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Aluminum nitride (AlN) is one of the highly anticipated materials for deep-ultraviolet (UV) op-
toelectronic devices due to its wide-bandgap and high thermal conductivity. Growing a thick single-
crystal AlN layer by Hydride Vapor Phase Epitaxy (HVPE) method on another AlN substrate gener-
ated by Physical Vapor Transport (PVT) method is an effective method to obtain pure single crystal 
AlN. However, the waste of PVT-AlN is a serious obstruct for industrialization. In this study, the laser 
slicing of HVPE-AlN and PVT-AlN by femtosecond laser pulses was performed. The surface rough-
ness of the separated HVPE-AlN was smaller than 120μm, while the separated PVT-AlN substrate 
was successfully used to grown a new single crystal AlN by HVPE after polishing. Femtosecond laser 
double spots scanning by using a SLM was also investigated to improve the efficiency. 
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1. Introduction
Aluminum nitride (AlN) is a direct band gap semicon-

ductor with a wide-bandgap (~6.0eV) and a high thermal 
conductivity (~268 to 374 W/m∙K) [1,2]. Thanks to these 
properties, AlN, especially the single-crystal AlN with low 
dislocation density, is one of the highly anticipated materials 
for deep-ultraviolet (UV) optoelectronic devices which have 
great potential for the application in sterilization and virus 
inactivation [3-8]. 

  Due to the high melting point (~2200℃) of AlN, it is 
hard to grow bulk AlN crystal from melt. The main growth 
methods of bulk AlN crystal include physical vapor 
transport (PVT) method and hydride vapor phase epitaxy 
(HVPE) method. A recent study has combined these two 
methods, growing a thick single-crystal AlN layer by HVPE 
method on another PVT-AlN substrate, to achieve higher pu-
rity and higher deep-UV optical transparency [9]. The 
HVPE-AlN was water-clear and free of stress and cracks, 
while the PVT-AlN substrate was amber in color with the 
presence of Al vacancies, substitutional impurities, and their 
complexes. In the previous study [9], the PVT-AlN substrate 
was removed by polishing, resulting in the waste of the sub-
strates. To efficiently obtain the HVPE-AlN and reuse the 
PVT-AlN substrate, femtosecond laser slicing is one of the 
effective methods due to the extremely high-power density 
and high spatial resolution [10]. 

In this study, the laser slicing of HVPE-AlN and PVT-
AlN by femtosecond laser pulses is performed. In particular, 
the interaction between femtosecond laser and materials at 
the interface of two layers of AlN is revealed and the laser 
slicing by multiple spots is investigated. We also 

demonstrate that the PVT-AlN substrate after separation is 
able to be reused to grow a new HVPE-AlN. 

2. Experiments
In the experiments, we used the samples made from To-

kuyama Corporation with a thickness of 1 mm (400 μm 
PVT-AlN and 600 μm HVPE-AlN). The samples were cut 
into 5×5 mm and 2×5 mm. The schematic of the experiments 
is shown in Fig. 1(a). The femtosecond laser we used was 
Ti:sapphire laser centered at 800 nm. The pulse duration and 
the repetition rate were 120 fs and 1 kHz, respectively. The 
laser pulses were focused at the interface of the sample from 
HVPE side to PVT side by a 50 × objective (Nikon, NA=0.8). 
A spatial light modulator (LCOS-SLM, X10468-02, Hama-
matsu Photonics K.K.) was used to compensate the spherical 
aberration. After the laser pulses were scanned through the 
whole interface of the sample, the sample was completely 
separated into two pieces by a Universal Testing System 
(Model 1122, Instron), which was shown in Fig. 1(b). A 
blade was put perpendicular to the sample to support the sep-
aration process. The surface roughness of the separated sam-
ples was measured by a surface profiler (Dektak150 
BRUKER). 

Fig. 1 (a) The schematic of the femtosecond laser scan-
ning. (b) The equipment and schematic of the separation 
after scanning. 
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3. Results and discussions 
3.1 Laser damage threshold 

It is known that the cross-section of multiphoton ioniza-
tion in dielectric material was associated with the polariza-
tion state when irradiated by femtosecond laser, resulting in 
the polarization sensitive femtosecond laser damage thresh-
old [11]. Here we measured the femtosecond laser damage 
threshold at different depth with circular polarized (CP) 
pulses and linear polarized (LP) pulses. It was difficult to 
measure the focus spot size in the interface of the sample, so 
we used the single pulse energy on the sample surface here 
to compare the behaviors of LP pulses and CP pulses. As 
shown in Fig. 2, under our experiment condition, due to the 
spherical aberration and nonlinear processing, the threshold 
was raised with the increase of focusing depth expect for the 
interface. The lowest threshold was at the interface. This is 
primarily because of the unstable structure around the inter-
face which induced by the lattice mismatch of HVPE-AlN 
and PVT-AlN. In addition, the threshold of LP pulses was 
always lower than that of CP pulses. The behavior can be 
explained by the linear-polarization dominance of multipho-
ton ionization cross section when N is large, where N is the 
order of the multiphoton ionization [12]. The lowest femto-
second laser damage threshold was found at the interface, 
which was about 580 nJ for CP pulses and 315 nJ for LP 
pulses. According to our results, the LP pulses was chosen 
to be focused at the interface of the sample for the reduction 
of material cost. 

 
Fig. 2 The dependence of the laser damage threshold on 
depth for CP and LP pulses. The surfaces of HVPE-AlN 
and PVT-AlN were at 0 and 1000 μm respectively. The in-
terface was at around 600 μm. The solid and dashed lines 
represented the laser irradiated direction from HVPE-AlN 
to PVT-AlN and from PVT-AlN to HVPE-AlN. 

3.2 Parameters affecting femtosecond laser slicing 
To optimize the laser slicing condition, several experi-

mental parameters were investigated, including pulse energy, 
scanning speed, and laser polarization.  

  Pulse energy is always an important factor in femtosec-
ond laser-matter interaction because it determines the re-
gime of laser modification [13]. For the purpose of slicing, 
the regime of modification should be voids and cracks, 
which are resulting from the plasma explosion caused by 
high intensity [14]. Figure 3(a) shows the scanning lines in-
duced by femtosecond laser pulses with different pulse en-
ergy at the scanning speed of 100 μm/s. When the pulse 

energy was too low, the regime of laser modification 
dropped into anisotropic nanostructure with birefringence 
[15] which could not provide enough damage for separation. 
However, when the pulse energy was too high, the cracks 
were generated randomly and it was hard to maintain the 
evenness of the scanning lines. For the slicing of our samples, 
the proper pulse energy of femtosecond laser was 10 μJ. 

  Another important parameter is the scanning speed. 
When the repetition rate of femtosecond laser is fixed, the 
scanning speed determines the pulse density, which indicates 
the energy accumulation in unit length. Figure 3(b) shows 
the scanning lines induced by femtosecond laser pulses with 
different scanning speeds under the pulse energy of 10 μJ. 
The slower scanning speed caused more energy accumula-
tion, resulting in stronger damage randomly and it was hard 
to keep the scanning process under such random damage. In 
stark contrast, when the scanning speed was very fast, about 
2000 μm/s equivalent to 0.5 pulses/μm, the voids and cracks 
could not be generated. According to our results, the scan-
ning speed at 1000 μm/s was suitable for femtosecond laser 
slicing in our samples. 

 

 
Fig. 3 The side view of the scanning lines induced by 
femtosecond laser pulses with (a) different pulse energy at 
the scanning speed of 100 μm/s and (b) different scanning 
speed under the pulse energy of 10 μJ. 

3.3 Separation after laser scanning 
The laser pulses of 10 μJ were scanned with a pitch of 

50 μm over the entire interface of the samples at the scanning 
speed of 1000 μm/s. The EDS mappings of N and Al on the 
middle of scanning line after polishing until the laser dam-
age region were measured as shown in Fig. 4(a) and (b). The 
N element in the laser irradiated area decreased significantly, 
in contrast to the increase of Al element in the area. Fig. 4(c) 
and (d) showed the SEM images of the unirradiated area and 
the irradiated area in Fig. 4(a) respectively. The fine uneven 
structures in Fig. 4(d) were caused by the explosion of N2 
during AlN was decomposed to Al (s) and N2 (g) under the 
irradiation of femtosecond laser. 

After laser scanning, the sample was put on the Univer-
sal Testing System and a gradually increasing force was ap-
plied on the sample until it split into two pieces. The neces-
sary force to separate the sample was 530 N as shown in Fig 
5(a) and the separated samples were showed in Fig. 5(b), 
HVPE-AlN on the left and PVT-AlN on the right. Fig. 5(c) 
showed that the average maximum height Rz, the sum of the 
maximum peak height and the maximum pit height, of three 
chosen lines on the separated HVPE-AlN was less than 120 
μm, which was much smaller than other conventional 
method. In addition, the separated PVT-AlN was polished 
and used to grow a new single crystal AlN by HVPE. The X-
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ray topography (XRT) observation of the new HVPE-AlN 
was shown in Fig. 5(d). The contract in the image was due 
to the dislocations in the sample, which primarily existed at 
the interface of PVT-AlN and HVPE-AlN. In addition, com-
pared to the previous studies [16], no apparent defect could 
be found in the image, which provided the evidence of the 
successful growth of highly pure crystal. 

Fig. 4 The EDS mappings of N (a) and Al (b) in the laser 
irradiated area. The SEM image of (c) the orange rectangle 
area and (d) the red rectangle area in (a). 

Fig. 5 (a) The force applied on the sample. (b) The com-
pletely separated sample, the left one was HVPE-AlN and 
the right one was PVT-AlN. (c) The surface roughness of 
HVPE-AlN after separation. (d) The XRT image of the 
new AlN crystal grown on the separated PVT-AlN after 
polishing by HVPE. 

3.4 Double spots femtosecond laser slicing 
To improve the efficiency of femtosecond laser slicing, 

we used a LCOS-SLM to split the laser focus into double 
spots. Previous studies have shown that the cracks generated 
by femtosecond laser multiple spots were obviously differ-
ent from that generated by a single spot in some transparent 
materials and simultaneous irradiation had different effect 
on the crack generation from that of sequential irradiation 
[17]. In the case of our sample, the cracks generated by 
femtosecond laser double spots were showed in Fig. 6(a), in 

which the distance between the double spots was 30 μm. 
When single crystal AlN was irradiated by a femtosecond 
laser from the c plane [0001], the cracks extended in the m 
plane [11�00] and a plane [11�20]. However, the propagation 
velocities of the elastic wave of both directions calculated 
based on the material parameters [18] were the same, that 
meant the cracks generation should be the same in the two 
directions. Therefore, the most possible reason for the dif-
ferent lengths of crack A and crack B in Fig. 6(a) was the 
effect between the two close spots. Fig. 6(b) showed the 
crack generation of simultaneous irradiation and sequential 
irradiation when the distance between the double spots was 
changed. Crack A was elongated obviously when the dis-
tance between the double spots was close to 30 μm under 
simultaneous irradiation while it was rarely changed under 
sequential irradiation. These results substantiated our hy-
pothesis. 

Fig. 6 The cracks generated by femtosecond laser double 
spots. (b) The lengths of the two kind of cracks as a func-
tion of the distance between the double spots by simultane-
ous irradiation and sequential irradiation. (c) The forces ap-
plied on the sample after double spots femtosecond laser 
slicing of simultaneous irradiation and sequential irradia-
tion. 
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Based on the experimental results, we sliced the samples 
by femtosecond laser double spots and after scanned through 
the whole interface, the samples were separated by the same 
Universal Testing System. The forces applied on the samples 
were shown in Fig. 6(c), the necessary force for simultane-
ous irradiation was 627 N and that for sequential irradiation 
was 794 N. Since simultaneous irradiation had a greater ef-
fect on crack elongation than sequential irradiation did, the 
interface of the sample exposed to simultaneous irradiation 
exhibited more cracks under the same laser pulse condition 
and required less force to be separated. 

4. Conclusion
We have demonstrated that the single crystal AlN layer

grown by Hydride Vapor Phase Epitaxy could be success-
fully sliced off from the AlN substrate generated by Physical 
Vapor Transport by focusing a femtosecond laser at the in-
terface. The kerf-loss for the femtosecond laser slicing was 
much smaller than conventional slicing method. The sepa-
rated PVT-AlN substrate could also be reused to grow a new 
highly pure single crystal AlN with few defects by HVPE 
after polishing. The multiple spots femtosecond laser slicing 
was also investigated to improve the efficiency. 
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