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Received: 26 April 2005/Accepted: 3 October 2005
© Springer-Verlag 2005

ABSTRACT Three-dimensional (3D) and two-dimensional (2D) periodic silicon
nanostructures formed by polarized focused Nd:YAG laser irradiation (532 nm) with
spot size less than 3 µm on Si covered by SiO2 are presented in this paper. We observed
that at a low laser intensity I range, from I = 0.9 to 1.08 W, 2D periodic coexisting of
liquid and solid exists, while for 1.08 < I < 1.44 W, 3D periodic ripples were formed.
However, when the light intensity is out of those ranges, either no melting was created
(I < 0.9 W) or the periodicity was destroyed (I > 1.44 W). The periodicity of these
periodic structures is 359 nm related to the wavelength of frequency doubled Nd:YAG
laser and the index of refraction of SiO2. We propose a model based on the fact that as
the oxygen is diffusing locally from SiO2 into the melted Si, thus forming SiOβ with
a lower melting point, successive pulses melt preferentially these regions giving rise to
a positive feedback. This dynamic nanoscale modeling, based on variations of melting
points of Si and dielectric and reflection coefficient, confirms the experimental results.

PACS 81.07.–b; 81.10.Fq; 61.80.Ba; 66.10.Cb

1 Introduction

Spontaneous ripples [1–6],
formed after intense irradiation of a sin-
gle or multiple laser beam(s) operating
at wide optical wavelengths, with pulse
durations ranging from continuous wave
(cw) to picosecond pulses [5–13], were
frequently observed on the blank sur-
face of a variety of materials [2, 3, 8, 11,
13–21], such as dielectrics, semicon-
ductors and metals, and were considered
as a mixture of solid and liquid at
a temperature close [1] to the melting
threshold. Emmony et al. [3] for the first
time proposed that a scattering center
on the surface might be responsible for
the observed periodic topography. It has
been suggested that theses ripples [3]
arise from standing waves produced by
one instability and developed as a re-
sult of interference of incident laser light
with scattered electromagnetic waves
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from a surface disturbance [2, 10, 11].
The ripple periods are mostly found
to follow Rayleigh’s diffraction crite-
rion [11, 13].

In this paper, we report the forma-
tion of periodic nanostructures in Si
covered by SiO2. In our case the polar-
ized laser beam is normal to the sample
surface therefore the periodicity of the
nanostructures, including coexisting of
liquid and solid as well as ripples, is
Λ = λ/n [13], where Λ is the wave-
length of the standing wave and thus the
periodicity of our nanostructure, λ is the
laser wavelength, and n (∼ 1.5) is the re-
fractive index of SiO2. We observed not
only ripples but also flat coexisting of
solid and liquid, formed by a focused (in
diameter of 3 µm) frequency doubled
Nd:YAG laser (λ = 532 nm) under dif-
ferent light intensities schematically
shown in Fig. 1. The proposed forma-
tion mechanisms of the two phenomena

FIGURE 1 Schematics of formation of periodic
structures depending on laser intensity and posi-
tive feedback factors. See the text for the explana-
tion on the phenomena

with periodicity of ∼ 359 nm, which is
different from the previous studies [25],
are based on a locally and spatially
periodic oxygen diffusion induced by
the laser irradiation as it is clearly re-
vealed by chemically selective etch-
ing. A model, supported by a three di-
mensional (3-D) numerical simulation,
is proposed to explain the formation
mechanisms of the periodic nanostruc-
tures.

2 Experimental details

Samples were obtained by
conventional microelectronics fabrica-
tion flow and consisted of a gateless
field effect transistor where the silicon
is covered by many dielectric layers, in-
cluding SiO2, SiOxNy, and Si3N4. Two
heavily doped p-type regions (boron
concentration at ∼ 5 ×1019 atoms/cm3)
have a doped depth of 170 nm and are
separated by a lightly As doped gap
(concentration at ∼ 1015 atoms/cm3)
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with a distance of 600 nm. This struc-
ture is more commonly used in the
laser induced dopant diffusion to form
a highly accurate resistance for ana-
logue microelectronics [22]. This struc-
ture is also helpful to reveal the nano-
structures based on oxygen diffusion.
The TEM (transmission electron mi-
croscopy) and SEM (scanning elec-
tron microscopy) samples were pre-
pared by a HITACHI FB-2000A fo-
cused ion beam (FIB) instrument using
Ga ion beam milling. The main advan-
tage in this sample preparation is that
the interesting area, involving the in-
terface between the oxide and the Si
substrate (for TEM observation) and,
the gap location (for SEM observation),
can be precisely located. After FIB
preparation, the samples were etched
using HF (49%) and HNA [HF(49%) :
HNO3(70%) : CH3COOH(80%) = 1 :
3 : 8] for TEM and SEM observations.
For AFM imaging, the dielectrics layers
above Si in the samples were etched by
HF (49%). The etching rate of Si in so-
lution of HNA is extremely higher than
that of dielectric materials.

3 Results and discussion

We observed two types of to-
pographic phenomena, as shown in the
AFM images in Fig. 2 taken after etch-
ing the dielectric multilayers using HF
solution. The laser intensities, irradiated
on two samples, were 3 and 4 watts, re-
spectively, and the pulse number (100
pulses), pulse width (80 ns), and irradi-
ation duration (100 µs) and diameter of
the focused laser beam (3 µm) are the
same for both cases. Using light reflec-
tion measurement, we estimated that for
this sample structure, 36% of the laser
energy was absorbed by the top thin
Si layer. Therefore, the flat and 3D to-
pographies shown in Fig. 2a and b were
created under irradiation of 1.08 W and
1.44 W, respectively. We suggest that
these two cases represent two different
mechanisms.

It is important to note first that it
can be extracted from a Si-O phase di-
agram [24], the melting point of silicon
with a composition of SiOβ decreases
from 1417 ◦C for pure Si to a eutec-
tic temperature of 1300 ◦C with depen-
dence of Tm,Si (β) = 914 +503/(1 +β)
for 0 < β < 0.3 and the melting point of
oxide with a composition of SiOα de-

FIGURE 2 (a) and (b) AFM images taken after
etching dielectrics layers using HF solution show
topographies of laser irradiated samples. Those
topographies were formed at laser intensities of
1.08 W (a) and 1.44 W (b); figure (c): height de-
lineation along the line as shown in (b)

creases from 1725 ◦C to 1450 ◦C with
dependence of Tm,SiOα (α) = 3022 −
3929/(1+α) for 1.5<α<2 when O con-
centration decreases. Note that the melt-
ing temperature dependence on boron
was neglected because the B concen-
tration was relatively low [24]. While all
previous studies [6, 8, 26, 27] were car-
ried on topographic formation by laser
irradiated on blank material surfaces,
we propose that the gateless MOSFET
structure having a SiO2 layer and B
implanted regions has a special con-
tribution by furnishing oxygen diffu-
sion, yielding to a local lower melting
point and reflection coefficient that en-
hances the periodic nanostructure for-
mation. Since no ripples were observed
by AFM in Fig. 2a for I < 1.08 W, we
performed plan-view TEM sample on
170 nm thick defective Si surface to
investigate the microstructure gener-

ated under those laser conditions. The
TEM bright-field image as shown in
Fig. 3a indicates the phenomenon of
the coexisting of liquid and solid dur-
ing laser irradiation process. The white
gap along the y axis corresponds to
the lightly n-doped region without de-
fective contrast. The six white stripes
along the x axis were formed because
the implantation-induced defects were
removed after laser annealing. However,
the alternate areas beside the regrown
stripes remained in their solid phase
during irradiation. This laser induced
coexisting of liquid and solid did not
cause ripple topography as indicated in

FIGURE 3 (a) Plan-view TEM image taken
from a laser irradiated sample, (b) top-view
schematics of Si substrate used in (a) process,
where the areas with dark contrast are heavily
doped regions, and (c) SEM image taken from
a laser irradiated sample and FIB-prepared along
y axis. The two samples were generated with laser
intensity of 1.08 W



LIAO et al. Laser induced formation of periodic nanostructures in silicon covered by SiO2

our AFM measurement above (Fig. 2a),
which is different from those suggested
by some authors for laser irradiation on
blank silicon materials [1–5].

Figure 3c shows a cross-sectional
SEM images of a FIB-prepared sam-
ple, along the y axis shown in Fig. 3b,
taken after 2 seconds of HNA etch-
ing. The sample was produced with the
same laser parameters as that shown in
Fig. 3a. In Fig. 3c, because the As and
diffused B concentrations at the Si sur-
face of the gap are much lower than
O concentration, the difference of etch-
ing rate mainly depends on the O profile.
The four periodic white meniscus-like
shapes indicated the regrowth regions
where O atoms highly diffused from the
SiO2 into Si. The melting stripes close
to the edge of the laser beam, containing
less O atoms, are not revealed by SEM
imaging.

The formation of aligned coexist-
ing of liquid and solid depends mainly
on the variations of the Si melting
point (Tm,Si(β)) and reflection coeffi-
cient (RSiOα−Si) of the liquid, related
to the chemical components of dielec-
tric and the liquid. Under laser ir-
radiation with relatively low intensity
(e.g., 1.08 W) and based on standing
wave theory [2, 10, 11], the Si material
under the dielectric layer is periodi-
cally melted and O atoms diffuse into
the molten stripes, caused by a light
intensity variation. After the first few
laser pulses, the melting point of the re-
grown strips is lowered, favoring the O
atoms to diffuse from the hot dielec-
tric into the melt faster than those into
hot solid Si because the diffusion length
of impurities in liquid Si is four orders
of magnitude higher than that in solid
Si [29]. The O impurities lower both
the melting point of solid Si and the
reflectivity of Si liquid. Consequently,
this constitutional supercooling [23] act
as positive feedback factors, leading
to a periodic coexisting of liquid and
solid.

In order to verify our suggestion on
the formation mechanisms of the pe-
riodic coexisting of solid and liquid,
a 3D numerical simulation of the tem-
perature field and optical reflection [30]
was performed in combination with dif-
fusion equations of oxygen atoms. We
found that it was impossible to obtain
any periodic nanostructures if the Si
melting temperature is independent of

the O concentration. However, as shown
in Fig. 4, periodic nanostructures, as
observed experimentally, are obtained
when the melting temperature depends
on the O concentration. The contrast in
the melting strips indicates the O con-
centration level.

As shown in Fig. 1, at higher laser
intensity, a different periodic pattern is
observed. From the TEM observation
(not shown here), it is confirmed that
for the case of I = 1.44 W, Si mate-
rial in the entire laser irradiated area
was melted. After the radiation of the
first consecutive laser pulses, the light
reflection from the liquid of the peri-
odically highly O diffused areas was
weakened as a result of O gain in the
liquid Si and O loss in the dielectric
close to the interface. Therefore, the
temperature in the liquid is periodi-
cally higher than the melting point of
pure Si whereas the temperature in the
stripes with lower O concentration is
maintained at the melting point by con-
sidering the energy input from laser
beam and output to the Si substrate.
The melting temperature in these dielec-
tric areas (Tm,SiOα(α)), where O atoms
were extremely lost, is lowered so that
these thin SiOα stripes were periodically
melted. The gradients of temperature
and chemical components between the
two type areas with higher and lower
O concentrations lead to a difference
of surface tension, pushing individually
each stripe, where O concentration is
higher, forming semilunar shapes (so-
called periodic convection), which is
similar to the case suggested by An-
thony et al. [28]. By further increasing
the laser intensity (I > 1.44 W), the pe-
riodic formation is destroyed, as indi-
cated in Fig. 1, since O atoms almost
uniformly diffuse into the entire laser-
melted area. In these conditions, a large
liquid convection occurs in the entire
molten volume involving both liquid Si
and liquid dielectric.

FIGURE 4 Cross-sectional (along y-axis) image,
showing the solid/liquid coexisting of the laser
irradiated area, was obtained by numerical simu-
lation

Based on our numerical simula-
tions, it is shown that the melting time,
caused by each laser pulse, is ∼ 200 ns
and, since the time between two con-
secutive pulses is 1 µs the interval be-
tween two adjacent melting periods is
about 800 ns. Even though the inter-
val is pretty long to let the molten Si
resolidify, both periodic liquid/solid co-
existings and ripples, with spacing of
359 nm, can still be created by consider-
ing the decrease of Si melting point due
to O diffusion.

4 Conclusions

We suggest that the major
positive feedback factors of the forma-
tions of solid/liquid coexisting and rip-
ple are oxygen diffusion and reflectivity
variation. In our experimental study the
periodic melting is more prominent at
a low intensity range while ripples are
obvious at a relatively high intensity
range. According to the mechanisms
above, we suggest both periodic coex-
isting and ripples can be formed not
only by many laser pulses with cer-
tain pulse interval but also by a single
laser pulse with adequately high en-
ergy intensity. The final steady-state
structures depend on the competition
between positive feedback factors and
the removal or redistribution of energy
due to thermal conduction. Generaliz-
ing this fabrication of nanostructures,
coexisting could occur for any mate-
rial A covered by an alloy AB if it
presents an eutectic temperature for
ABx , lower than the melting tempera-
ture of A point. The periodicity will be
destroyed once melting time is too long
due to too high power or too many laser
pulses.
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