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Fabrication of micro-gratings on Au–Cr thin film by femtosecond laser
interference with different pulse durations
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A B S T R A C T

We encoded surface relief micro-gratings on Au–Cr thin films using two-beam interference of

femtosecond laser pulses with the durations from 25 fs to 70 fs. The dependence of the fabrication

quality on the pulse duration has been investigated both numerically and experimentally. The results

revealed that the shorter pulses were preferable to prepare periodical microstructures with minimal

ablation fringe width and satisfied fabrication quality. This work has potential applications on periodic

functional microstructures fabrication for ultra-fine processing and modification on various materials,

especially for intractable materials.
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1. Introduction

Artificial periodic microstructures have been attracted great
interest due to their promising applications in communication,
sensing, conduction, filtering and resonance [1–5]. A variety of
technologies were used to fabricate these microstructures, such as
self-assembling [6], direct laser writing [7], microcontact printing
[8], phase mask [9], and laser interference [10–12]. Among them,
laser interference is a highly efficient method for fabricating
periodic microstructures because it can be controlled easily by
changing the number and arrangement of the coherent laser beams
to fabricate diverse two- and three-dimensional periodic micro-
structures on various materials.

Femtosecond laser pulse, with its rapid developments over past
decades, becomes a powerful tool for micro-fabrication and micro-
machining of many multi-functional structures on the surface of
samples or inside transparent materials [13–15]. It is extremely
short in time domain, leading to very high peak power and very
intense non-linear effects. Many groups have reported the
successful fabrication of periodical structures in various materials
by coherent multiple femtosecond laser pulses. Furthermore, the
peak power and non-linear effects will be the intensified when the
pulse duration becomes shorter, which is preferable to fabricate
superfine microstructures on intractable materials, such as glasses,
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quartz, metals and ceramics. However, most of the pulse durations
applied to the laser interference fabrications employed in previous
works, as we know, were longer than 120 fs [10–12,16–17]. The
processing characteristics and fabrication properties of using sub-
100 fs pulses have been seldom reported. Investigating the
relationship between pulse duration and its fabrication quality
in sub-100 fs time domain is very helpful to optimize parameters
in practical possessing based on material features and technical
specifications in the relative higher peak power range.

In this letter, we report the fabrication of surface relief micro-
gratings on Au–Cr thin films using two-beam interference of
femtosecond laser pulses with the durations from 25 fs to 70 fs.
The micro-morphologies and diffractive performances of encoded
micro-gratings have been characterized. The dependence of
fabrication properties on pulse duration was studied in detail
both numerically and experimentally.

2. Experimental setup

Fig. 1 shows our experimental setup. Near infrared light pulses
generated from a model-locked Ti: sapphire multi-pass amplifying
system (central wavelength: 800 nm, pulse duration: 25–200 fs,
repetition rate: 1 kHz; FEMTOPOWER compact Pro, FEMTOLA-
SERS) were split into two beams by a beam splitter (BS), and then
crossed on the surface of sample to give a spot size of �150 mm in
diameter. We employ dedicated adjustable delay line and the sum-
frequency generation method using non-linear optical crystals
such as b-barium borate (BBO) to adjust and achieve the
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Fig. 1. Experimental setup. It consists of a femtosecond laser resource, a variable

attenuator, a mechanical shutter, a beam splitter (BS, R = 0.5), and an optical delay.

The sample was positioned on a mechanical 3D stage.

X. Wang et al. / Applied Surface Science 255 (2009) 8483–84878484
interference of femtosecond laser pulses. The mechanical shutter is
employed to control the irradiating time, the incident laser power
can be varied by rotating the variable attenuator and adding/
removing attenuation slices. In our experiments, the colliding
angle between the two beams, u, was fixed about 21.38.

For the sample, Au–Cr thin film, Au layers with thickness of
about 100 nm were sputter-deposited on glass substrates coated
with a Cr layer about 50 nm thick. Cr layer was formed between the
Au film and the glass, which is in order to enhance the adhesion of
Au film to glass substrate due to the adhesive force of Au film to the
substrate such as glass is very weak.

3. Results and discussion

The femtosecond laser pulses employed in our experiments
have much wider spectrum widths, usually more than 50 nm
(FWHM), comparing to less than 20 nm for 150 fs pulses. More-
over, for CPA (chirped-pulse amplification) systems, adjusting the
compressor to change pulse duration has little effect on its
spectrum [18,19]. It is reasonable to use a static spectrum
distribution for numeral simulations. For a pulse with spectrum
distribution function F (n) split into two pulses by a beam splitter
(n = c/l, where n is the light frequency, c is the speed of light in the
medium and l is the wavelength), their complex electric field
intensities, y1 and y2, can be expressed spatially by the sum of each
spectrum component:
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where x and y are the spatial coordinates, A1 and A2 are the light
amplitudes of the two pulses respectively, and v0 is the diameter of
the focal spot. In the case of the beam splitter’s reflectivity is 0.5,
A1 = A2 = A. The spectrum distribution function F (n) can be
expressed as

F nð Þ ¼ f nð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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for f (n) is the actual spectrum intensity distribution which can be
measured by a spectrometer, a = 2ln 2/t2 is pulse duration
parameter determined by the pulse duration t, and b is chirp
parameter determined by individual CPA system. When the two
pulses collided temporally and spatially, the intensity distribution
of interferen ce pattern is given by

I ¼
X
n

y1j j2 þ y2j j2 þ y�1y2 þ y�2y1

� �
cosd

h i
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as d ¼ ð2p=lÞxsin u
2 is the optic path difference determined by the

spatial location x. The calculated results were shown in Fig. 2a, d, g
and j. The central point of the interference pattern was set as origin
(0, 0), and the side length of simulation range was 120 mm (from
�60 mm to 60 mm). The relative intensity distribution curve at
y = 0 has also been plotted, as shown in Fig. 2b, e, h and k.

For two laser pluses crossed at angle u, the size of the overlap
area is given by ct (Sin u/2)�1; the number of interference fringes
produced by two pluses is independent of the angle and, for
transform-limited pulses, is roughly 2ct/l [20,21]. We varied the
durations of laser pulses by adjusting the prism compressor, and
measured the pulses durations by an autocorrelator (Femtometer,
FEMTOLASERS). In our experiments, the selected pulse durations
and the corresponding incident laser energies were: 0.4 J/cm2 for
25 fs, 0.45 J/cm2 for 35 fs, 0.9 J/cm2 for 60 fs and 1.6 J/cm2 for 70 fs.
Respectively, there were 18, 26, 45 and 52 fringes produced
theoretically; 14, 20, 40 and 48 fringes produced in experiments, as
shown in Fig. 2c, f, i and l. This difference mainly stemmed from the
ablation threshold effect and Gaussian distribution of laser beams’
intensities. For a Gaussian laser beam, the energy density of central
region is much higher than the edge. When the central energy
density exceeded the ablation threshold of material, the energy
density toward edge may still remains below the threshold. And
this ablation threshold will not be considered in the above formula.

The period of encoded micro-grating is about 2.2 mm, which
agreed well with the calculated result by l (2Sin u/2)�1 � 2.16 mm
with l = 800 nm and u = 21.38. Fig. 3 shows the micro-morphology
of the micro-grating encoded on Au–Cr thin film imaged by a color
3D laser scanning microscope (VK9710, Keyence). The pulse
duration and laser energy were 40 fs and 0.5 J/cm2, respectively.
Compared to the fringes toward the edge, the fringes near the
center of the grating were wider and deeper. This phenomenon
probably can be attributed to the following two reasons. First, the
energy density distribution difference of Gaussian laser beam
induced asymmetry is dominant reason. Second, the interfered
fringes produced by different components in spectrum of the laser
pulses will separated from each other expect in the location of
central bright fringe, so the energies of bright interfered fringes
dispersed to a relative wider range, and which will be intensified



Fig. 2. The dependence of interference patterns on pulse durations (a�c) 25 fs; (d�f) 35 fs; (g�i) 60 fs; (j�l) 70 fs. (a), (d), (g) and (j) are the energy distribution contour plans;

(b), (e), (h) and (k) are the relative intensity distribution curves at y = 0; (c), (f), (i) and (l) are the optical microscope images of experimental results (tungsten light source,

through illumination, same light intensity). The calculated numbers of interference fringes, experimental results and incident laser energies for corresponding pulse

durations were as follows: 18, 14, 0.4 J/cm2 for 25 fs; 26, 20, 0.45 J/cm2 for 35 fs; 45, 40, 0.9 J/cm2 for 60 fs; 52, 48, 1.6 J/cm2 for 70 fs.
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toward the edge. This energy dispersion induced the decrease of
energy density will influence the width and depth of ablation.

Fig. 4 shows the diffractive pattern of 48 fringes micro-gratings
encoded by interfered two 70 fs pulses (as shown in Fig. 2l) for He–
Ne laser (l = 632.8 nm). The calculated light intensity distribution
of diffractive pattern was shown in Fig. 4a, the zero order
diffractive light intensity was about 2.5 times versus the first
order; the actual diffractive pattern was shown in Fig. 4b, and the
zero order diffractive light intensity (75 nW) was about three times
to the first order (25 nW).

From the calculated and experimental results illustrated above,
we can observe that the shorter pulses (such as 25 fs and 35 fs)
were preferable to prepare periodical microstructures compared to
longer pulses (such as 60 fs and 70 fs). For shorter pulse durations,
the interference of two laser pulses takes place in a limited region,
which is always smaller than the focal spot, as shown in Fig. 2a and
d. And there are very small differences between the maximal
intensity of bright interfered fringes and the maximum intensity
out of interfered area, as shown in Fig. 2 and e. When incident
energy is well above the ablation threshold influence of materials,
it may lead to unexpected damages out of the interfered area.
Consequently, we should precisely optimize pulse energy and
irradiation time to avoid redundant ablation. In this case, the laser
influence is slightly exceeded the ablation threshold, which is very
helpful to prepare microstructures with minimal ablation fringe
width, as shown in Fig. 2c and f. Compared to the shorter-pulse-
duration process, the interfered area of two laser beams with
longer pulse durations is enlarged, as shown in Fig. 2g and j. The
laser energy is concentrated in the interfered area, and the peak
intensities of bright interfered fringes in the enlarged area are very



Fig. 3. The micro-morphology of the micro-grating encoded on Au–Cr thin film. The pulse duration and laser energy were 40 fs and 0.5 J/cm2 respectively. (a) The laser

microscope image of micro-grating, which period was about 2.2 mm; (b) the color 3D morphology image of local part (the denoted rectangle area in (a)); (c) the cross section

profile of micro-grating in the direction of line 1 shown in (a).
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low, as shown in Fig. 2h and k. To obtain higher processing
efficiency, more laser energy should be injected into the sample to
ensure all the intensities of bright interfered fringes are well
above the ablation threshold, which is indicated that the ablation
widths induced by bright interfered fringes will be expanded in
the x-axis direction, as shown in Fig. 2i and l. On the other hand,
however, the intensities of dark interfered fringes are increased
synchronously, which may lead undesirable ablation on glass
substrate in the central location of focal spot, especially as shown
in Fig. 2l. As a result, suitable pulse durations shall be selected to
Fig. 4. The diffractive pattern of 48 fringes micro-gratings encoded by interfered

70 fs pulses (as shown in Fig. 2l) for He–Ne laser (l = 632.8 nm). (a) The calculated

intensity of diffractive pattern; (b) the actual diffractive pattern.
obtain fine spatial resolution with highly processing efficiency in
practice.

4. Conclusions

We have performed a detailed study on the micro-gratings
encoded on the surface of Au–Cr thin film using two-beam
interference of femtosecond pulses with the durations from 25 fs
to 70 fs both theoretically and experimentally. The experimental
results and numeral analysis indicated that the durations of laser
pulses in this time domain will influence the qualities of encoded
gratings significantly. For shorter pulse durations, process was
implemented under the condition that the laser influence was
slightly exceeded the ablation threshold, which was helpful to
produce microstructures with fine resolution. Furthermore, using
shorter laser pulses is easy to achieve higher peak power and less
thermal effects, and the non-linear effects such as threshold effects
will be intensified, which is favorable to implement fine surface
processing and modification on various materials, especially for
intractable materials. In contrast, for longer pulse durations, the
enlargement of interfered areas can improve the processing
efficiency, which is convenient to fabricating large-area periodical
microstructures with high efficiency. But the fabrication quality
will be reduced due to the expanded ablation fringes width and the
redundant ablation in the locations of dark interfered fringes.
These disadvantages will restrict their applications on some
intractable materials. Practically, it is efficient and economical to
fabricate or modify samples by selecting adaptive pulse durations.

In addition, the periodicities of interference patterns produced
by two coherent beams can be easily changed by varying the cross
angle, and large-area periodical microstructures can be prepared
by employing a precise 3D moving stage. This is very useful for
preparing large-area and periodicity-controllable periodical
microstructures.
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