgap-selective
PEC exfoliation. By combining light-absorption measurements,
micro-Raman, and micro-photoluminescence (PL) characteriza-
tions, we find that the damage layer formed inside the 4H-SiC
sample after femtosecond-laser writing consists of amorphous
silicon and amorphous carbon. This indicates that the femtosec-
ond laser irradiation causes phase separation and amorphization
of 4H-SiC. The bandgap of the damage layer is 0.4 eV. Based on
the different bandgap energies between the damage layer and the
perfect 4H-SiC region, we propose to etch away the damage layer
from the perfect region of 4H-SiC by bandgap-selective PEC etch-
ing. During the PEC etching, light-generated holes can selectively
oxidize and corrode the damaged layer with the assistance of the
HF liquid, and leave the upper and lower perfect 4H-SiC regions
being intact. Our work opens a pathway to realize high-yield and
high-throughput ultrafast laser slicing of 4H-SiC wafers, which
holds great potential in the high-efficiency and low-loss process-
ing of 4H-SiC wafers.

We first investigate the properties of the femtosecond-
generated damage layer by mechanical exfoliation. The femtosec-
ond laser irradiated 4H-SiC is separated into two samples un-
der the mechanical exfoliation because the bonding of the inter-
face between the damage layer and the perfect 4H-SiC region
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is weaker than that in the perfect 4H-SiC region. Figure 1a,b
shows the 2D and 3D surface morphologies of one of the ex-
foliated samples. The overall surface roughness (R,) of the ex-
foliated surface is 5 um. The crystalline properties of the ex-
posed damage layer are then investigated by micro-Raman spec-
troscopy. As shown in Figure 1c, the peak of the folded trans-
verse optical (FTO) (776 cm™') mode of the exfoliated surface
is slightly broadened and significantly weakened compared with
that of the original 4H-SiC sample, which is probably due to
the femtosecond-laser-writing induced residual strain.[?32*] Two
broad Raman peaks centered at 480 and 1400 cm™! are observed
on the damage layer, which is attributed to the amorphous sili-
con and amorphous carbon, respectively.>?° Micro-PL observa-
tions indicate that the band-edge emission of 4H-SiC located at
390 nm is significantly weakened, as a result of residual strain-
induced lattice distortion. Two broad PL peaks located at 425 and
500 nm are observed in the femtosecond-laser treated sample
(Figure 1d), which respectively correspond to amorphous SiC,O,
and amorphous carbon.[?6?7 Therefore, both micro-Raman and
mico-PL investigations indicate that the lattice distortion of 4H-
SiC, as well as the phase separation from 4H-SiC to amorphous
silicon and amorphous carbon, happens during the femtosecond
laser irradiation, which agrees well with time-dependent density
functional theory (TDDFT) simulations.!?8]

Since the bandgap energies of amorphous silicon and amor-
phous carbon are both lower than that of 4H-SiC, we propose
to separate the femtosecond laser writing induced damage layer
from the perfect 4H-SiC region by bandgap-selective PEC. Before
PEC experiments, the bandgap of the damage layer is evaluated
by the Tauc plot method. The bandgap energy (E,) is evaluated by

(aho)'/™ = A (ho - E,) (1)

where a is the absorption coefficient, h is the Planck constant, v is
the frequency, and A is a constant. Wherein, the exponent n of an
indirect bandgap semiconductor is 2.12%3% With the UV-vis spec-
tra and Equation (1), the bandgap energy of the original 4H-SiC
sheet is evaluated to be3.2 eV, which is consistent with theoreti-
cal and experimental results.['%3!] This verifies the validity of the
Tauc plot method. With this approach, the bandgap energy of the
femtosecond treated damage layer is estimated to be 0.4 eV as a
result of the mixture of amorphous Si and amorphous C (Figure
2a). Before PEC etching, the femtosecond laser-induced dam-
aged layer connects the perfect 4H-SiC region (Figure 2b). The
wavelength of the light source during PEC etching is selected by
the standard of Ejgumage layer) < BV < Egunsicy, Which promotes the
bandgap-selective etching of the damage layer and intact preser-
vation of the perfect 4H-SiC region. As shown in Figure 2c, the
light source with a wavelength ranging from 400 to 800 nm is ir-
radiated on the femtosecond laser-treated 4H-SiC sample, which
generates the electron-hole pairs on the surface of the sample. A
positive potential is applied to the 4H-SiC sample to separate the
light-generated electron-hole pairs produced on the surface of
the 4H-SiC sample. The light-generated electrons (¢”) are trans-
ferred to the cathode and participated in the hydrogen evolution
by: 2H* 4+ 2e—H,1, while the remaining light-generated holes
(W*) participate in the oxidation and removal of the femtosecond
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Figure 1. a) The photograph and b) the white light interferometry image of the mechanically exfoliated 4H-SiC sample. The red symbol of K, shows the
laser propagation direction. c) Micro-Raman spectra and d) Micro-PL spectra of the damage layer and the original 4H-SiC.

laser-induced damaged layer by the following reactions

Si+H,0, +2h* — Si0, +2H* 2)
C+H,0,+2h* - CO, 1 +2H* (3)
Si0, + 6HF — (SiF)*” +2H,0 + 2H* (4)

The potential applied is set as 2 V (vs counter electrode) to
avoid the breakdown effects of 4H-SiC.3233] Because the oxi-
dation and removal of the femtosecond laser-induced damaged
layer only occur at the solid-liquid interface, the PEC etching
firstly occurs around the damage layer and then gradually etch
the damage layer inward the sample. In addition, the applied
bias forms a drift current of the electrolyte within the narrow
damage layer, this current delivers chemically active F~ radicals
to the etch front, which accelerates the etching of the femtosec-
ond laser-induced damaged layer.**] The PEC etching of the fem-
tosecond laser-irradiated 4H-SiC samples in the dark is also car-
ried out for comparison. As shown in Figure 2d, the current den-
sity in the dark is relatively stable near 0.2 mA cm~2 for 180 min
and the front surface has barely changed. This suggests that only
the oxygen evolution occurs on the front surface of the 4H-SiC
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sample at 2 V. Once exposed to light irradiation, the PEC cur-
rent density of 4H-SiC sheets increases instantaneously to 9 mA
cm~2 at the initial stage and reaches a maximum of 16 mA cm™2
at 100 min. After 15 min of PEC etching, the edge of the amor-
phous layer obviously disappears and leaves a narrow etched slit
(Figure 2e), whose thickness consists of the thickness (%20 um) of
the femtosecond laser-induced damaged layer (Figure 2b). After
180 min of PEC etching under light irradiation, the PEC exfolia-
tion is achieved and the 4H-SiC samples with smooth stripping
surfaces with the R, of 1 um are obtained (Figure 2f).

The crystalline properties of the PEC-exfoliated surface are
further investigated by micro-Raman and Micro-PL spectra. As
shown in Figure 3a,b, the PEC-exfoliated sample shows the same
Raman spectrum as the perfect 4H-SiC sample. In addition, the
intensity mapping of the PL peak located at 390 nm covers the en-
tire region (Figure 3c) and the variation of peak intensity is 11%.
This indicates that the femtosecond laser-induced damage layer
is totally removed and the perfect 4H-SiC region is preserved af-
ter PEC exfoliation.[*>3¢] In addition, the top surface of the 4H-
SiC sample after 180 min PEC etching is extremely smooth,
indicating that the top surface is preserved from PEC etching
(Figure 3d). We note that the average etching rate of the PEC
is about 0.33 cm?® h™', which is limited by the mass transfer of
the etching productions. When pushing the combination of fem-
tosecond laser irradiation and bandgap-selective PEC exfoliation
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Figure 2. a) Tauc plots of perfect 4H-SiC and the femtosecond treated damage layer, b) cross-sectional SEM image of the femtosecond treated 4H-SiC
sample, c) the schematic diagram showing the setup of the PEC etching of the femtosecond treated 4H-SiC sample, d) the current density during the
PEC etching under light irradiation and dark environment, e) the cross-sectional SEM image of the 4H-SiC sample after 15 min of PEC etching, and f)
the white light interferometry image of the exfoliated 4H-SiC sample after 180 min of PEC etching.

to the mass slicing of 4H-SiC wafers, microwave- or ultrasonic-
assistant PEC etching and multi-wafer PEC etching systems
are attractive to increase the production exfoliation of 4H-SiC
wafers.

We have explored the nature of the pulsed femtosecond laser-
treated 4H-SiC and revealed the validity of the PEC exfoliation

Adv. Mater. Interfaces 2023, 10, 2300200 2300200 (4 of 7)

of the pulsed femtosecond laser-treated 4H-SiC substrate. Light-
absorption measurements, micro-Raman, and micro-PL charac-
terizations indicate that the damage layer formed inside the 4H-
SiC sample after femtosecond-laser writing consists of amor-
phous silicon and amorphous carbon. This indicates that the
femtosecond-laser irradiation causes phase separation and amor-

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80|7 SUOWWD 3AeaID 3cedljdde au Aq peusenob ase e YO ‘88N JO S8|nJ 10} ArIqiT8uIUO 8|1 UO (SUOTIPUOD-PUR-SUBWI0D" A8 | IMATeIq Ul [Uo//:SANY) SUORIPUOD pue swie | 84} 88S *[Z0z/70/TT] uo Arigi]auluo A8 |Im ‘AseAIUN UswelX Aq 00200€Z0Z IWPR/Z00T OT/I0PAW0 A8 | 1M Aeiq 1 Buluoy/:Sciy Wwoiy papeojumod ‘TZ ‘€202 ‘0SEL96T2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

www.advmatinterfaces.de

(a)

12000

6000

Intensity (a.u.)

W

8

o
T

S B N R

1 " 1 1 " L & 1 1 1 " 1
200 400 600 800 1000 1200 1400 1600
Raman shift (cm”

4500
3 3000 -
S
2
g
31500 -
=1
o
0
1 ' 1 1 1 L 1
350 400 450 500 550 600 650
Wavelength (nm

Figure 3. a) Micro-Raman spectrum and b) Micro-PL spectrum of the surface of the PEC exfoliated sample. ¢) Micro-PL mapping based on the intensity
of peaks centered at 390 nm and d) the SEM images of the top surface of femtosecond laser-treated 4H-SiC after PEC etching.

phization of 4H-SiC. Taking advantage of the different bandgap
energies between the damage layer and the perfect 4H-SiC re-
gion, we have etched away the damage layer from the perfect re-
gion of 4H-SiC by bandgap-selective PEC etching. During the
PEC etching, light-generated holes can selectively oxidize and
corrode the damaged layer with the assistance of HF liquid, and
leave the upper and lower perfect 4H-SiC layers intact. Our work
opens a pathway to realize high-yield and high-throughput ultra-
fast laser slicing of 4H-SiC wafers by combining ultrafast laser
irradiation and bandgap-selective PEC exfoliation, which is at-
tractive to the high-efficiency and low-loss processing of 4H-SiC
wafers.

Experimental Methods: n-type 4H-SiC boules were grown by
the physical vapor transport (PVT) technology.*”] 4H-SiC wafers
with a thickness of 420 pm were processed by sequential wire
sawing, lapping, and CMP,['%8] and cut into 10 X 10 mm square
samples. The center wavelength, pulse width, peak power, beam
diameter, and repetition rate of the femtosecond laser used in this
work were 1030 nm, 200 fs, 1 x 10® W, 1 um, and 58 kHz, respec-
tively. The femtosecond laser was focused at a depth of 210 um
inside the 4H-SiC sample along the [0001] direction. The laser-
written tracks with a spacing of 20 um were formed by scanning
the wafer at the speed of 20 mm s~!. The focus depth of the fem-
tosecond laser was set as 210 pm in the 4H-SiC samples. The
laser-irradiated 4H-SiC samples were sequentially washed with
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ultrasonic acetone, ethanol, and deionized water for 15 min, and
finally immersed in the HF solution to remove surface oxides.

As shown in Figure 4, the exfoliation approaches of femtosec-
ond laser-irradiated 4H-SiC samples include the traditional me-
chanical exfoliation and the PEC exfoliation that was proposed.
For mechanical exfoliation, the sample was glued to the tooling
with epoxy resin glue, and clamped by the SUS locking jig for
curing. By using a universal testing machine, tensile stress was
loaded in the normal direction relative to the sample surface to
realize exfoliation.

The PEC etching was conducted in a two-electrode cell, in
which the femtosecond laser irradiated 4H-SiC sample and the
graphite sheet were used as working electrode and counter elec-
trode, respectively. The voltage applied to the 4H-SiC sample was
2V (vs counter electrode). A solution composed of C,H;OH (99%
purity), HF (40% purity), H,0, (30% purity), and deionized water
with a volume ratio of 6:3:4:5 was employed as the electrolyte. The
front sample surface was illuminated during the experiment. The
400 nm long pass filter (CEAULIGHT, UVIRCUT-400) was used
to attenuate the UV light components of the radiation from a Xe
light source (CEAULIGHT, CEL-HXUV300-T3), which formed
the filtered spectrum ranging from 400 to 800 nm.

Characterizations: The surface morphologies of 4H-SiC sam-
ples after exfoliation were examined by a differential interference
contrast (DIC) optical microscopy (OM) (Novel, NMM-820TRF),
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Figure 4. Schematic diagram showing the femtosecond laser writing and exfoliations: i) mechanical exfoliation, ii) PEC exfoliation.

a benchtop 3D optical profilometer (Bruker, ContourX-200),
and scanning electron microscopy (SEM) (Zeiss, Sigma300).
Micro-Raman spectroscopy and micro-photoluminescence spec-
troscopy were obtained by using the HORIBA LabRAM Odyssey,
which was excited by lasers with wavelengths of 532 and
266 nm, respectively. The light absorption of 4H-SiC samples
was recorded by a UV-vis spectrophotometer (Shimadzu, UV-
3600Plus).
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