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Laser direct writing of nanoreliefs in Sn nanofilms
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High-resolution ��200 nm� nanoreliefs, which possess a controllable height change (�h, up to film thick-
ness) and transmittance or reflectance, have been successfully fabricated in 12-nm-thick Sn films by using
532 nm pulsed laser direct writing. Different from current micro/nanofabrication techniques, the height
change of the nanoreliefs is generated by a laser-induced-thickening process. The majority of the height
change comes from a balling and coarsening effect rather than oxidation of grains. Because both optical den-
sity and �h of the nanoreliefs are almost linear to laser power, the optical images can highly resemble the
topographic images. This technique is useful for fabricating complicated nanorelief structures and fine
images. © 2009 Optical Society of America
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With the rapid development of micro/nanofabrication
technologies, the micro/nanoreliefs are extremely de-
sirable because they have many potential applica-
tions in micro artworks, image storage, anti counter-
feiting, micro/nano diffractive optical elements
(DOEs), and micro/nano-electro-mechanical-system
devices. Although photolithography, e-beam lithogra-
phy (EBL), nanoimprint lithography (NIL), and fo-
cused ion beam (FIB) milling are mainstream tech-
nologies to make micro/nanostructure [1–4], they are
either too costly or too complicated for fabricating
high-resolution relief structures. Dip-pen nanolithog-
raphy (DPN) is a simpler method to tailor the chemi-
cal composition and structure of a surface on nano-
scale [5], but it relies on the “ink” and lacks
capability for three-dimensional (3D) fabrication. At
present, the microreliefs are usually fabricated by us-
ing grayscale photolithography [6–8], but it is hard to
achieve a sub-500 nm resolution because of limited
resolution of the photolithography machine. A lot of
efforts in near field optics, two-photon absorption
(TPA), and negative refractive index material tech-
nique have concentrated on overcoming the diffrac-
tion limit [9–11]. Among them, TPA is attractive for
making complicated sub-200 nm 3D structures, such
as microbulls, photonic crystals, and DOEs [11–13];
however, only transparent polymers can be used as
work media, and posttreatments are needed. Laser
direct writing (LDW) is a raster-scan technique and
has the advantage of not needing templates, masks,
or vacuum. LDW has been applied to make micro/
nanostructures in many types of materials, including
metals, creating simple submicrometer line struc-
tures on a metallic film [14]. However, it is still un-
available so far for fabricating complicated high-
resolution relief structures in metallic and inorganic
materials. In this Letter, complicated high-resolution
nanoreliefs were successfully fabricated in metallic
Sn films by using LDW, which is maskless and tem-
plateless, free of vacuum, and without any posttreat-
ments and pattern transfer. Simultaneously,

continuous-tone transmittance and reflectance were
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found, so that both fine transmitted and reflected im-
ages could be obtained.

Sn films with a thickness of 12 nm and a roughness
(Rq) of 2 nm were sputtered on glass substrates. A
Nd:YAG 532 nm laser was used as beam source of a
home-built laser direct writer; the sample was placed
on the focal plane of the objective lens (NA 0.95,
Nikon) for the raster scanning with a power ranging
from 0 to 8 mW and a pulse width from tens to hun-
dreds of nanoseconds. A bitmap file, which was trans-
formed automatically from an original picture, de-
fined laser power of each pixel, writing path, and
pixel stepping (50–200 nm, typically 150 nm).

Four optical images, one with two gray levels [Fig.
1(a)] and the others with continuous-tone gray levels
[Figs. 1(b)–1(d)], were obtained using the LDW tech-

Fig. 1. (Color online) (a),(b) Optical images in Sn film cre-
ated by the LDW technique; (c) and (d) are back-lit and

front-lit images, where (d) is reverse processed.
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nique. The gray levels were realized by adjusting
writing power, where a high power yields a high
transmittance and low reflectance. Each pixel of the
image was assigned to a laser power to obtain a cer-
tain transmittance or reflectance; therefore both
front-lit and back-lit images could be observed. The
high-resolution optical images shown in Figs. 1(c)
and 1(d) are a lifelike wolf in the snowfall with fine
structures like furs and whiskers.

The optical images reflect the transmittance and
reflectance versus the laser power, and the topogra-
phy of the laser exposed areas can be observed by us-
ing atomic force microscopy (AFM, Veeco D-3100).
Experimental data show that dependence of both the
optical density and �h on the laser power are almost
linear (see Fig. 2); this presents great advantages in
controllably fabricating fine optical images and com-
plicated micro/nanoreliefs. As expected, AFM topo-
graphic images agree well with optical images, which
means the laser exposed area not only has exact op-
tical image replication in the film plane but also con-
trollable height in the Z direction. Figure 3(a) shows
an AFM topographic image of a wolf, which is very
consistent with the corresponding optical image
shown in Fig. 1(d). Its section analysis shows that
heights (up to �12 nm) can vary with different laser
powers [see Fig. 3(b)], i.e., the �h to the as-deposited
metallic film thickness �t�: �h / t can reach �100%.
Fine structures with a resolution of �200 nm,
smaller than the diffraction limit of 532 nm laser
with an objective lens �NA=0.95�, are observed [Fig.
3(c)]. This is very difficult to achieve by using the con-
ventional photolithography technique. The results
demonstrate that our LDW technique is competent to
fabricate metallic nanoreliefs with superresolution
fine structures and a continuously variable height.
The high similarity of an AFM image and an optical
image confirms that the writing power can continu-
ously control not only transmittance and reflectance
but also film thickness.

Sn + �x/2�O2 ——→
pulsed laser

SnOx. �1�

The LDW on Sn film is not a simple laser-induced
thermal oxidation process as proposed in [14]. Oxida-
tion of metallic films such as Ti and Sn can only lead
to a limited increase in height [14,15]. The �-Sn is
found to be transformed to amorphous (a-) SnOx [de-
fined as in Eq. (1)] instead of crystal oxides such as
SnO or SnO2 after laser exposure; however, this is

Fig. 2. Laser power versus (a) optical density at 532 nm
and (b) �h at a pulse width of 80 ns, both demonstrating

nearly linear relationships.
not the main reason of the change in height. In fact,
even if a 12-nm-thick Sn film is completely oxidized,
it can have a thickness increase of only 4 nm, but ac-
tually we find �h achieves 12 nm. A mechanism is
proposed to solve the contradiction [see Fig. 4(a)].
The as-deposited Sn grains are coated by a thin
a-SnOx shell ��2 nm� and with a flat morphology
[16,17]. Owing to the low melting point �232°C�, the
Sn grains tend to melt under laser exposure. At a fit-
ting laser power, the Sn is melted to liquid Sn/SnOx
structures [18]; meanwhile, the balling effect occurs
because the melt does not wet the underlying glass
substrate; as a result, this spheroidized morphology
is retained after cooling down. The balling effect can
efficiently add the grain height. At a higher power,
coarsening, which aggregates two or several adjacent

Fig. 3. (Color online) (a) AFM topographic image of the
nanorelief �70 �m�70 �m� and (b) section analysis along
the line “I.” (c) AFM image �20 �m�20 �m� of raster-
scanned lines with high resolution of �200 nm.

Fig. 4. (Color online) Mechanism of height change in the
nanoreliefs. (a) Proposed model: (1) as-deposited Sn film
with flat grains, (2) balling and coarsening of Sn grains in-
duced by LDW, and (3) after cooling down. (b) SAED results
verify the formation of Sn/a-SnOx core/shell structure. (c)
TEM image showing evolution of Sn/a-SnOx core/shell
structures: (1)–(4) are the film morphologies corresponding

to different laser powers from low to high.
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liquid Sn/SnOx structures, will happen and lead to
an additional height increase. The laser power can
exactly control the temperature, thereby controlling
the grain height. The �-Sn/a-SnOx structure has al-
ready been directly confirmed by selected area elec-
tron diffraction (SAED) patterns and transmission
electron microscopy (TEM) images [Figs. 4(b) and
4(c)]. The diffraction intensity of the bottom SAED
pattern in Fig. 4(b) is weaker than that of the as-
deposited film, revealing a decrease in the content of
�-Sn after laser exposure. And a decrease in the di-
ameter of the Sn core and an increase in thickness of
the a-SnOx shell with an increase of laser power has
been observed, as shown in Fig. 4(c). To sum up, the
height change of the Sn film is mainly contributed to
from the balling of the flat-shaped grains; continu-
ously variable transmittance and reflectance origi-
nate from the changes of components of Sn and
a-SnOx under various laser powers.

In summary, the nanoreliefs, based on the control-
lable change in thickness and continuous-tone optical
properties of the Sn film, were successfully fabricated
using the LDW technique. The optical density and
height change are both nearly linear to the laser
power. The laser-induced high temperature causes
not only oxidation but also melting and resolidifying
of the grains to add grain height. The controllable
and relatively large �h mainly comes from balling of
the grains rather than the incorporation of oxygen at-
oms, consistent with the experimental results. The
nanoreliefs are found to have high resolution
��200 nm� smaller than the diffraction limit of the
532 nm laser system and a height change up to
12 nm ��hmax/ t=100% �. Gaussian distribution of la-
ser energy might be a reason for the high resolution.
The reduction of Sn (or increase of a-SnOx� leads to
the controllable transmittance and reflectance of the
nanoreliefs. This work presents a way to fabricate
complicated nanoreliefs by utilizing a laser-induced
film thickening process, which differs from the cur-
rent techniques such as photolithography, EBL, and
FIB. The optical properties of the nanoreliefs reveal
many potential applications in high-resolution opti-
cal images for micro/nano image storage, microart-
works, and grayscale photomasks.
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