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Periodic nanostructures inside an indirect band-gap semiconductor crystal have been induced by 
a focused beam of a femtosecond double-pulse. Such self-organized nanostructures in silicon are 
composed of strained silicon, which exhibit a high electric conductivity. On the other hand, the 
nanostructures have not been empirically formed in a direct band-gap semiconductor. We classify 
the observed phenomenon into two types based on the bandgap structure and propose the mecha-
nism for nanostructuring. Since the scattering of phonons by the nanostructure in semiconductor 
leads to a low thermal conductivity, we have also proposed the possible application to the thermoe-
lectric conversion devices. 
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1. Introduction 
It is well known that there are three ways to classify the 

semiconductor materials. The typical way is due to the ma-
terial. The representative single-element semiconductors 
are silicon (Si), germanium (Ge) and diamond (C). On the 
other hand, the gallium arsenide (GaAs) and gallium nitride 
(GaN) is known as a typical compound semiconductor. 
Furthermore, based on the electrical classification, semi-
conductors are mainly classified into two categories of the 
intrinsic and the extrinsic. Another is an optical (or energy) 
classification. According to the energy band diagram, the 
semiconductors can be classified into the two types of the 
direct and the indirect band gap. It's also well known that 
the direct band gap semiconductors are exclusively used for 
optoelectronic devices such as laser diodes. Although mi-
cro- and nano-fabrication of wide bandgap semiconductor 
[1] including laser lift-off delamination technique [2] has 
been investigated by many researchers, few researches of 
the laser-direct-writing inside the semiconductor were re-
ported [3]. Besides, the interaction between a semiconduc-
tor and ultrashort laser pulse is intensively studied in the 
various fields ranging from coherent phonon excitation [4], 
cavity-exciton polariton [5], to semiconductor-to-metal 
transition [6]. Especially nano- and micro-modified silicon 
surface can be successfully formed by irradiation with the 
ultrashort laser pulses [7]. Since the discovery of the laser-
induced periodic surface structure (LIPSS) by Birnbaum 
nearly a half-century ago [8], many interesting researches 
have been carried out from the experimental [9] and theo-
retical [10] perspectives. Even now the formation mecha-
nisms of LIPPS are under debate [11].  

Furthermore, a decade ago, a new type of self-organized 
periodic nanostructure was observed inside transparent 
isotropic material such as SiO2 glass after an ultrafast laser 
pulse irradiation [12]. Under certain conditions, highly or-

dered subwavelength structures with features smaller than 
20 nm, showing optical anisotropy, could be aligned per-
pendicularly to the laser polarization [13]. As opposed to 
LIPPS on the various materials (metal, semiconductor, die-
lectrics), nanogratings inside of the material were found 
only for handful materials [14, 15]. The formation mecha-
nism of nanogratings is also still a mystery [12, 16]. More 
recently, we have also presented that the polarization-
dependent periodic nanostructures were induced inside 
single-crystalline silicon (c-Si) by the infrared femtosecond 
double-pulses irradiation [17].   

Here we report on the empirical classification of the 
nanostructuring inside various semiconductor materials of 
GaN, GaAs and Si induced by the irradiation of IR femto-
second laser pulses, based on the energy band diagram. 
GaN of a wide bandgap semiconductor is one of key mate-
rial for blue LED and power devices. Furthermore, GaN is 
expected as a material with various optical response at-
tributed to its stable exciton (~ 28 meV). In the case of 
GaN, polarization-dependent periodic nanostructures have 
not been observed in our experiments so far. This result 
was similar to the case of gallium arsenide (GaAs) and zinc 
oxide (ZnO). On the other hand, we also present that the 
polarization-dependent periodic nanostructures were in-
duced inside single-crystalline silicon (c-Si) by the infrared 
femtosecond double-pulses irradiation [17]. Such 
nanostructures consist of the strained silicon regions with a 
width of about 100 nm and align parallel to the laser polar-
ization with a period of 200 nm. The formation mecha-
nisms would be interpreted in terms of the electrostrictive 
force through the interaction between electron-hole plasma 
and phonon. We have also confirmed that such nanostruc-
tures were also formed inside gallium phosphide (GaP) by 
the femtosecond laser irradiation. These results experimen-
tally indicate that the self-organization inside materials 
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triggered by ultrashort pulses irradiation is possibly associ-
ated with a direct or an indirect band gap. 
2. Femtosecond direct writing in GaN  

In the experiments we used a commercially available 
freestanding GaN substrate. In the experiments, a mode-
locked, regeneratively amplified Ti: Al2O3 laser system 
(Coherent; Legend), operating at 800 nm with 100 fs pulse 
duration and 1 kHz repetition rate was used. The laser 
beam was focused via a microscope objective (Nikon; LU 
Plan Fluor, 100× 0.90 N.A.) at a depth of about 300 µm 
below the GaN crystal sample surface. To reveal the effect 
on the photoinduced structure derived from the hexagonal 
wurtzite type crystal structure (Fig. 1), the spatial configu-
ration between laser propagation and polarization was set 
according to its crystal structure. The pulse energy was 
controlled by a variable neutral density filter (1 ~ 350 µJ). 
The linear polarization orientation of laser beam was rotat-
ed by a half-wave plate. The typical irradiation time was 
0.5 s (500 pulses). Photoluminescence spectra excited by 
femtosecond light pulses under liquid helium temperature 
of about 10 K were also taken by an optical multichannel 
analyzer (Hamamatsu Photonics; PMA-11). During this 
measurement, the sample was put in micro-cryostat (Ox-
ford Instruments; Microstat HiResII). After polishing the 
sample surface to the depth of the beam waist location, the 
surface was analyzed by a scanning electron microscope 
(JEOL; JSM-6705F). 

 
Fig. 1 (a) Crystal structure of GaN. (b) Typical crystal planes of c-
, m-, a- and r-plane. 
 

 
Fig. 2 Optical micrographs of the photoinduced structures inside 
GaN crystal by fs-laser irradiation in the direction (a) perpendicu-

lar and (b) parallel to c-plane. Images in upper and lower rows 
were observed from c- and m-plane, respectively. kw indicates the 
direction of laser propagation. Scale bars indicate 100 µm. 

Fig. 2 shows typical optical micrographs of the pho-
toinduced structures inside GaN crystal by laser irradiation 
in the direction perpendicular and parallel to c-plane. The 
induced structures were observed from two different view 
point normal to c- and m-plane. These results apparently 
show that the black ring-shaped structures, which look like 
a crack viewing from the normal direction to c-plane, have 
been induced in the m- or a-plane. These structural changes 
in the normal direction to the c-plane can be also interpret-
ed in terms of the elastic constants of wurtzite structure 
[18]. It was noted that such structure became large accord-
ing to the number of laser shots. In order to reveal such 
structural changes, we performed the cross-sectional obser-
vation by using electron probe micro-analyzer (EPMA). 
Metallic gallium was detected in the black ring-shaped re-
gion (not shown here).  

 
Fig. 3 Secondary electron image on the polished GaN surface in 
the center of the modified region. The laser irradiation direction is 
normal to the c-plane. Angle lines of 60° are guides to the eye. 

 
In addition, we have also carried out the SEM observa-

tion of the modified region inside GaN after the femtosec-
ond laser irradiation (Fig. 3). No apparent polarization-
dependent periodic nanostructures were observed at the 
center of the modified region. Note that the nanovoids were 
distributed in the triangular shape corresponding to the 
crystal structure (hexagonal wurtzite type) without depend-
ing on the laser polarization. The ring-shaped segregation 
of metallic gallium and the formation of nanovoids in the 
center of modified region were derived from the decompo-
sition into Ga metal and N2 gas [19]. The chemical reaction 
taking place at the modified region can be expressed by: 
2GaN(s) → 2Ga(l) + N2(g)            (1) 

We have confirmed that the laser damage probability 
also depends on the arrangement between the laser polari-
zation and the crystal axis (Fig. 4). The difference in the 
laser damage probability between the laser polarization 
direction perpendicular to and parallel to c-axis was about 
40 times or more. It should be noted that when the laser 
polarization direction is parallel to c-axis, the sample sur-
face was also damaged by the laser pulses with energy of 
280 µJ or more. To reveal the origin of the difference in 
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this damage threshold, we observed photoluminescence 
(PL) during the laser irradiation at low temperature (~10 
K). 

 

 
Fig. 4 Laser damage probability as a function of femtosecond-
laser energy with the polarization direction parallel (E//c) or per-
pendicular (E⊥c) to c-axis. The laser pulses were irradiated from 
the direction normal to m-plane. 
 

 
Fig. 5 (a) Photoluminescence spectra during the irradiation of the 
femtosecond light pulses with different polarization directions at 
10 K. (b) Intensity profiles of the photoluminescence from 3.2 to 
3.4 eV as a function of the angle between c-axis and polarization 
direction. The angle of q was changed by rotating the direction of 
waveplate or sample. Inset shows a schematic of the polarization 
and the propagation direction with respect to c-axis. 
 

Fig. 5 shows PL spectra during the irradiation of the 
femtosecond light pulses with different polarization direc-
tions. Polarization-dependent PL intensity profiles as a 
function of the angle between c-axis and polarization direc-
tion were also shown. In view of the polarization-
dependence of the measurement system, two different ex-
periments of rotating sample or waveplate were carried out. 
In two distinct experiments, the PL intensity oscillated si-
nusoidally according to the angle between c-axis and the 
polarization direction. If the laser polarization direction is 
perpendicular to the c-axis, PL intensity reached maximum, 
resulting in the reduction of damage threshold. It is known 
that the valence band in wurtzite GaN is split into three 
subbands, A, B, and C, due to the crystal-field splitting and 
spin-orbit coupling [20]. The electronic transition relating 

free excitons involving a hole from such subbands depends 
on the light polarization [21]. Furthermore, we assumed the 
following mechanism. When the excitation light intensity is 
increased until the distance between the excitons reaches 
Bohr radius of an exciton, an exciton dissociates into an 
electron and a hole, and then an electron-hole plasma is 
formed. Finally the irradiated region are ionized via inverse 
Bremsstrahlung. As the result, the chemical reaction of (1) 
can occur at the photoexcited region. 

 
3. Femtosecond direct writing of nanostructure in Si 

In the experiments we used commercially available un-
doped (100) silicon and gallium arsenide wafers. In order 
to overcome the bandgap limit, the experiments were per-
formed using a mode-locked Cr: Forsterite femtosecond 
laser system equipped with a regenerative amplifier (Aves-
ta; FREGAT-200), operating at 1.24 µm with 110 fs pulse 
duration and 1 kHz repetition rate. To compensate a spheri-
cal aberration, the laser beam was focused inside silicon 
wafer through the objective lens with a correction collar 
(Olympus; LCPLN-IR, 100×, numerical aperture of 0.85). 
The induced structures inside silicon wafer were inspected 
by an optical microscope with infrared lamp (BHK; 
MAXIR) and InGaAs camera (Hamamatsu Photonics; 
C10633-13). After polishing the sample surface to the 
depth of the focal spot location, the polished sample 
surface was analyzed by a scanning electron microscope 
(JEOL; JSM-6705F).  

At first we have confirmed that it is impossible to in-
duce any structural changes inside c-Si by the femtosecond 
single-pulse-train even if the pulse energy is 600 µJ [22]. 
To promote the interaction between the excited electrons 
and the photon [23], we employed the femtosecond double-
pulse configuration. The femtosecond double-pulses with 
the equally-divided pulse energy were employed in the 
experiments. The total pulse energy of the equally divided 
double-pulse with a delay time of 1 ps was typically set to 
48 µJ (i.e., each pulse energy was 24 ± 0.5µJ). Here two 
thresholds for the internal structural change (Ein) and the 
surface ablation (Esurf) should be considered. Furthermore, 
since the refractive index of c-Si is as high as 3.5 at 1.24 
µm, the spherical aberration, leading to the decrease of 
laser energy density at the focus, should be also compen-
sated in the case of the internal threshold. 

 
Fig. 6 Comparison of laser fluence thresholds for the internal 
structural change (Fin) and the surface ablation (Fsurf) as a function 
of the depth of focus from the sample surface (d). 
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Fig. 6 shows the fluence thresholds for the internal and 

the surface modification determined from the experiments 
as a function of the focus position from the sample surface 
(d). The laser fluence values at the focus and the surface 
were estimated by the following equations. 
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where Ep is the laser pulse energy, TOL (= 0.72) is the 
transmittance of objective, R is the reflectance of material 
at the laser wavelength, w0 is the laser beam waist at the 
focus, r is the beam radius at the surface, and NA is the 
numerical aperture of objective. On the first inspection of 
the comparison by laser energy [17], the structural modifi-
cation inside c-Si could be only observed in narrow laser 
energy window. By comparison of laser fluence thresholds 
for the internal structural change and the surface ablation, 
larger fluence value is required to structural modification in 
c-Si.  

 
Fig. 7 Backscattering electron images (BEIs) on the polished 
sample surface to the depth of focal position of the femtosecond 
double-pulses with the vertical polarization directions (a), the 
orthogonal polarization directions (b) and the circular polarization 
directions (c). E1 and E2 indicate the polarization directions of the 
first and the second arriving pulse. The nanostructures induced by 
the vertically polarized femtosecond double-pulses with the delay 
time (τ) of 10 ps (d), 100 ps (e) and 1000 ps (f) were also shown. 
(g) Period and width of the photoinduced nanostructures in c-Si as 
a function of the delay time. 
 

Fig. 7 (a) ~ (c) show the backscattering electron images 
(BEIs) on the sample surface after polishing to the depth of 
focal position of the femtosecond double-pulses with the 

different polarization directions. Previously we have re-
ported that the structural change of the modified region in 
silicon is analogous to the nanograting structure constituted 
by oxygen deficiencies in SiO2 glass [17]. In the case of 
SiO2 glass, the nanograting orientation is only defined by 
the last pulse train [13]. Erasure of the nanostructure re-
quires sufficiently high temperatures as the induced oxygen 
defects are maintained up to the glass transition tempera-
ture (~ 1200 °C). On the other hand, in the case of c-Si, the 
nanograting structures were aligned parallel to the polariza-
tion direction of the first arriving pulses [Fig. 7 (a), (b)]. 
More interestingly, in the case of the circular polarized 
double-pulses, the photoinduced nanostructure was dough-
nut shaped consisting of the dotted dark regions [Fig. 7 
(c)]. It should be noted that both polarization-dependent 
periodic nanostructures inside c-Si and SiO2 glass are re-
writable. In the case of c-Si, the stripe-like darker regions 
with a period of ~200 nm in the backscattering electron 
images (BEIs), were also observed [17]. We have con-
firmed that such nanostructures in c-Si were maintained 
after annealing at 1200 °C for 1 hr. Based on the fact that 
the c-Si is composed of the single composition, the tensile 
stress may be considered to be applied in such darker re-
gions with a width of ~ 100 nm in the BEIs corresponding 
to the lower-density material. In contrast, the brighter re-
gions show the compressive stress. Ma et al. calculated the 
conduction band structure of Si under uniaxial [100] stress 
[24]. The results show that the electron mobility along the 
stress axis increases with tensile stress and decreases with 
compressive stress, while the opposite relation was ob-
tained along the transverse directions to the stress axis. 
Furthermore, Li et al. have reported the strain effects on the 
thermal conductivity of silicon [25]. The results show that 
the thermal conductivity decreases continuously from com-
pressive strain to tensile strain. According to these results, 
the darker regions in the BEIs can be assumed to indicate 
higher electrical and lower thermal conductivities. Indeed, 
such properties derived from the strained silicon was ob-
served in the polarization-dependent nanostructure [17]. It 
should be noted that the periodic nanostructures inside c-Si 
were formed around the focal spot location, independent of 
the polarization directions. This is presumably because the 
electron plasma density generated by the first pulse in the 
central region is high enough to reflect the second pulse. 
Indeed, since the avalanche ionization is dominant process 
in the case of semiconductor [26], we assumed that the 
electron density excited in c-Si is greater by several orders 
of magnitude than that of SiO2 glass after several picosec-
ond time delay. Since it is known that the plasma density is 
strongly inhomogeneous both in the propagation direction 
and the radial direction [27], further investigation including 
delocalization of femtosecond radiation [28] should be 
conducted. We have also confirmed that the period of the 
induced nanostructure is increasing with increase of the 
delay time between the femtosecond double-pulses [Fig. 7 
(d) ~ (f)]. Although the period of the nanostructure ranging 
from 200nm to 300nm could be obtained by changing the 
delay time, the width was not substantially changed at 
about 100 nm [Fig. 7 (g)]. This is probably interpreted by 
the decrease of the plasma density of which interact with 
the second arriving pulse [12]. 
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Although we have also carried out the same experi-
ments for GaAs, no apparent periodic nanostructures were 
observed [17]. Furthermore, the polarization-dependent 
nanostructures could not be also observed in the case of 
GaN (Fig. 3). Another group has also observed that the 
formation of periodic strained layers associated with 
nanovoids inside a SiC single crystal [29]. Since a SiC is an 
indirect band gap semiconductor, their results are 
consistent with our interpretation that the nanostructures 
can be formed inside a material only if it is an indirect 
bandgap semiconductor. These phenomena could be inter-
preted in terms of the difference in the electron transition 
between indirect and direct bandgap semiconductor [17]. 
The longer relaxation time of the excited carrier in c-Si 
promotes the interaction with the time-delayed second 
pulse, because the radiative recombination in indirect 
bandgap semiconductor requires a certain correlation of the 
positions of not only electrons and holes but also phonons. 
On the other hand, in the case of direct band gap semicon-
ductor, the carrier (lifetime is sub-picosecond at room tem-
perature) is relaxed before the arrival of time-delayed sec-
ond pulse. As a result no apparent structural change could 
be observed. Although the high plasma density (~ 1021 cm-3 
at 800 nm for SiO2) can be generated during the beginning 
of the pulse, its lifetime is very short (~150 fs) [27]. There-
fore the following formation mechanisms of nanogratings 
in SiO2 are proposed: the non-radiative relaxation of exci-
tons via relative long lifetime transition from self-trapped 
excitons (STE) to point-defects (their lifetime is several 
hundred picoseconds at room temperature) [30]. On the 
other hand, in the case of c-Si, the maximum carrier density 
excited by ultrashort laser pulses is limited to ~ 1019 cm-3, 
simultaneously, it is unchanged through 100 ps timescale 
[31]. This long lifetime of excitons after the photo-
excitation in silicon can be interpreted in terms of the pho-
non-assisted indirect transitions [32]. It should be pointed 
out that the delay time after the excitation by the first pulse 
is important factor for the nanostructure formation. In par-
ticular, a common feature of periodic nanostructure for-
mation between c-Si and SiO2 glass is the existence of a 
transition with a long relaxation time. Although further 
investigations are required for understanding the mecha-
nisms of self-organized nanostructure formation inside the 
silicon crystal, the formation of such periodic nanostructure 
is reminiscent of the mechanical vibration of the structure 
by the stimulated Brillouin scattering involving photon-
phonon coupling via electrostriction force [33]. 

 
4. Conclusion 

We empirically classified the photoinduced nanostruc-
tures inside various semiconductor materials. In the case of 
the direct band gap semiconductor of GaN and GaAs, no 
apparent polarization-dependent periodic nanostructures 
were observed. In particular, the nanovoids were induced in 
the triangular shape corresponding to the GaN crystal struc-
ture. Furthermore, the photoinduced structure in GaAs 
could not be observed in our laser irradiation condition. On 
the other hand, polarization-dependent periodic nanostruc-
tures are observed inside single-crystal silicon after irradia-
tion by a focused beam of a femtosecond double-pulse. 
Backscattering electron images of the irradiated spot reveal 
that a periodic structure of stripe-like dark regions with a 

width of 100 nm and a period of 200 nm are composed of 
the strained silicon. The period is controllable by changing 
the delay time between the femtosecond double-pulses. 
Since the strained silicon cause the decrease of effective 
mass of carrier, such nanostructures exhibit a high electric 
conductivity. Furthermore, the scattering of phonon by a 
periodic nanostructure leads a low thermal conductivity. 
Such self-organized nanostructures are aligned parallel to 
the polarization direction of the first arriving pulse in the 
femtosecond double-pulses. We have empirically found 
that this phenomenon can be induced only if it is indirect 
band gap semiconductor. Apart from the fundamental im-
portance of the observed phenomenon, the induced 
nanostructures could be useful for the self-contained ther-
moelectric devices. 
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