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Femtosecond laser-colorized indium-tin-oxide
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Abstract: Laser-colorized indium-tin-oxide (ITO) films are fabricated using femtosecond
laser processing. By varying the laser fluences, nanostructures with cotton, brick and ripple
forms are generated on the surface of ITO films, which produces cyan, yellow and orange
colors. The fluence-dependent nanostructures on the surface of ITO films also significantly
attenuates blue light so these materials are suited to eye protection and the screening of
images behind ITO films for information security.
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1. Introduction

The need for ink- and toxin-free painting means that laser colorization using laser-induced
periodic surface structures (LIPSSs) [1-7] is important because it is environmentally friendly.
Recently, LIPSSs have been observed on various materials and this type of surface structures
also modifies some physical properties, such as the friction [1], the hydrophobicity/
hydrophilicity [2], the conductivity [3-5] and the absorptance [2,6,7]. Laser-colorized
materials are realized by controlling the morphology. For example, a variety of colors for
different metals (e.g., aluminum [8], stainless steel [9], etc.) and semiconductors (e.g., Ge
[10]) was demonstrated using a femtosecond laser processing technique. However, to the
authors’ best knowledge, there has been no attempt to colorize transparent conducting
materials using femtosecond laser processing. This study shows that the color of indium-tin-
oxide (ITO) films can be easily controlled using femtosecond laser processing.

ITO is both transparent and conducting and is an important material for industrial
applications in solar cells [4] and touch panels [11]. There have been many attempts to
enhance the transparency and reduce the resistivity via femtosecond laser-induced
crystallization [12]. Precisely selective crystallization using laser annealing [13] allows areas
to be patterned and the line width of electrodes in touch panels to be reduced [11]. Touch
panels are indispensable devices for work, communication, and entertainment. Eye protection
and the preservation of personal privacy is important issue for long-term usage.

This study fabricates various nanostructures on the surface of ITO films by using
femtosecond laser processing to modify their optical properties. The femtosecond laser-
colorized ITO films are highly transparent and have potential applications for blue light
attenuation to protect eyes and in image screening to secure information [14].

2. Experiments

ITO films with a thickness of 80 nm for this study were coated on 1.1-mm-thick glass. The
ITO films were mounted on an xyz-stage and irradiated at room temperature and ambient
pressure using a commercial Ti:sapphire amplifier (Solstice Ace, Spectra-Physics) with a
central wavelength of 800 nm, a pulse duration of 35 fs and a repetition rate of 2 kHz. A
cylindrical lens (f = 40 mm) was used to focus the laser beam into a line spot with a length of
4.6 mm and a width of 21 um. The scanning speed was approximately 160 pm/s.

The morphology of the ITO films was observed using high resolution field emission
scanning electron microscopy (SEM, JEOL). A spectrometer (U3310, Hitachi) with both
deuterium and tungsten iodide lamps (allowing for a scanning range from 190 nm to 900 nm
with a resolution of 0.3 nm) was used to determine the relationship between the
reflectance/transmittance spectra and the colors of femtosecond laser-colorized ITO films.

3. Results and discussions

SEM images of the surface morphology of an untreated ITO film and five laser-annealed ITO
films are shown in Fig. 1 (all of the experimental conditions used in this study are
summarized in Table 1). For sample UDL-1 in Fig. 1(b), a densely cotton-like structure is
observed on the surface with a fluence of 646 mJ/cm?. Decreasing the laser fluence causes the
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cotton-like structure to gradually disappear and a brick-like structure emerges. At a low
fluence of 60 mJ/cm?, a regular ripple structure that is formed by nano-bricks is clearly
observed on the surface, as shown in Fig. 1(f). All of the ripples (formed by nano-bricks) in
Figs. 1(c)-1(f) were fabricated by scanning a laser spot along the y-axis, which is parallel to
the polarization of laser beam. The spatial period along the y-axis is much smaller than the
wavelength of the radiation, which is the so-called high spatial frequency LIPSS (HSFL).
HSFLs are usually generated on transparent materials using hundreds to thousands of ultra-
short laser pulses [15] perpendicular to the direction of laser polarization with a fluence that is
below the damage threshold of materials [16]. In this study, all of ITO films were irradiated
by about 260 pulses at a single point, depending on the scanning speed of ~12.5 pulses/um
and the 21-um width of laser line spot. The HSFLs can be successfully generated on the
surface of all laser-annealed ITO films.

(@

500 nm

Fig. 1. SEM images showing the morphology of the ITO films before and after laser
processing. (a) The surface morphology of an untreated ITO film. (b) A laser-annealed ITO
film (UDL-1, fluence = 646 mJ/cm?) with scanning along the y-axis and polarization (blue
arrow) parallel to the laser line-spot (red). (c)—(f) Laser-annealed ITO films [UDL-2 (fluence =
217 mJ/cm?), UDL-3 (fluence = 197 mJ/cm?), UDL-4 (fluence = 68 ml/cm?) and UDL-5
(fluence = 60 mJ/cm?)] with scanning along the y-axis and polarization (blue arrow)
perpendicular to the laser line-spot (red)

For sample UDL-5, the nano-bricks with a length of ~250 nm (along the x-axis) and a
width of ~70 nm (along the y-axis) are regularly separated by around 500 nm along the x-
axis. This 500-nm-period structure, which is the so-called low spatial frequency LIPSS
(LSFL) that is usually observed on the surface of dielectric materials, is parallel to the
polarization of laser beam. When the photon energy is smaller than the bandgap of the
material, the spatial period can be estimated by Aparaiel = A/n, where n is the refractive index of
the dielectric material [9]. The spatial period, Apaaner = A/n, which is attributed to radiation
remnants, was already predicted by the LIPSS theory of Sipe et al. for transparent materials
[17]. Radiation remnants could be generated at the solid/air interface by absorbing photons
from the incident radiation and then transfer to the materials at the associated spatial
frequencies. Additionally, electrons can be excited to higher energy levels by absorbing
multiple photons when the photon energy is smaller than the bandgap of the material. In other
words, the strong electric field of the laser drives the electrons to tunnel out and become the
plasma, which further induces the ablation on surface of materials. The bandgap for ITO is
around 3.7 eV [18] and the photon energy of the irradiated laser is 1.55 eV, so with a
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refractive index n ~1.60 at 800 nm [19], it is estimated that Apaaier = 500 nm, which is
consistent with the experimental result for sample UDL-5.

Table 1. Laser fluence and the structure formation on the colorized ITO films.

Nanostructure
Sampleno.  Fluence (mJ/cm?)  cotton-like brick-like Color
structure structure
UDL-1 646.1 \Y - Cyan
UDL-2 216.7 \% \% Yellow
UDL-3 197.0 \% \ Yellow
uDL-4 67.7 \Y \% Orange
UDL-5 59.6 - \Y Orange

Interestingly, the colors of laser-annealed ITO films are controlled by varying the laser
fluences, as shown in Fig. 2(a). The purple color of an untreated ITO film becomes cyan,
yellow, or orange if there are different nanostructures on the surface of the laser-annealed
ITO films. In order to clarify the origin of laser-colorized 1TO films, the reflectance and
transmittance spectra of all ITO films in the visible region were measured. Figure 2(b) shows
the typical reflectance and transmittance spectra for an untreated ITO film with a relatively
high reflectance at less than 425 nm and at more than 650 nm. Therefore, the untreated ITO
film is purple. After laser processing, the reflectance spectra for the ITO films are
significantly different. For high fluence (UDL-1), the reflectance spectrum from 450 to 600
nm is greater than that for an untreated ITO film, with a 2.2-fold increase at around 550 nm,
but the reflectance spectra below 400 nm and above 650 nm shrink significantly. Therefore,
the laser-colorized ITO film of UDL-1 is cyan. When the laser fluence decreases, the broad
main peak in Fig. 2(c) gradually shifts from 550 nm to 575 nm and the color changes from
cyan to the yellow and then orange.
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Fig. 2. (a) The colors of ITO films before and after laser processing. (b) The reflectance (Rq)
and transmittance (To) spectra for an ITO film before laser processing. (c) The ratio of the
reflectance spectra for the ITO films before (Ro) and after (R) laser processing. (d) The ratio of
the transmittance spectra for the 1TO films before (T,) and after (T) laser processing. The blue
shaded area covers the wavelengths that cause damage to eyes.
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All of the transmittance spectra for ITO films are reduced after laser processing, as shown
in Fig. 2(d). It is interesting to note that the reduction in the transmittance in the region from
390 nm to 480 nm [the blue area in Fig. 2(d)] is significantly greater than that in long-
wavelength region. The region of 390-480 nm is dominated by blue light and has been
demonstrated to cause damage to eyes [20]. The low fluence sample (UDL-5) gives a larger
reduction in the blue-light region and a smaller reduction in the red-light region, so the
femtosecond laser-colorized ITO films that are developed in this study can be directly used
for LCD displays, because they maintain their original function as an electrode and act as a
blue light filter to protect eyes.

When laser-colorized ITO films are used in the LCD displays, the image that is displayed
on the LCD can be selectively screened by varying the view angle. Figure 3(a) shows the
schematic for testing this concept. If the view angle @ is close to O (i.e., watching the panel
normally), the image on the panel is shown in Fig. 3(b). However, if the view angle 9 is
significantly different to 0 (i.e., watching the panel obliquely), the image on the panel is
blocked by the strong reflected light with colors that depend on 6 [see Figs. 3(c)-3(e)].
Finally, the image on the panel cannot be seen. This shows the significant potential for
applications that allow information security and the protection of privacy.
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Fig. 3. (a) The schematic for capturing the images in (b)—(e), where @ is the view angle. (b)-(e)

Observing the image on a screen through an untreated 1TO film and a laser-colorized 1TO film
(UDL-5) at various view angles.

4. Conclusion

Cyan, yellow and orange laser-colorized ITO films are fabricated using femtosecond laser
processing. For high laser fluences (>646 mJ/cm?), a densely cotton-like structure is formed
on the surface and there is a cyan color. For laser fluences of ~200 mJ/cm?, both cotton-like
and nano-bricks are simultaneously formed on the surface and a yellow color is produced.
When the laser fluences are less than 68 mJ/cm?, only a nano-brick structure is formed on the
surface and an orange color is produced. The changes in the reflectance and transmittance
spectra for ITO films that are annealed using a femtosecond laser are strongly dependent on
the surface morphology, which also results in a change in color.

Previous studies have shown that femtosecond laser-induced nanostructures on ITO films
enhance the conductivity [3,4], but also significantly modify the optical properties, as shown
in this study. The significant reduction in transmittance in the blue-light region is good for
eye protection. It is also demonstrated that laser-colorized ITO films with specific reflected
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light can block the image behind the laser-colorized ITO film, which has potential application
for information panels, in terms of information security and the protection of privacy.

Appendix
Crystal structure analysis

As shown in Fig. 4, the position and the full-width half-maximum (FWHM) of the peak (222)
significantly changes after fs laser irradiation. By the well-known Scherrer formula [21], we
further found that the average grain size of ITO thin films increases after fs laser irradiation.
Consequently, the fs laser pulses indeed cause the changes of crystalline in ITO films.
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Fig. 4. (a) XRD patterns for untreated and laser treated 1TO films (UDL-1, UDL-2, UDL-3,
UDL-4 and UDL-5). (b) The fluence-dependent position of peak (222). (c) The fluence-
dependent FWHM of peak (222). (d) The fluence-dependent grain size. (Red dash lines in (b)-
(d) are the position, FWHM, and grain size of peak (222) in untreated ITO thin film,
respectively.)

Electrical property and TEM/EDS images

We have performed the transport measurements to check the electrical properties of ITO
films before and after fs laser irradiation. Figure 5 shows the laser fluence dependence of the
resistance difference between an untreated 1TO film and laser treated ITO films (UDL-1,
UDL-2, UDL-3, UDL-4 and UDL-5). For example, the resistance difference between an
untreated ITO film and the laser treated ITO film UDL-5 was estimated by
AQ = M_ ()]
9

Although the resistance of UDL-5 increased by 15% after laser processing, its resistivity
may not increase due to the thickness shrinking of ITO films. For example, according to the
inset of Fig. 6(a), the cross section area of UDL-5, Aup.-s, is decreased by ~ 73% after laser
processing. Because Qo= 3.25x10° ohm, QupLs= 3.75x10°% ohm, and AupLs = 0.27A,, the
resistivity can be expressed as

= ><i=3.25><106><i 2
Py =12 L L 2)
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0.27 A,

0.27
PupL-s = Qpi_s X =3.75x10° x_LO A ) 3)

Assumed the thicknesses of all thin films are to = 80 nm, we can further obtain

Poors _ 31, ()
Po

Therefore, the increase of resistance for laser treated ITO films is due to the shrink of
thickness of ITO films. Actually, the resistivity of UDL-5 is decreased by ~70% after laser
processing. Moreover, the Fig. 6(a) shows that the brick-like structure on UDL-5 is highly
crystalline. The EDS mapping in Figs. 6(b)-6(e) also show that the rich-Sn and rich-In ITO
films have been produced after laser processing. The metal-like clusters further lead to greater
local conductivity [3]. Finally, we can conclude that the electrical properties of 1TO films are
not degraded after fs laser processing, even significantly improved.
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Fig. 5. Resistance difference between an untreated 1TO film (2, = 3.25 x 10° ohm, probe
distance = 1 mm, thickness = 80 nm) and laser treated ITO films (UDL-1, UDL-2, UDL-3,
UDL-4 and UDL-5).
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Fig. 6. (2) TEM image of the brick-like structure on UDL-5. Inset: TEM image of brick-like
structure on UDL-5 corresponding to EDS mapping images in the (b)—(e), which characterize
the silicon (Glass substrate), indium, oxygen and tin elements, respectively. (The TEM images
and EDS analysis are provided by MSSCORPS CO.)

Absolute reflectance spectra

Figure 7 shows the absolute reflectance spectra for all ITO films prepared in this study.
Generally, high transparency of ITO films (except UDL-1) results in the very low reflectance,
which is hard to reveal the tiny changes of reflectance after laser processing. Therefore, the
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R/Ro spectra were applied to enhance the tiny changes of reflectance and help readers to
recognize the significant changes of reflectance on ITO films after laser processing
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Fig. 7. The absolute reflectance spectra of all ITO films after laser processing.
Diffraction of the laser-printed ITO gratings

Due to the 500-nm-period pattern formed by the regular nano-bricks as shown in Fig. 8(a),
UDL-5 exhibits different colors at specific viewing angles on the xz-plane. A white light
source (i.e., a white light LED) was used to irradiate the sample with incident angle of 6;
=76°. Additionally, a spectrometer was also used to detect the diffraction spectra from 64 =
90° to 64 = 18° with the interval of 3° on the xz-plane. Figure 8(b) clearly shows that the
diffraction wavelength shifts from 400 nm to 625 nm in the region of 64 = 48° - 18°. At the
larger angles (from 6y = 81° to 64 =51°), we can also observe the similar phenomenon.
Meanwhile, the variation of dominant diffraction wavelengths at specific angles would cause
the changes of colors on laser-treated 1TO films. Consequently, the angle-dependent color of
laser-colorized ITO films is definitely from the diffraction of the laser-printed ITO gratings.
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Fig. 8. (a) The schematics of angle-dependent (0y) diffraction spectrum measuring system and
the surface morphology of a laser-annealed ITO film (UDL-5) used in this study. (b) The
diffraction spectra as a function of diffraction angle (0;). D/Dy is the diffraction intensity ratios
between an untreated 1TO film and a laser-annealed ITO film (UDL-5).
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