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Abstract

Laser slicing of 4H-SiC wafers offers high efficiency and minimal material loss. While
nanosecond lasers are the preferred light source, simultaneously achieving high output
power, excellent beam quality (M? < 1.3), and broad operational tunability remains an
outstanding challenge. This study developed a highly efficient nanosecond laser source
using hybrid fiber and solid-state multi-stage amplification architecture. With excellent
beam quality (M? < 1.3), it achieves the highest output power, widest continuously tunable
pulse width range, and broadest repetition rate range currently reported for 4H-SiC laser
slicing. This advancement is poised to advance the continued development of 4H-SiC
slicing technology.
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1. Introduction

4H-5iC is a high-performance semiconductor characterized by its wide band gap,
high breakdown electric field, and exceptional thermal stability, making it indispensable
for high-power electronic devices and applications in extreme environments [1,2]. How-
ever, the high hardness of SiC (9 on the Mohs scale [2]) renders the slicing of SiC wafers
exceptionally challenging through mechanical processing [3]. Traditional mechanical
methods, such as loose-abrasive wire sawing, suffer from prolonged processing cycles,
low throughput, and high production costs, with material losses reaching approximately
50% [4]. Laser slicing technology has emerged as a prominent research focus in 4H-SiC
wafer processing [5-9] due to its high efficiency and minimal material loss [3]. The laser
source is the most critical component of this technology, and its selection significantly
influences processing outcomes.

Currently, laser sources employed for slicing primarily include nanosecond [1,4,7-12],
picosecond [3,6,13-15], and femtosecond pulses [3,5,13,16,17], each exhibiting distinct char-
acteristics as shown in Figure 1. Picosecond and femtosecond laser irradiation induces
multiphoton ionization and avalanche ionization in SiC, leading to material phase trans-
formation and the formation of a micro-explosive layer (modified layer). This process
decomposes 4H-SiC into Si and C, resulting in amorphous transformation within the
single-crystal structure and the generation of horizontal cracks [4]. High-pressure Si vapor
further promotes crack propagation [18]. Femtosecond lasers offer superior processing
precision due to their minimal thermal effects, with induced defects primarily consisting
of nanovoids and micro-cracks. In contrast, defects generated by picosecond lasers are
mainly attributed to thermal ablation. While picosecond lasers provide higher processing
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efficiency at equivalent laser energy densities, this advantage comes at the expense of
reduced processing precision [13].
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Figure 1. Schematic illustration of the principles of 4H-SiC wafer slicing using nanosecond, picosec-
ond, and femtosecond lasers.

Despite the precision of ultrafast laser “cold” processing, its low ablation efficiency
restricts lateral crack propagation lengths to typically less than 50 um, severely limiting
processing throughput for SiC wafer slicing. Furthermore, the high cost of ultrafast lasers
hinders their widespread industrial adoption. Nanosecond lasers (with pulse widths
ranging from 1 to 300 ns), as a short-pulse laser technology, offer a combination of high
energy density and low cost and have found extensive applications in semiconductor
material processing.

As shown in Figure 1, nanosecond lasers can deliver high energy to an extremely
localized region near the focal point within a very short duration, inducing multipho-
ton absorption in the material, while photothermal effects govern the formation of the
modified layer [1]. However, the substantial thermal effects associated with nanosecond
laser irradiation can induce significant volumetric and thermal expansion in the modified
layer, consequently contributing to the development of extended cracks within the 4H-SiC
material [4].

Current nanosecond lasers applied to 4H-SiC slicing must meet extremely stringent
specifications, as summarized in Table 1. Most systems require pulse durations below
10 ns, repetition rates under 100 kHz, average power levels of only a few watts, and a
demanding beam quality factor of M? < 1.3. To enhance the efficiency of 4H-SiC laser slicing
and expand the accessible process window (e.g., usable laser power and repetition rate
ranges), this study developed a highly efficient and stable nanosecond laser source based
on a hybrid fiber and solid-state multi-stage amplification architecture. The developed
laser source achieves the highest reported average power for nanosecond lasers applied
to 4H-5iC slicing, while simultaneously offering the widest continuous tuning ranges for
both pulse width and repetition rate, all while maintaining a beam quality of M? < 1.3. This
advancement is poised to advance the continued development of 4H-5iC slicing technology.

Table 1. The nanosecond laser parameters for 4H-SiC slicing.

Researchers Wavelength ~ Pulse Width QB:aalrinty AIY:‘I:egre Repetition  Pulse Energy Laser Type  Reference
(nm) (ns) > Rate (kHz) (M)
(M?) W)

Mehdi Rouhani et al. 1064 4.0~200.0 30.00 2~1000 <1000.0 Fiber-based [1]
Xiangyu Yu et al. 532 9.7 <1.3 2.90 1~15 Solid-state [4]
Xiaozhu Xie et al. 532 1.0 <0.06 1 <60.0 Solid-state [7]
Xiangfu Liu et al. 1064 25.0 10 Not specified [8]
Wenxiao Wu et al. 532 10.0 1.76 15 117.0 Not specified [9]
Heng Wang et al. 1064 1.0 <1.3 0.45 50 350.0 Solid-state [10]
Heng Wang et al. 1064 1.0 <13 <0.31 5-100 3.1 Solid-state [11]

Yuhang Li et al. 532 200.0 0.85 60 14.2 Not specified [12]
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2. Experimental Setup

As illustrated in Figure 2, a hybrid fiber-solid-state amplification master oscillator
power amplifier (MOPA) laser system is employed (Coherent, US), comprising three
polarization-maintaining Yb-doped fiber (PM-YDF) pre-amplifier stages and one multi-
stage solid-state main amplifier. The seed diode generates 1064 nm polarization-maintained
pulses with a repetition rate ranging from 100 kHz to 1 MHz and a pulse duration continu-
ously tunable from 1 to 10 ns. The first pre-amplifier stage (PA1) incorporates a 9.5 m-long
panda fiber (core NA 0.11) with core/cladding diameters of 6/125 pm. A 9 W laser diode
(LD) operating at 960 nm is utilized for backward pumping of the gain fiber through a
(2 +1) x 1signal/pump combiner (CB1). The backward pumping configuration effectively
suppresses amplified spontaneous emission (ASE) [19]. The second pre-amplifier stage
(PA2) employs a 2.7 m-long panda fiber (core NA 0.075) with core/cladding diameters of
10/125 um, backward-pumped by a 9 W LD at 976 nm via a (2 + 1) x 1 fiber combiner
(CB2). The third pre-amplifier stage (PA3) utilizes a 2.7 m-long panda fiber (core NA 0.06)
with core/cladding diameters of 25/250 pm, backward-pumped by a 27 W LD at 976 nm
through a (2 + 1) x 1 fiber combiner (CB3).
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Figure 2. Schematic diagram of the nanosecond laser system.

Polarization-maintaining bandpass filters (BPF1-4) are incorporated to suppress ASE
and stimulated Raman scattering (SRS) within the pre-amplifier stages, while polarization-
maintaining isolators (ISO1-4) are strategically positioned between stages to prevent
backward-propagating radiation. Mode field adaptors (MFA1-2) are employed to mini-
mize splice losses and preserve beam quality [20], and cladding mode strippers (CPS1-5)
eliminate residual pump light. The amplified laser output is delivered through a quartz
block head (QBH) with a 25 um core diameter. The QBH is coated with a 1064 nm anti-
reflection film to minimize back reflections and ensure stable long-term operation at high
power levels. All active fibers and optical components are mounted on water-cooled plates
to facilitate effective thermal management and enhanced heat dissipation. An infrared
thermal imaging system continuously monitors the operating temperature, ensuring that
both fibers and components remain within safe operational limits.

The main amplifier stage comprises three solid-state amplifiers, as depicted in Figure 2.
The output from the QBH is focused through a 15 mm focal length lens (FL1) and directed
into a circulator (CIR). Subsequently, the pulses are amplified by a dual-pass solid-state
amplifier system incorporating a doping percentage of 0.3% Nd: YVOy crystal with dimen-
sions of 3 mm X 3 mm X 20 mm, end-pumped by an 830 nm, 100 W continuous-wave (CW)
laser diode array. A Faraday rotator (FR) is employed to rotate the polarization direction
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of the beam to match the circulator configuration. Two additional solid-state amplifier
systems are implemented to further enhance the output power, each utilizing identical
880 nm, 100 W CW laser diode arrays. Notably, the lateral faces of all crystals are cut at
a 2° angle to suppress parasitic oscillations and are coated with high-transmission films
optimized for both 1064 nm and 880 nm wavelengths. The solid-state stage reduces sensi-
tivity to fiber nonlinearities (e.g., SBS/SRS, self-phase modulation), mitigates undesired
spectral broadening and pulse distortion. As a result, the chosen architecture provides
a robust route to higher energy while maintaining stable beam quality suitable for tight
focusing. Following amplification through the three fiber pre-amplifier stages and the
multi-stage solid-state amplifier, the laser beam is collimated by a convex lens (FL8) before
output delivery.

3. Results and Discussion

The output power (average laser power) of the seed diode exhibited dependence on
both pulse duration and repetition rate, as shown in Figure 3a. The electrically driven
diode generated laser pulses with durations ranging from 1 ns to 10 ns and repetition
rates spanning 100 kHz to 1 MHz. The minimum output power of approximately 5 yW
was observed at 1 ns pulse duration and 100 kHz repetition rate, while the maximum
output power of approximately 1.5 mW was achieved at 10 ns and 1 MHz. Notably,
the output power exhibited a nonlinear relationship with pulse duration, particularly at
higher repetition rates. Figure 3b presents the laser output spectrum, featuring a central
wavelength of 1063.4 nm and a spectral width of 0.22 nm at the 10 dB level. The seed
source demonstrated an excellent spectral signal-to-noise ratio (SNR) of approximately
50 dB, which is highly favorable for subsequent amplifier stages.
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Figure 3. Characteristics of the seed diode. (a) output power as a function of pulse duration and
repetition rate, (b) laser output spectrum.

The seed laser was amplified by the first pre-amplifier (PAl), yielding an average
output power ranging from 2.7 to 94 uW, as shown in Figure 4a. The output power
increased nonlinearly with both pulse duration and repetition rate. Operating conditions
featuring longer pulse durations and higher repetition rates were beneficial for fiber-
based laser amplification, as they facilitated enhanced pump absorption and reduced ASE
generation [19,21-23]. Figure 4b illustrates the variation in SNR with pulse duration and
repetition rate, demonstrating that the SNR exceeded 27 dB across all operating conditions.
The maximum SNR of 50 dB was achieved at a pulse duration of 10 ns and repetition rate of
1 MHz. Notably, this non-linear behavior at 500 kHz is intrinsically related to experimental
and instrumental factors, including the spectral resolution of the measurement device
(which directly affects SNR estimation) and the laser-spectrometer coupling efficiency
(which governs signal collection efficiency and thus the measured SNR). Figure 5a—f present
the output spectra corresponding to different pulse durations and repetition rates. The
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spectra exhibited consistent characteristics across all six cases, with a central wavelength of
approximately 1063 nm and a spectral width of approximately 0.2 nm at the 20 dB level.
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Figure 4. Characteristics of the first pre-amplifier (PA1). (a) average output power versus pulse
duration and repetition rate, (b) spectral SNR versus pulse duration and repetition rate.
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Figure 5. Output spectra of PA1 at different operating conditions: (a) 100 kHz, 1 ns, (b) 100 kHz, 2 ns,
(c) 100 kHz, 10 ns, (d) 1 MHz, 1 ns, (e) 1 MHz, 2 ns, and (f) 1 MHz, 10 ns.

As illustrated in Figure 6a, PA2 amplified the average output power from 138.6 mW
to 395.6 mW for pulse durations ranging from 1 to 10 ns and repetition rates ranging from
100 kHz to 1 MHz. The average power exhibited a sharp increase as the pulse duration
increased from 1 to 2 ns, followed by a trend toward power saturation for pulse durations
between 2 and 10 ns. Correspondingly, the SNR of the output spectrum shown in Figure 6b
increased abruptly from 1 to 2 ns, after which the growth rate gradually decreased. The
SNR in PA2 exceeded 20 dB but was lower than that achieved in PA1l. The minimum
SNR in PA2 was 25 dB, indicating that the laser energy gain in the second amplification
stage approached saturation, particularly at shorter pulse durations and lower repetition
rates. The maximum SNR of over 50 dB was obtained at a pulse duration of 10 ns and
repetition rate of 1 MHz. As shown in Figure 7a—f, the output spectra from PA2 were clean
and free from stimulated Raman scattering (SRS), similar to those from PA1. However, in
Figure 7b—e, two characteristic peaks appeared symmetrically on either side of the central
wavelength. This phenomenon was attributed to narrowband spectral filtering by BPF4.
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Additionally, self-phase modulation (SPM) significantly contributed to spectral broadening,
as demonstrated in Figure 7 [20,24].
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Figure 6. Characteristics of the second pre-amplifier (PA2). (a) average output power versus pulse
duration and repetition rate, (b) spectral SNR versus pulse duration and repetition rate.
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Figure 7. Output spectra of PA2 at different operating conditions: (a) 100 kHz, 1 ns, (b) 100 kHz, 2 ns,
(c) 100 kHz, 10 ns, (d) 1 MHz, 1 ns, (e) 1 MHz, 2 ns, and (f) 1 MHz, 10 ns.

The output pulsed laser underwent further power amplification through PA3, resulting
in an increase in laser power from 8.55 W to 10.1 W, as illustrated in Figure 8a. The increase
in laser power did not correlate with longer pulse durations but exhibited a saturation
trend at higher repetition rates. The maximum output power of 10.1 W was achieved
at a pulse duration of 10 ns and a repetition rate of 1000 kHz. Figure 8b depicts the
SNR of the output spectrum from PA3. At 100 kHz, the spectral SNR remained below
20 dB, indicating poor signal-to-noise performance. The laser exhibited stimulated Raman
scattering (SRS), as evidenced by the spectral profiles shown in Figure 9a,b. Under the
operating conditions of 100 kHz and 10 ns (Figure 9c), multiple spectral peaks were
observed, a phenomenon attributed to intermode four-wave mixing (IM-FWM) [25]. This
indicates that at 100 kHz, the output power was primarily limited by SRS and IM-FWM
effects. In contrast, at 1000 kHz, the SNR of the output spectrum was significantly improved,
reaching approximately 40 dB, with substantial suppression of both SRS and IM-FWM.
Correspondingly, the spectral profiles in Figure 9d—f were notably optimized.
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Figure 8. Characteristics of the third pre-amplifier (PA3). (a) average output power versus pulse
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(c) 100 kHz, 10 ns, (d) 1 MHz, 1 ns, (e) 1 MHz, 2 ns, and (f) 1 MHz, 10 ns.

As observed from the output pulses of the amplification systems PA1 to PA3
(Figure 10a,c), after normalizing the pulse intensity, the pulse durations at 1 ns and 10 ns
exhibited no significant change after passing through different fiber pre-amplification
stages, maintaining strong consistency. Figure 10b,d indicate that the pulse repeti-
tion rates remained stable at 100 and 500 kHz, respectively, with no occurrence of
self-pulsing phenomena.

To further investigate the polarization extinction ratio (PER) of the output laser from
PA1 to PA3, measurements were conducted using a rotating polarizer. The results for
the laser PER are presented in Figure 11. The output lasers from PA1 and PA2 exhibited
favorable polarization characteristics, with PER values generally exceeding 20 dB. Higher
repetition rates corresponded to improved PER performance. In contrast, the output laser
from PA3 demonstrated a PER of only approximately 10 dB at 100 kHz. At repetition
rates above 100 kHz, the PER ranged between 12 dB and 18 dB, indicating a noticeable
degradation in polarization performance compared to PA1l and PA2. This degradation may
be attributed to the use of 25/250 pum fiber in PA3, which potentially supports multiple
modes, leading to deterioration of the polarization characteristics.
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Following PA1-PA3, the output laser is directed into the solid-state main amplifier
system, which comprises a three-stage solid-state amplification architecture (see Figure 2).
As shown in Figure 12a, the output power ranged from 62 W to 64 W at repetition rates be-
tween 100 kHz and 1000 kHz. The output power of the solid-state main amplifier exhibited
negligible dependence on variations in pulse width and repetition rate, being primarily
limited by the available pump laser power and the overall thermal management capacity of
the solid-state amplifier system. Figure 12b presents the SNR of the output spectrum from
the main amplifier. While the spectral SNR at 1000 kHz was superior to that at 100 kHz,
both exceeded 40 dB, indicating excellent spectral signal-to-noise performance. Compared
with the lasers reported in the literature for 4H-SiC wafer slicing (Figure 12c, Table 1),
our system delivers the highest average output power, which significantly broadens the
processable parameter window and is beneficial for improving the machining efficiency.
The spectral profile in Figure 13 revealed a central wavelength of 1064 nm, with a spectral
width of merely 0.3 nm at the 20 dB level.
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existing literature [1,4,7,9-12].
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Figure 13. The output spectrum of the main amplifier stage at: (a) 100 kHz, 1 ns, (b) 100 kHz, 2 ns,
(c) 100 kHz, 10 ns, (d) 1 MHz, 1 ns, (e) 1 MHz, 2 ns, and (f) 1 MHz, 10 ns.

Compared with the PA3 output spectrum (Figure 9), the SRS and IM-FWM present
after pre-amplification were effectively suppressed in the main amplifier. This suppression
was attributed to the exceptionally narrow gain bandwidth of the Nd:YVOy, solid-state gain
medium [26,27]. The Nd:YVOy crystal provided effective gain primarily for wavelengths
around 1064 nm, while other wavelengths were absorbed and converted into heat, thereby
efficiently filtering out the nonlinear spectral components responsible for SRS and IM-FWM.

Beam quality measurements of the output laser, shown in Figure 14a, yielded M?
values of M,? = 1.27 and My? = 1.25 at the maximum output power of 64 W. These results
confirmed that the output from the main amplifier system possessed excellent beam quality,
ensuring near-fundamental-mode propagation. Measurements of the beam profile at
different distances, depicted in Figure 14b, showed ellipticities of 0.949 and 0.946 at 200 mm
and 1000 mm from the laser output port, respectively, with corresponding beam diameters
of 2.6 mm and 3.0 mm. These results demonstrated the high circularity of the output beam,
which met the stringent requirements for beam ellipticity in the 4H-SiC slicing process [5,9].
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Figure 14. (a) Laser beam quality at 60 W output power, (b) laser beam diameter and ellipticity at
200 mm and 1000 mm from the laser output port.

4. Conclusions

In summary, to address the challenge of low laser power at narrow pulse durations
and low repetition rates and to develop a high-performance laser suitable for 4H-SiC
slicing, a fiber-solid hybrid multi-stage MOPA laser system was implemented. This system
achieved an output average power of 62-64 W, with a continuously adjustable repetition
rate from 100 kHz to 1 MHz and a pulse width tunable from 1 ns to 10 ns. The output
laser exhibited a central wavelength of 1064 & 0.3 nm and a spectral signal-to-noise ratio
greater than 40 dB. At the maximum output power of 64 W, the beam quality factors
were measured as My? = 1.27 and My2 = 1.25, while the beam ellipticity remained above
0.946 within a 1 m propagation distance, demonstrating excellent beam characteristics.
These combined attributes are crucial for ensuring processing uniformity and stability in
4H-SiC slicing applications. Furthermore, the application of this laser source is expected to
significantly enhance the efficiency of 4H-5iC wafer slicing and substantially broaden the
available process window. This advancement will facilitate more effective optimization
of processing parameters and thereby accelerate the development of laser-based 4H-5iC
slicing technology.
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