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Selective laser patterning of thin films in a multilayer film is an emerging technology for fabrication
of MEMS devices. A 775 nm Ti:sapphire laser (130 fs, 1 kHZ) was used to irradiate the thin film
stacks with variations in process parameters such as feed rate and numerical aperture of
objective lens. Femtosecond laser patterning of Au/Cr films which have the same thickness
of about 1000 nm and are coated on glass substrate has been investiged to determine optimal
parameters of the patterning process. Through a SEM and an AFM, we investigate the morphology
of pattern, including the linewidth, groove depth and the laser-induced periodic surface structures
(LIPSSs). The depth of the ablated groove was observed to depend on the scanning speed. And
from the energy spectrum we find out which layer has been removed completely. The experimental
results show that precise micromachining with desired stability and reproducibility can be achieved
by controlling the ablation energy and the feed rate using appropriate numerical aperture (NA).
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1. Introduction

Due to increasing applications of nanostructures in numerous fields nanostructuring
of a variety of materials is gaining widespread importance. Laser-induced surface
structuring in silicon has been extensively studied [1–4]. Many studies had
demonstrated the advantages of femtosecond laser pulses over longer laser pulses,
including a negligible heat affected zone, well-defined ablation threshold, high
repeatability and efficiency, highly precise control of ablation geometry, absence of
plasma shielding effect and the ability to ablate sub-diffraction limited features [5, 6].
Femtosecond lasers are also capable of processing a wide variety of materials [7–9].
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Combining those characteristics, femtosecond lasers as versatile tools have been used
to process various micromachining where micrometer and submicrometer feature sizes
are required. Some of the potential industrial applications include production of
medical devices [10], photonic devices (e.g., gratings, waveguides) [11], micro-
mechanical devices [12]. Studies into the process with femtosecond pulses on metal
film have been reported by a number of research groups [13]. Micromachining of thin
metallic film has wide applications in high-density data storage and semiconductor
microelectronics. Metal films, especially gold layers, play a significant role as mirrors
and parts of compressor gratings in the path of short pulse laser beams.

In this paper, we study the laser direct ablation of thin Au/Cr film using femto-
second pulsed laser beam and report experimental results and discuss the relationship
between the scanning speed and the depth of the ablated groove. Analytical tools used
to study the properties were scanning electron microscopy (SEM) and atomic force
microscopy (AFM).

2 . Experimental set-up

A schematic diagram of experimental set-up is depicted in Fig. 1. A commercial
femtosecond Ti:sapphire laser system was employed in our experiments, which was
based on the chirped pulse amplification technique. This system provides laser pulses
at a wavelength of 800 nm and repetition rate of 1 kHz, the pulse length of the laser
being about 130 fs. The laser beam was introduced into the optical system which was
based on a fluorescence microscope. In the experiment, we adjust the pulse energy to
300 nJ. The output beam was in the TEM00 mode with Gauss profile. The laser beam
was focused by a microscope objective lenses of different numerical apertures on
the surface of the Au/Cr films sample which was mounted on a computer controlled

Fig. 1. Experimental set-up for micromachining film by femtosecond laser pulses.
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x–y–z translation stage having a resolution of 100 nm. The sample was moved at scan
speed ranging from 100 μm/s to 10000 μm/s.

The surface morphologies of the grooves and patterns machined in different
irradiation conditions were examined using SEM and AFM.

3. Results and discussion

We use objective lens with different numerical aperture (NA = 0.2, 0.25, 0.4, 0.6) to
study the morphologies of microstructure on film at the pulse energy of 300 nJ.
Figure 2 gives SEM images of groove which were ablated at laser pulse energy of
300 nJ, and the scanning speed of translation stage was 1000 μm/s. For NA = 0.2

Fig. 2. SEM images of groove which were ablated at laser pulse energy of 300 nJ, and the scanning
speed of translation stage was 1000 μm/s at different numerical aperture: NA = 0.2 (a), NA = 0.25 (b),
NA = 0.4 (c), NA = = 0.6 (d). The curve of relation between NA and beam diameter (e).
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the image of groove where of the width 4.5 μm is depicted in Fig. 2a. We can ascertain
that the periodic ripples were formed on the glass by the energy spectrum line. Ripple
structures with a spacing significantly smaller than the irradiation wavelength have
been observed. A preliminary explanation for the formation of subwavelength ripples
is the interaction of the incident wave with surface electro-magnetic waves (SEW)
[14]. Figure 2b shows the image of groove when NA was 0.25. We can find that
the width of the groove was about 3.2 μm, and the ripple structures were still clear.
But there exist damage area on the surface of the film. Figure 2c displays the image
when NA was 0.4. The ripple structure disappeared in this situation, and the width of
groove was about 1.7 μm. Figure 2d shows the image when NA was 0.6, and the width
of groove (d ) was about 1.2 μm. Also, the ripple structure does not appear. This is
because of the ripples appearing most strongly at intensities close to the ablation
threshold. The relationship between the diameter of beam and the numerical aperture
is depicted in Fig. 2e. When determining the pulse energy and the scanning speed,
the width of the groove was reduced when the value of numerical aperture increased.
The following equation shows the relation between the diameter of groove and NA [15]:

where the quality of the beam M2 was found to be 1.3 in this experiment. The wave-
length of pulse λ, was found to be 800 nm. The difference between theoretical value
and experimental value becomes more evident at lower NA, as shown in Fig. 2e for
NA = 0.2, 0.25, 0.4 and 0.6. Although, the diameter was decreased for the case of
high NA at certain pulse energy and scanning speed, but the damage area was enlarged.
In this experiment, the pulse energy was kept unchanged. The fluence was increased
when the diameter of spot was diminished. So, the substrate and the films, a breakdown
occurs by higher fluence, then the ripple structure disappears.

To study the cutting quality in more detail, the ablated grooves were analyzed by
the images captured by AFM. Figure 3 shows the change of the groove depth with
the scanning speed increasing when the pulse energy was 300 nJ and NA = 0.25.
Figures 3a and 3b show the 3-D profile and the cross-section profile, the scanning
speed being 1000 μm/s, 5000 μm/s and 10000 μm/s. It shows that the groove depth
decreases with the scan speed increasing, but the groove width does not change
significantly. The shape of the groove matches the Gauss profile, as depicted in Fig. 3b.
Based on numerous experiments, the effect of scanning speed on the depth of groove
is shown in Fig. 3c. We can see two trends as regards the curve. At lower scanning
speed (100–1000 μm/s), the depth of the groove decreases from 2.1 μm to 1.4 μm. At
higher speed (1000–10000 μm/s), the depth varied very little. When the speed
increased from 100 to 400 μm/s, the change in the depth was about 100 nm; when
the speed increased from 500 to 1000 μm/s, the extent of depth change was about
600 nm. In this experiment, the frequency of the laser was 1000 Hz, that is, the
irradiation on the sample surface was 1000 pulses per second, e.g., when the scanning
speed was 1000 μm/s, the distance between two pulses was about 1 μm on average, at
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the same time, the diameter of focus beam was about 3.2 μm and the superposition
rate of sequence pulses reached 80%. So, when the speed ranged from 100 μm/s to
400 μm/s, the fluence of a laser was higher than in the case of glass. Then, the film
was ablated completely, the depth change corresponding to that of the glass. With
the speed increasing from 500 to 1000 μm/s, the fluence of the laser diminished and
was lower than the threshold of the ablation of glass. Then the change of depth
corresponded to the ablation rate of the film. For the high speed region, e.g., when

Fig. 3. AFM image of ablated groove with pulse energy of  300 nJ, NA = 0.25 at different scanning
speed: 3-D profile of groove by AFM (a); cross-profile of depth (b); the curve fitted by scanning speed
and the depth of ablated groove (c).
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the scanning speed was 7000 μm/s, the distance between two pulses was about 7 μm
on average, and the diameter of focus beam was about 3.2 μm, so the film ablation
was due to the discontinuum pulse. Upon boosting the speed, the fluence of was kept
unchanged. So the rate of the depth changing was very small.

The experimental results show that precise micromachining with desired stability
and reproducibility can be achieved by controlling the pulse energy and the scanning
speed as well as the numerical aperture. Figure 4 shows the pattern of a cirlce
which was processed by the femtosecond laser with pulse energy of 300 nJ, NA = 0.25
and the scanning speed of 3000 μm/s. We can see that the boundary of cutting was
very smooth, the depth was very consistent about 850 nm. So, by controlling the
parameters of the experiment the process can be obtained.

4. Conclusions

Femtosecond laser patterning of Au/Cr films which have the same thickness of about
1000 nm and are coated on glass substrate has been investiged to determine the optimal
parameters for patterning process. Using SEM and AFM we investigate the morphol-
ogy of pattern including the linewidth, groove depth and the laser-induced periodic
surface structures (LIPSSs). The ablation depth was observed to be dependent on
scanning speed when keeping the pulse energy and the NA unchanged. The exper-
imental results show that precise micromachining with desired stability and
reproducibility can be achieved by controlling the ablation energy and the feed rate
using appropriate numerical aperture (NA).
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Fig. 4. The AFM image of the pattern of a circle which was processed by the femtosecond laser with pulse
energy of 300 nJ, NA = 0.25, and scanning speed 3000 μm/s.



Processing microstructure on film by femtosecond laser 635

(50775104), Special project about extremeness fabricate of 863 high tech (2006AA04Z307), Fund of
hundred excellence doctor paper of national (2006039) and Key project of foundation research about
nature science of Jiangsu college (07KJA46003) for financial support of this work.

References
[1] PEDRAZA A.J., FOWLKES J.D., GUAN Y.F., Surface nanostructuring of silion, Applied Physics A 77(2),

2003, pp. 277–284.
[2] BÄRSCH N., KÖRBER K., OSTENDORF A., TÖNSHOFF K.H., Ablation and cutting of planar silicon devices

using femtosecond laser pulses, Applied Physics A 77(2), 2003, pp. 237–242.
[3] ZOPPEL S., FARSARI M., MERZ R., ZEHETNER J., STANGL G., REIDER G.A., FOTAKIS C., Laser micro-

machining of 3C–SiC single crystals, Microelectronic Engineering 83(4–9), 2006, pp. 1400–1402.
[4] SEONGKUK LEE, DONGFANG YANG, SUWAS NIKUMB, Femtosecond laser patterning of

Ta0.1W0.9Ox/ITO thin film stack, Applied Surface Science 253(10), 2007, pp. 4740–4747.
[5] LENZNER M., KRÜGER J., KAUTEK W., KRAUSZ F., Precision laser ablation of dielectrics in the 10-fs

regime, Applied Physics A 68(3), 1999, pp. 369–371.
[6] LIU X., DU D., MOUROU G., Laser ablation and micromachining with ultrashort laser pulses,

IEEE Journal of Quantum Electronics 33(10), 1997, pp. 1706–1716.
[7] SEONGKUK LEE, DONGFANG YANG, SUWAS NIKUMB, Femtosecond laser micromilling of Si wafers,

Applied Surface Science 254(10), 2008, pp. 2996–3005.
[8] YASUHIKO SHIMOTSUMA, KAZUYUKI HIRAO, JIANRONG QIU, KIYOTAKA MIURA, Nanofabrication in

transparent materials with a femtosecond pulse laser, Journal of Non-Crystalline Solids 352(6–7),
2006, pp. 646–656.

[9] ZHU X., VILLENEUVE D.M., NAUMOV A.YU., NIKUMB S., CORKUM P.B., Experimental study of
drilling sub-10 μm holes in thin metal foils with femtosecond laser pulses, Applied Surface
Science 152(3–4), 1999, pp. 138–148.

[10] NOLTE S., KAMLAGE G., KORTE F., BAUER T., WAGNER T., OSTENDORF A., FALLNICH C., WELLING H.,
Microstructuring with femtosecond lasers, Advanced Engineering Materials 2(1–2), 2000,
pp. 23–27.

[11] BEINHORN F., IHLEMANN J., SIMON P., MAROWSKY G., MAISENHÖLDER B., EDLINGER J., NEUSCHÄFER D.,
ANSELMETTI D., Sub-micron grating formation in Ta2O5-waveguides by femtosecond UV-laser
ablation, Applied Surface Science 138–139, 1999, pp. 107–110.

[12] BÄHNISCH R., GROß W., STAUD J., MENSCHIG A., Femtosecond laser based technology for fast
development of micromechanical devices, Sensors and Actuators A: Physical 74(1–3), 1999,
pp. 31–34.

[13] JANDELEIT J., URBASCH G., HOFFMANN H.D., TREUSCH H.G., KREUTZ E.W., Picosecond laser ablation
of thin copper films, Applied Physics A 63(2), 1996, pp. 117–121.

[14] ANDREEV A.V., NAZAROV M.M., PRUDNIKOV I.R., SHKURINOV A.P., MASSELIN P., Noncollinear
excitation of surface electromagnetic waves: Enhancement of nonlinear optical surface response,
Physical Review B 69(3), 2004, p. 035403.

[15] HAE WOON CHOI, Femtosecond laser material processing for micro-/nano-scale fabrication and
biomedical applications, The Ohio State University, 2007.

Received February 2, 2009
in revised form April 12, 2009



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




