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Abstract: Initial surface-flatness-insensitive bonding of sapphire and YAG ceramics for high-
average-power laser materials was achieved via pulsed electric current bonding (PECB), a
type of thermal diffusion bonding. Nd:YAG ceramics with surface flatness of A/10, A/5, and A
(A=632.8 nm) were bonded to sapphire (flatness < A/10). All samples exhibited excellent optical
performance irrespective of initial flatness. In-line transmittance approached theoretical limits,
transmitted wavefront distortion was below 0.264A, and polarization exceeded 35 dB. Minor
unbonded regions appeared near edges for A-flat samples, but overall performance remained
unaffected. TEM analysis revealed interfacial microstructures, providing deeper insights. These
findings demonstrate that PECB enables high-quality bonding with minimal dependence on
initial flatness, making it advantageous for manufacturing large-aperture, high-average-power,
and high-pulse-energy laser materials.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The development of high-average-power lasers requires effective management of thermal effects
such as thermal lensing, thermal birefringence, and thermal stress fracture, as these issues
significantly degrade laser performance. These effects primarily arise from heat accumulation in
the laser gain medium and the resulting temperature gradients caused by cooling. Therefore, it
is essential to consider both material geometry and cooling techniques in order to effectively
mitigate these effects.

One effective approach for thermal management involves bonding the laser medium to highly
thermally conductive optical materials, such as diamond [1] or sapphire [2—-8], which serve
as heatsinks. These composite structures effectively dissipate heat along the optical path and
suppress radial temperature gradients.

Surface-activated bonding (SAB) is among the most effective methods for bonding dissimilar
optical materials, such as YAG and heatsinks. SAB can be performed at room temperature,
making it insensitive to thermal expansion mismatches between different materials and therefore
highly suitable for bonding materials with significantly different coefficients of thermal expansion.
Prior studies have reported that the damage threshold at the sapphire/YAG interface bonded by
SAB is as high as that of the bulk [9], and that the thermal resistance at the interface is negligibly
small [10]. Consequently, nanosecond pulses with joule-class pulse energies have been achieved
[11]. However, SAB requires stringent conditions, including high-quality initial surfaces (surface
flatness less than A/10) and ultrahigh vacuum (~ 107 Pa) [1,6]. These stringent requirements
could limit the scalability of laser media, particularly for larger apertures exceeding 10 cm, which
are essential for 100 J-class high-pulse-energy lasers to prevent damage issues [12—14].

Alternative bonding methods for dissimilar optical materials have also been reported, including
glass bonding [15,16] and thermal diffusion bonding [3,5]. In glass bonding, significant efforts
have been made to minimize degradation of mechanical and optical properties and reducing
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refractive index mismatch at the interface [17-19]. However, improvements in laser performance
using this method have remained limited.

With respect to thermal diffusion bonding, to the best of our knowledge, the first successful
bonding of Nd:YAG and sapphire, which have different crystal structures, was achieved using
pulsed electric current bonding (PECB), also referred to as spark plasma sintering [3]. The
resulting enhancement in laser performance has been attributed to the conductive cooling effect
of sapphire. Although thermal diffusion bonding of dissimilar materials is generally challenging,
the relatively small mismatch in thermal expansion coefficients between sapphire and YAG,
combined with the low-temperature (1100°C) and short-time (1 hour) bonding process enabled
by uniaxial pressure (64 MPa) in the PECB method, are considered key factors for successful
bonding. Compared with SAB, PECB can be performed under moderate vacuum conditions
(several Pa) and enables the simultaneous bonding of multiple layers in a single process, making it
a simpler and more practical approach. Therefore, PECB is a promising technique for fabricating
sapphire/YAG composites.

To extend the applicability of PECB to high-average-power laser materials, a detailed
understanding of the required bonding conditions is necessary. In particular, the influence of
the initial surface flatness on achieving sufficient optical performance in these composites has
not been comprehensively investigated. Clarifying these requirements is crucial for fabricating
large-diameter composite laser media for high-pulse-energy lasers. Furthermore, although the
previous study has primarily focused on optical transmittance, other critical characteristics have
not been systematically examined [3]. Specifically, evaluating transmitted wavefront distortion
and stress-induced depolarization is vital for laser applications. Additionally, high-resolution
electron microscopy analysis of the bonded interface is essential for optimizing the bonding
process.

In this study, we fabricated sapphire/Nd:YAG composite materials with varying initial
surface flatness using PECB to investigate the conditions required for successful bonding. The
optical characteristics, including transmitted spectra, transmitted wavefront, stress-induced
depolarization, and laser performance, were systematically compared. Moreover, the bonded
interface microstructure was examined using transmission electron microscopy (TEM) for both
sapphire/Nd: YAG ceramic and single-crystal composites to clarify the differences between them.

2. Experimental method

2.1. Pulsed electric current bonding (PECB) of sapphire/ Nd:YAG ceramic composite

The starting materials were commercially available a-cut sapphire (Orbe Pioneer Co. Ltd.,
Japan) and Nd:YAG ceramics (Konoshima Chemical Co. Ltd., Japan), each with dimensions of
10 mm in diameter and 2 mm in thickness. Figure 1 shows a schematic of the sapphire/Nd:YAG
composite material.

The bonded surfaces of the Nd:YAG ceramics were polished to approximately A/10 (two
pieces), M5 (three pieces), and A (two pieces), whereas the sapphire surfaces were polished
to less than /10 (seven pieces), where A = 632.8 nm. Surface flatness was evaluated based on
peak-to-valley (PV) values measured using a laser interferometer (Verifire, ZYGO, USA) and
provided by the polishing company. Detailed information on the initial surface flatness of all
samples is summarized in Table 1.

After assembling each pair of surfaces, the samples were bonded using a PECB system
(Labox-315, Sinter Land Co. Ltd., Japan). The bonding temperature and applied pressure were
1100°C and 64 MPa, respectively, as described in our previous study [3]. After bonding, all
surfaces of the composites were polished again for subsequent characterization.
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Fig. 1. Schematic of sapphire and Nd:YAG ceramic composite material.

Table 1. Initial surface flatness at the polished surfaces for the composite
sample. . =632.8 nm.

Peak-to-valley values of initial surface flatness (A)

Sample Nd:YAG ceramics sapphire

Composite-1 0.096 (~ M10) 0.033 (< M10)
Composite-2 0.096 (~ M10) 0.041 (< M10)
Composite-3 0.194 (~ M5) 0.063 (< M10)
Composite-4 0.196 (~ M5) 0.071 (< M10)
Composite-5 0.198(~ M/5) 0.041 (< M10)
Composite-6 0.973(~ \) 0.096 (< M/10)
Composite-7 0.977 (~ L) 0.036 (< M/10)

2.2. Characterization of optical properties

The transmitted wavefronts (PV values) of all polished sapphire/Nd: YAG composites were also
measured by the polishing company using the laser interferometer. Transmission spectra were
measured using a UV/VIS/NIR spectrometer (UV-3600 Plus, Shimadzu Co. Ltd., Japan).

The experimental setup for measuring the degree of polarization is shown in Fig. 2. A 632.8 nm
linearly polarized He-Ne laser was used as the probe beam. The laser beam was expanded and
collimated using two lenses, and the sample was irradiated at normal incidence. The polarizer
was adjusted so that the laser polarization aligned with the sapphire c-axis, and an analyzer was
placed behind the sample. The analyzer was rotated, and the transmitted power was measured
using a power meter (PD300-3W, Ophir Optronics Solutions Ltd., Israel).

2.3. TEM observation of bonding interface

The microstructure of the bonded interfaces was observed using high-resolution transmission
electron microscopy (TEM, JEM-2800, JEOL Ltd., Japan). Elemental mapping was performed
by energy-dispersive X-ray spectroscopy (EDS) to identify constituent elements. To further
understand the bonding mechanism, additional observations were conducted on sapphire/Nd: YAG
single-crystal composite bonded under the same conditions as the ceramic composites. The
specimens used for these observations were prepared from optically polished sapphire and
Nd:YAG materials, obtained from their respective manufacturers and used as received.
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Fig. 2. Experimental setup for degree of polarization.

3. Results and discussion

3.1. Optical characteristics

Figure 3 shows photographs of Composite-1, Composite-3, and Composite-6. For samples with
an initial surface flatness up to M5, all composites exhibited high-quality bonding; no interface
fringes or cloudiness were observed. By contrast, the sides of Composite-6 (and Composite-7;
A-flatness samples) appeared to be poorly bonded, as indicated by the red arrow, which is likely
due to the lower initial surface flatness of the Nd:YAG ceramics. However, within an aperture
size of approximately 8 mm in Composite-6, bonding quality was sufficient, and the optical
properties were comparable to those of the other composites.
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Composite  Composite Composite
Composite-1 (A/10) Composite-3 (A/5)  Composite-6 (1)
Fig. 3. photographs of each bonded composite.

Figure 4 shows the transmission spectra for all composites. For improved readability, Fig. 4(a)
and 4(b) present enlarged views around the excitation wavelength (808 nm) and lasing wavelength
(1064 nm), respectively. At the excitation wavelength, no significant differences were observed
among the composites. At the lasing wavelength, all composites except Composite-5 exhibited
nearly identical transmittance values, ranging from 84.4% to 84.6%. These values were almost
equal to the theoretical transmittance of the sapphire/YAG composite (84.7%), regardless of the
initial surface flatness.

Table 2 summarizes the transmittance at 1064 nm and the transmitted wavefront (PV value)
for all composites. The PV values ranged from 0.128A to 0.264), and, similar to transmittance,
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Fig. 4. Transmission spectra of all composites around the (a) excitation wavelength (808 nm)
and (b) lasing wavelength (1064 nm).

showed no correlation with initial surface flatness. Typically, a transmitted wavefront of
approximately A/5 (i.e., 0.2)) was obtained, indicating that the quality is sufficient for use as a
laser material.

Table 2. Transmittance at 1064 nm and transmitted wavefront (PV value) for each
composite. L. =632.8 nm.

Sample Transmittance at 1064 nm (%) Transmitted wavefront (\)
Composite-1 (A/10) 84.6 0.128
Composite-2 (A/10) 84.5 0.259
Composite-3 (\/5) 84.5 0.171
Composite-4 (\/5) 84.6 0.264
Composite-5 (\/5) 84.1 0.178
Composite-6 (L) 84.4 0.213
Composite-7 (L) 84.4 0.220

Figure 5 shows the transmitted power and extinction ratio of the composites. The degrees
of polarization for the He-Ne laser (without composite), Composite-1, Composite-3, and
Composite-6 were 41.9 dB, 34.3dB, 32.0dB, and 35.0 dB, respectively. These results indicate
that depolarization in the composites was negligible, implying minimal residual stress inside the
composites. Therefore, appropriate bonding can be achieved even when the initial surface flatness
of the YAG ceramics is around A, which is highly advantageous for large-aperture applications.

3.2. Laser characteristics

To compare the laser performance of composites with different initial surface flatness, we
conducted laser oscillation tests. Figure 6 shows the experimental setup for the lasing test. The
cavity length was approximately 25 mm, comprising a flat dichroic mirror and a concave laser
output coupler (R =50 mm). The reflectivity of the output coupler was 95%. A continuous-wave
(CW) 60 W fiber-coupled laser diode (LD) with a core diameter of 105 um was used as the
pump source. The LD output was focused onto the Nd: YAG ceramics with a spot diameter of
approximately 105 um, and the laser output power was measured using a power meter (304,
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Fig. 5. Degree of polarization of the probe beam (w/o composite) and for each bonded
composite.

Ophir Optronics Solutions Ltd., Israel). For this measurement, composite samples 1, 3, and
6 (listed in Table 1) were tested. For comparison, a single-piece Nd:YAG ceramic was also
measured. The cavity configuration, including the LD focusing point, was kept fixed and only
the sample was replaced to ensure a fair comparison. Consequently, the sample position was
approximately fixed within the laser cavity.

Dichroic Output coupler
Mirror (R =50 mm)

Laser Diode

Sapphire/Nd:YAG

Fig. 6. Experimental setup for laser oscillation.

Figure 7 shows the laser output characteristics of the composite materials. As the excitation
power increases up to 10 W, the output power of all samples initially increases. Beyond this
point, the output power of the unbonded Nd:YAG ceramics (without sapphire) decreases more
rapidly than that of the bonded composites, most likely owing to thermal effects. In the bonded
samples, the decrease occurs at higher excitation powers, resulting in an output improvement of
approximately 13% compared to the unbonded ceramics at high power. This enhancement can
be attributed to the conductive cooling effect provided by sapphire, as reported in our previous
study [3].

Furthermore, no significant differences were observed in the laser outputs among the composite
materials. The slope efficiency was evaluated using data points for excitation powers up to 12 W,
as shown in Fig. 7. Both the lasing threshold and slope efficiency were nearly identical for all
samples, indicating that total cavity losses, including those from the laser medium, were similar.



Research Article Vol. 15, No.

. 10/1 Oct 2025/ Optical Materials Express 2639

I e

Qutput Power (W}
(%)
I

f"d O Nd:YAG ceramic
B A},..13 A Composite 1 (#/10)
| ,-d O Composite 3 (A/5)
4 © Composite 6 (3.)
O -”p: 1 | 1 | 1 | 1
0 10 20

Pump Power (W)

Fig. 7. Laser output power as a function of pump power for single Nd:YAG ceramics and
bonded composites.

Therefore, the optical loss at the bonded interfaces can be considered negligibly small, which is
consistent with the transmittance results shown in Fig. 4.

In the experiments, the decrease in laser output under high pump power, which is attributed to
thermal effects, occurred at nearly the same pump power for all bonded composites, regardless of
the initial surface flatness. This suggests that thermal management is not significantly influenced
by surface flatness within the range investigated. Although additional characterization (for
example, far-field beam profiles and detailed wavefront measurements) would be required for
further clarification, which will be addressed in the future studies, the results obtained in this
study indicate that pulsed electric current bonding of sapphire/Nd:YAG ceramics is insensitive to
initial flatness with respect to laser output characteristics.

3.3. TEM observations

Figure 8 shows TEM images of the sapphire/Nd: YAG ceramic composites interfaces. For com-
parison, similar observations were conducted on the sapphire/Nd: YAG single-crystal composite.
As shown in Fig. 8(a), in the case of Nd:YAG ceramics, an interlayer approximately 20 nm thick
was clearly observed at the interface. This interlayer was not detected in our previous study using
FE-SEM due to its limited resolution [3]. TEM analysis revealed that the interlayer was crystalline.
By contrast, as shown in Fig. 8(b), no such interlayer was observed at the single-crystal composite
interface, indicating that interlayer formation is characteristic of bonding with ceramics.

Figure 9 presents the elemental mapping results of the sapphire/Nd: YAG ceramic interface
obtained by EDS. The interlayer consists of Y, Si, O, and Nd, with almost no Al detected. The Si
is likely derived from sintering additives in the YAG ceramics. Previous studies have shown
that Si can diffuse during heat treatment via grain boundary diffusion [20-22], leading to its
accumulation at the sapphire interface, where it may form a Y—Si complex oxide, such as yttrium
silicate.

Although the interlayer at the sapphire/Nd:YAG ceramic interface could potentially act as a
light-scattering source, its small thickness (approximately 20 nm) did not cause significant optical
loss. Furthermore, high-quality bonding was also achieved at the sapphire/Nd: YAG single-crystal
interfaces, suggesting that successful direct bonding of dissimilar materials does not depend on
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Fig. 9. EDS elemental mapping of sapphire/Nd:YAG ceramics composite interface.

interlayer formation. This finding provides valuable insights for bonding not only different types
of substrates but also similar ceramic materials using thermal diffusion bonding by PECB.

4. Conclusion

In this study, we investigated flatness-insensitive pulsed electric current bonding (PECB) of
sapphire and Nd:YAG ceramics for high-average-power laser applications. Nd:YAG ceramics
with varying initial surface flatness levels (\/10, A/S, and A) were bonded to sapphire, and no
significant differences were observed in in-line transmittance, transmitted wavefront, degree of
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polarization, or laser performance over most of the bonded area. These results demonstrate that
high-quality bonding can be achieved even when the initial surface flatness is approximately
A, highlighting the feasibility of using PECB for large-aperture optical elements—a significant
advantage over conventional bonding methods.

Notably, the present experiments were conducted using relatively small-diameter samples
(10 mm). Further studies with large-diameter samples are necessary to confirm these findings.
Additionally, TEM observations revealed the accumulation of silicon from the sintering additives
and the formation of an interlayer approximately 20 nm thick, which was not observed in samples
bonded to Nd:YAG single crystal.

Future work will focus on bonding with c-cut sapphire (which exhibits no polarization
dependence), developing sandwich structures, and scaling up to large-aperture samples. These
investigations are expected to enhance understanding and promote the practical application of
flatness-insensitive PECB in high-average-power laser development.
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