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emitting diodes, flat panel displays, etc.) 
and energy harvesting (photovoltaics, low 
emissivity coatings, etc.).[1] They are pro-
duced by creating electron degeneracy in 
a wide bandgap oxide either introducing 
non-stoichiometry (solid solutions) and/
or appropriate dopants, like Sb or F.[2] This 
is usually achieved in mixtures of different 
Group III oxides with metal oxides where 
the metal can be a part of the semicon-
ductor oxide or act as dopant. This leads to 
different families of TCOs including AZO 
(aluminum zinc oxide), IZO (indium zinc 
oxide), ITO (indium tin oxide), GZO (gal-
lium zinc oxide), and so on. Among them 
ITO (typically ≈90%  wt% In2O3  + 10 wt% 
SnO2) plays a key role, especially to pro-
duce transparent conductive electrodes 
(TCEs) in flat-panel displays.

Regarding the structuring of ITO films, 
although wet chemical etching is suitable 
for producing micron-width electrodes, 
the need for rapid, and mask-less pat-
terning of large areas led to investiga-

tion of the use of laser structuring already in the late 90s.[3] A 
similarly important application of lasers for processing TCOs is 
their use for sintering spin-coated films formed by nanoparti-
cles, especially on flexible substrates.[4–6]

However, the peculiarities of its absorption spectrum and 
the regular use of transparent substrates impose limitations in 
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1. Introduction

Transparent conducting oxides (TCOs) are materials with a 
comparably low optical absorption in the visible region of the 
spectrum which makes them particularly suitable for appli-
cations in the fields of information technology (organic light 
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the selection of laser wavelengths for ablative structuring in the 
vis–NIR.[7] This can be overcome by using UV wavelengths[8] or 
sacrificial absorbing layers.[9]

Alternatively, the use of ultrafast lasers in the ps- or fs-pulse 
regimes has been analyzed by several research groups,[9–12] 
leading in some cases to an improved performance.[13] This 
approach, when multi-pulse processing is used, has the addi-
tional consequence of generating laser-induced periodic surface 
structures (LIPSS),[14] an effect that has recently received atten-
tion due to its high potential for producing optical[15,16] or elec-
trical anisotropies.[17,18] However, due to its long skin penetration 
depth in the vis–NIR, it is difficult to fabricate macroscopically 
continuous LIPSS[19,20] in ITO, a requirement for many practical 
applications. In what follows we provide a non-exhaustive sum-
mary of relevant results regarding LIPSS fabrication in ITO.

Ablative LIPSS aligned perpendicular to the laser beam 
polarization (⊥-LIPSS) and periods as small as ≈λ/15 have 
been observed in films irradiated with high repetition rate, 
fs laser pulses at 800  nm at extremely slow scanning speeds 
( ≈10´s µm s−1).[21] At a much lower repetition rate, Wang et al.[22] 
observed periodic arrangements of nanolines and nanodots 
with longer, multimodal period structures (Λ ≈ λ, λ/2 and λ/4) 
in samples statically irradiated at the same wavelength. More 
recently, femtosecond-laser pulses at 1030  nm have been 
used to generate ablative ⊥-LIPSS with a very small period[16] 
(Λ ≈ λ/9) using a slow beam scanning speed. Farid et al.[23] have 
reported on the evolution of LIPSS morphologies in static and 
moving samples. In the former, they observed after a few pulses 
⊥-LIPSS to develop. For further pulse accumulation, LIPSS  
parallel to the laser beam polarization (||-LIPSS) coexisting with 
⊥-LIPSS were observed while at even higher pulse numbers 
(N  >  ≈20), ||-LIPSS predominate. However, upon film scan-
ning during laser exposure, ||-LIPSS were never observed, and a 
bimodal distribution of ⊥-LIPSS (Λ ≈ λ/2 and ≈λ, λ = 532 nm) 
occurred instead. At the same time, these authors observed Λ 
values in the ≈100–500 nm range, depending on the local flu-
ence. The transition from low spatial frequency (LSF) to high 
spatial frequency (HSF) LIPSS with the laser scan speed has 
been reported by Liu and coworkers[24] upon ps-laser irradia-
tion at 1064 nm, and attributed to splitting phenomena.[25] LSF-
LIPSS formation upon nanosecond-laser pulsed irradiation has 
also been recently reported at 532  nm.[26] Such a rich pheno-
menology further spans when considering the interaction of 
the laser with initially amorphous ITO films[27] where amor-
phous-crystalline, ⊥ HSF-LIPSS have been observed.

For what concerns functionality, thin ITO films irra diated with 
fs-laser pulses develop a strong form birefringence (|Δn|  ≈ 0.2) 
related to deeply ablated ⊥-LIPSS (Λ  ≈ λ/9) formed upon slow 
sample scanned irradiation.[16] The same structures were subse-
quently used for liquid crystal alignment layers.[18] More recently, 
a hybrid approach combining direct laser interference patterning 
(DLIP) and LIPSS has been used to produce anisotropic conduct-
ance structures.[17] The LIPSS period found (Λ  ≈ 75  nm ≈ λ/4) 
was over-imposed to the DLIP periodicity leading to a conduct-
ance anisotropy of ≈ 50 × 103, as measured by two-point probing 
measurements. Unfortunately, quantitative resistivity measure-
ments were provided only for the as-deposited films (≈24 Ω sq−1) 
that also showed a relatively large transmission in the near IR of 
about 70% at 2 µm. This makes it difficult to assess the chem-
ical/structural origin of the induced changes.

In this work, we report the production of surfaces with high 
anisotropic resistivity in ITO films, reaching electrical insula-
tion along one axis and electrical conductance in the transversal 
one. Such a strong anisotropy effect is caused by the formation 
of coherently extended, LSF-LIPSS upon fs-laser irradiation at 
1030 nm. After optimization of the laser processing parameters, 
two main types of anisotropic resistivity structures have been 
produced based on either strong ablation and material compo-
sitional changes, or gentle ablation. These structures have been 
thoroughly characterized in terms of morphology, composi-
tion, structure, optical properties, and resistivity. The origin of 
their electrical and optical response is discussed in terms of the 
compositional and structural evolution of the irradiated mate-
rial. Feasible routes to further improve their anisotropic perfor-
mance are presented.

2. Results and Discussion

2.1. Morphology of the Irradiated Surfaces

Figure 1 gathers several morphological images of two optimized 
structures induced at different fluences (0.64 and 0.89 J cm−2). 
The laser repetition rate used in this case was 500 kHz and the 
laser beam polarization was perpendicular to the scan direc-
tion. The spot size at the sample was 10.2  µm (1/e2 intensity 
decay). A scan speed of 2 m s−1, and a scan line separation of 
4  µm were used. The images show the formation of LIPSS, 
and correspond to the narrow fluence interval where coherent 
propagation of LSF-LIPSS[19,20] can be successfully induced. 
The preservation of the alignment of the structures over a long 
distance (up to 1 cm) can be well appreciated in the low magni-
fication optical images in the figure. From now on, we will refer 
to them as LF (low fluence) and HF (high fluence) structures.

There is though a large variability in the morphology of the 
samples depending on the processing parameters, as shown in 
the Supporting Information. In general, fluences above 1 J cm−2 
lead to splitting of the LSF-LIPSS in structures showing Λ ≈ λ/2  
(cf. Figure S1, Supporting Information) or the coexistence of 
both Λ  ≈ λ and Λ  ≈ λ/2 periods (cf. Figure S2c, Supporting 
Information). Such a splitting phenomenon has been reported 
in ITO films upon irradiation with both ps- and fs-laser 
pulses,[22–24] and attributed to progressive compositional[22] or 
surface roughness changes[24,25] during the structure evolution. 
Yet, none of these works has reported the homogeneous forma-
tion of single period, LSF-LIPSS, like those shown in Figure 1.

As can be appreciated in the SEM and AFM images, the struc-
tures show periods close to λ (Λ ≈ 940 and 890 nm, respectively, 
for the LF and HF samples). The narrow width and large depth 
of the valleys in the LF structures lead to tip-angle related arti-
facts yielding artificially low values in the modulation depth 
derived from AFM measurements. This value has been thus esti-
mated to be ≈350 nm by using interferometric microscopy and 
SEM cross-section analysis as shown in the insets in Figure  1, 
while the thickness of the film underneath the valleys is 
≈150 nm (cf. Figure S3, Supporting Information). This indicates 
that at the ridges of the LF structures, ablation effects are very 
small. For the HF sample, interferometric microscopy and SEM 
cross-section measurements show instead, a strong diminution 
of the overall film thickness caused by ablation. The depth of 
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modulation observed on average (≈180  nm) is smaller than in 
the LF case while the thickness of the film remaining at the val-
leys, most likely discontinuous, is estimated to be below ≈10 nm, 
where the fact that the valleys of the HF sample are discontin-
uous can be clearly appreciated by SEM cross-section analysis.

The AFM measurements of the LF structures also show the 
presence of a sub-wavelength pattern (Λ  ≈ 400  nm) aligned 

parallel to the electric field of the laser. Inside this pattern, a 
finer periodicity (≈150  nm) is often observed, a value close to 
the lowest ones reported.[16] Such short periods were observed 
upon fs-laser irradiation at a much lower scanning speed 
(≈1 mm s−1) and the LIPSS were oriented perpendicular to the 
laser polarization instead. In our case, these fine HSF-LIPSS 
are also observed at the edges of the overlap regions of consecu-
tive scans when the polarization is parallel to the scan direction 
(cf. Figure S2a, Supporting Information). The transition from 
LIPSS perpendicular to parallel to the laser electric field has 
been reported upon static irradiation of ITO films by Farid and 
coworkers,[23] and attributed to the formation of nanoblisters 
in the LIPSS initially perpendicular to the field generating an 
uneven fluence profile on the surface.

The depth modulation of the structures can also be appre-
ciated in the SEM images shown in Figure 1. At LF, the struc-
tures consist of broad ridges (≈700 nm broad) alternating with 
narrower (≈240  nm) valleys surrounded by molten rims. The 
broad maxima also show (cf. zoom inset) the presence of the 
already indicated fine modulation (Λ ≈ λ/2) aligned parallel to 
the laser polarization, as well as very small molten droplets, 
indicative of liquid phase splashing at the ablated channels. 
The BSE image shows instead a rather homogeneous contrast, 
with a darker appearance at the valleys. This suggests the occur-
rence of local compositional changes (Z-contrast) apparently 
stronger in the channels. For the HF case, the SEM images 
confirm the broader width of the valleys (≈600 nm) compared 
to the ridges (≈300  nm) (cf. zoomed inset). The BSE images 
indicate here a strong compositional difference between the 
material at the ridges and the valleys of the structure. Clear 
signs of re-solidification are also observed along with bigger 
molten droplets everywhere on the surface.

2.2. Compositional Changes

Figure 2 includes EDX compositional data from measurements 
at different regions of the LF and HF samples. For the LF case, 
the EDX spectra show clearly the Lα emission bands of In and 
Sn along with a small contribution of the Kα band of Si, associ-
ated with the fused silica substrate. This contribution, in the case 
of the non-treated material (unexposed, U-ITO), is comparable 
to the one observed at the ridges of the LF structure which sug-
gests, as already indicated, a very small thickness diminution. 
The contributions of C, N, and O can also be appreciated in the 
low energy region (<1  eV) of the spectrum. The compositional 
maps show an In and Sn content homogeneously distributed 
over the ridges of the LF sample, and a decrease in the content 
of both elements at the valleys. Si is there observed, while the Si-
peak appreciably increases in the EDX spectra consistently with 
the smaller film thickness of the structure. More importantly, 
the Sn/In cps. ratio increases (≈20%) at the valleys compared 
to the ridges, indicating a preferential loss of In at the regions 
experiencing the highest local fluence. The ratio observed at the 
ridges is similar to the one in non-irradiated regions.

In the HF case, the induced compositional changes are 
much stronger. The compositional maps show that In and Sn 
have been nearly completely removed at the valleys while broad 
Si stripes can noticeably be seen there. Consistently, the EDX 

Figure 1. Morphological surface analysis of LIPSS generated in a) the LF 
sample and b) the HF sample. Characterization by optical (top left) and 
AFM (top right) microscopies, and SEM in BSE (bottom middle) and 
SE (bottom left and right) modes, this latter at two different magnifica-
tions. SE-SEM images of the cross-section of samples at LIPSS normal 
direction, showing the topography of the laser-irradiated samples, have 
also been included (bottom right). The laser beam polarization and scan 
directions are indicated as white and yellow colored lines in the optical 
and AFM microscopy images. The spatial scale is included in all images. 
In each AFM image, the inset shows its FFT.
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spectrum shows a very strong contribution of Si and a nearly 
negligible contribution of In and Sn. At the ridges, the Sn/In 
cps. ratio is similar to the one observed at the valleys in the LF 
structures, while the Si and O peaks prevail in the spectrum.

The comparison of our results with previously reported 
works indicates that upon multi-pulse irradiation, the effect of 
the laser energy in the material progressively changes as pulses 
are accumulated. ITO films show an absorption coefficient at 
1030 nm around 104 cm−1[7,12] that leads to a single pulse abla-
tion fluence of ≈9 J cm−2 for a similar pulse duration and film 
thickness.[9] We have observed LIPSS formation at 500  kHz 

pulse repetition rate, for fluences of just 0.5 J cm−2 at pro-
cessing speed of 1 m s−1 (equivalent to ≈10 shots per spot). This 
value is ≈20 times smaller than that reported in ref. [12].

It is thus clear that although free carrier absorption initiates 
the deposition of laser energy in the film, the compositional 
changes occurring after each pulse progressively modify 
the material response. Indeed, compositional effects upon 
multi-pulse, fs-laser irradiation have already been pointed out 
by Wang et al.[22] who attributed the evolution of the electrical 
properties of irradiated films to the breaking of InO and 
SnO bonds and the formation of metallic InIn clusters. 
Similarly, Farid et al.[23] have proposed the formation of In-rich 
nanoblisters as the trigger agent for LIPSS formation in ITO.

The compositional changes induced in the ITO films have 
also been analyzed by XPS spectroscopy in pristine[28] and laser-
treated samples. The XPS spectra corresponding to the Sn3d, 
In3d, O1s, and Si2p bands are included in the Supporting 
Information (cf. Figure S4, Supporting Information) and show 
relevant differences only between non-irradiated and the HF 
samples. In the HF case, the appearance of the Si2p peak at 
≈102  eV (corresponding to SiOSi and SiOH bonds) and 
an additional contribution in the O1s spectrum at ≈532  eV, 
evidence that film at the valleys of the HF structures is nearly 
completely removed. A small shift to lower energies (≈0.2 eV) in 
the two 3d peaks of Sn and In with respect to the non-irradiated 
material is also observed. The small magnitude of the spectral 
shift and its narrower width allow discarding the formation 
of InIn bonds (In0 bonding in the metallic state, metalliza-
tion of the near-surface) as responsible for the shift, unlike the 
observations by Wang et al.[22] for a much higher accumulated  
laser dose.
Table 1 shows the composition of unexposed and irradiated 

regions derived from the XPS data. When comparing these 
values to the EDX characterization, it must be considered 
that XPS provides compositional values corresponding to an 
exponentially decaying interaction in the near-surface region 
(2–3  nm depth), which is a 2D average covers regions (ridges 
and valleys) with different compositions and spreads. The LF 
sample shows a small relative diminution of In (≈7%) and a 
clear increase of Sn (≈30%) content, leading to a significant 
increase in the Sn/In ratio. The EDX compositional data indi-
cate though that the Sn/In ratio remains essentially unmodi-
fied at the broad ridges of the LF structures and increases at the 
valleys. These observations suggest that the preferential loss of 
In mainly occurs at the valleys of the LF structures.

The situation is different in the HF structures, where the 
ITO film is nearly completely removed at the valleys, and 
therefore the XPS-determined composition corresponds to the 

Figure 2. EDX analysis of the LF and HF samples. The EDX spectra 
shown correspond to the valleys and ridges of the structures, as indicated 
in the SEM images below. The colored images are compositional maps 
of the spatial distribution of the indicated elements. A spectrum of the 
unexposed surface (U-ITO) is also included.

Table 1. Average compositions determined from XPS spectra recorded 
at the surface of unexposed (U-ITO), LF and HF irradiated films. The 
compositional values are given in terms of atomic % and have been nor-
malized to 100%.

In [at%] Sn [at%] O [at%] Si [at%] Sn/In

U-ITO 36.1 3.9 60.0 – 0.106

LF sample 33.6 5.1 61.3 – 0.154

HF sample 29.8 4.9 59.0 4.3 0.166
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material remaining at the ridges which, in agreement with the 
EDX data, shows a strong preferential loss of In.

In order to access the compositional changes occurring at 
the ridges and valleys of the LF-samples, thin lamellae of pris-
tine and LF irradiated samples were produced by a Focused 
Ion Beam (FIB). The so produced cross-sectional samples were 
analyzed by EDX spectroscopy in a STEM. Figure  3 shows a 
high-resolution image of a lamella cut normal to the LIPSS 
in an LF-sample along with several compositional maps. The 
quantified spatial distribution of In, Sn, and O (atomic fraction 
%) determined through a line perpendicular to the sample is 
included for the unexposed sample and at a ridge and a valley 
of the LF-sample

The STEM image clearly shows that the LF-irradiated struc-
ture is polycrystalline while the compositional maps show a 
relatively homogeneous distribution of the three elements, with 
a strong increase of the atomic fraction of oxygen at the vicinity 
of the boundary between the film and the substrate, this latter 
made of SiO2. For the three in-depth compositional profiles, the 

position of the film interface can easily be determined by the 
sharp increase of the In content. The evolution of the oxygen 
content through the interface shows a progressive diminution 
over a transition region of ≈100  nm that can be attributed 
either to some residual oxygen diffusion, or to the interaction 
volume where the X-ray signal is produced (spatial resolution of 
the EDX probe), or both. Whatsoever the case, for a thickness 
above ≈200 nm over the interface the oxygen content stabilizes 
at a value (≈45 at%) smaller than that obtained through XPS 
measurements (≈60 at%). This is not surprising since in mul-
ticomponent compounds, especially in those including heavy 
elements, oxygen quantification by EDX is subjected to large 
uncertainties. In spite of this we can clearly see that both at 
the ridges and valleys of the structure, there is a diminution of 
oxygen in the film, something not apparent in the XPS meas-
urements, more sensitive to the near-surface region.

Concerning the spatial distribution of In and Sn, the poor 
quantification of oxygen impedes making refined estimates to 
the In and Sn content/distribution. Still, we can see that the In 

Figure 3. (left column) STEM/EDX analysis of an LF cross-section sample showing a high-resolution image of the structure across the LIPSS (top-left) 
and compositional maps associated with the In, Sn, and O distribution. (right column) Atomic fraction profiles through the substrate-film interface 
corresponding to a pristine sample (top-right), and a ridge (center-right) and a valley (bottom-right) of the LF sample. For these latter two, the scan 
line position is shown by the yellow lines in the STEM image.
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content at the ridges is very close to that of the pristine film, as 
we inferred too from the XPS data. The quantified In values at 
the center of the ridges (≈60 at%) are apparently above those 
measured in the non-irradiated film (50%), something that 
can only be attributed to the normalization procedure in the 
presence of oxygen losses. However, in the valleys, the max-
imum content of In computed by the EDX profiles at the STEM 
is clearly smaller than at the center of the ridges, while the Sn 
content remains nearly the same (≈5–6 at%) in both cases.

It seems clear that upon multiple pulse exposure of the films 
at fluences well below the single pulse ablation threshold,[12] as 
pulses accumulate, an increasing loss of In occurs, and most 
likely of oxygen too. EDX (at the SEM and STEM), and XPS 
measurements show a strong increase of the Sn/In ratio par-
ticularly in the regions experiencing the stronger local ablation 
effects. We can consider two plausible origins for the prefer-
ential loss of In: non-linear absorption and/or phase segrega-
tion effects. Wang et  al.[22] have suggested that oxygen atoms 
in In2O3-like sites, adjacent to oxygen-deficient sites, might 
be vaporized by breaking InO (bond strength ≈ 3.73  eV) and 
SnO (bond strength ≈ 5.68  eV) bonds[29] by multiphoton 
absorption. In such a scenario, the lower In-O bond strength 
would justify the pre ferential loss of In. Yet, even disregarding 
non-linear absorption, free carrier absorption may provide 
enough energy to melt the surface. Melting features are evident 
in the images in Figure 1, especially in the HF structures. Under 
these conditions, phase separation may locally occur leading to 
small amounts of segregated In2O3 and SnO2 either due to rapid 
solidification effects and/or, if the preferential loss of In has suf-
ficiently progressed, to a local concentration of SnO2 exceeding 
its solubility limit in In2O3. Although crystalline In2O3 and SnO2 
are normally assumed to have a similar bandgap (≈3.7 eV[30,31]), 
several works have shown that the bandgap of In2O3 is smaller 
(≈3.0 eV[32]) and also that it shows a weak optical absorption 
onset at ≈2.6  eV.[33] Its lower absorption edge with respect to 
SnO2 would further favor the preferential loss of In by mul-
tiphoton absorption upon phase segregation, and/or, most likely, 
by the non-stoichiometric, thermal decomposition of In2O3 
with the release of In2O (gas) at temperatures above 900 °C, as 
reported by de Wit.[34] A schematic picture of the processes asso-
ciated with the preferential loss of In is included in Figure 4.

2.3. Structure and Optical Properties of the Irradiated Surfaces

Figure  5 shows the X-ray diffraction patterns of LF and HF 
samples. As can be seen, in both cases, the ITO remaining at 
the surface is polycrystalline and the patterns can be indexed 
with the characteristic structure of the cubic phase of ITO. 
The (222) diffraction peak indicates the formation of In2O3 
and In2SnyOx polycrystalline domains while the broad band 
located around 2θ ≈ 20°, visible only in the HF samples, cor-
responds to the amorphous SiO2 contribution associated with 
the substrate.

The fact that polycrystalline material is formed upon irradia-
tion is related to heat accumulation effects during processing 
at high repetition rates. These effects are stronger the higher 
the repetition rate and the higher the fluence.[35] Indeed, sam-
ples irradiated at lower fluence (i.e., 0.5 J cm−2) or at higher 
fluence but lower repetition rate (i.e., 50 kHz) are amorphized 
upon processing (cf. Figure S5, Supporting Information). There 
is thus a relatively narrow fluence interval where LSF-LIPSS 
form and coherently propagate, while the irradiated material 
remains polycrystalline, a requirement to preserve the special 
near IR optical and conductivity properties of ITO.[36] When 
considering the beneficial effect of heat accumulation effects 
for annealing the generated structures to form polycrystalline 
material, it must be considered though, that an excessive laser 
dose can lead to cracking due to build-up thermal stresses and 
irregularities in the repetitive melting-solidification process. 
This may lead to discontinuities in the ridges of the structures, 
as observed in the HF samples, affecting their macroscopic 
conductivity, as it will be shown in Section 2.4.

Figure 4. Schematic representation of the laser-ITO interaction process 
underlying the preferential loss of In in the HF and LF structures (see text).

Figure 5. X-ray diffractograms of unexposed (U-ITO) films, and films irra-
diated at LF and HF. The position of the Bragg reflections corresponding 
to the crystallographic planes of In2O3 and SnO2 is indicated with color 
lines. The inset shows a high-resolution STEM image of a cross-section 
of the LF-sample, confirming its polycrystalline nature.
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The characteristic near-IR absorption of ITO is caused by the 
absorption of light by ionized states in the bandgap associated 
with two types of donor sites, oxygen vacancies [VO″] and Sn+4 in 
substitutional positions [Sn´]. As a consequence, the material 
absorption in the IR strongly depends on its actual composition 
(oxygen and Sn/In stoichiometry),[37,38] which conditions the 
carrier density, and on its crystalline quality, which affects the 
carriers mobility (notice that Sn+4 does not contribute to con-
ductivity in the amorphous phase[36]). The “optical window” for 
ITO is set thus at short wavelengths by its bandgap (≈3.75 eV) 
and at longer wavelengths by its plasma edge.
Figure  6 shows the optical transmittance spectra of the LF 

and HF samples when they are oriented with the LIPSS aligned 
longitudinally or transversally to the illumination beam axis. 
The transmission decrease observed in all cases in Figure  6 
above 1000 nm is consistent with the polycrystalline nature of 
the processed surfaces (cf. Figure 5) and generally agrees with 
previous observations regarding the optical properties of poly-
crystalline ITO films.[39] Amorphous films upon processing are 
nearly transparent instead, with a spectrum very similar to that 
of un-doped In2O3

[36] (cf. Figure S6, Supporting Information).
In general, higher crystalline quality surfaces, such as those 

in the LF samples, can reach near-IR transmission values close 
to those of the pristine films (see also Figure S6, Supporting 
Information). Indeed, the optical response of the material in the 
near IR strongly resembles that of the unexposed ITO, a feature 
suggesting a less severe impact of the laser-induced modifica-
tions in the density and mobility of carriers. Given the width and 
height of the ridge regions compared to the valleys, the global 
contribution to the material absorption in the LF sample must 
be dominated by the ridge regions that are compositionally  
very similar to the unexposed material. This is further con-
firmed by the appearance of a characteristic modulation in the 
L-spectrum of the LF-sample in the visible region. This modu-
lation is similar to the one shown by the unexposed material 
and caused by interference effects in the spectral region where 
the film is transparent. This is clearly visible in the L-spectrum, 
where the structured film behaves as a nearly homogeneous 

thickness structure as seen by the illumination beam, and is 
blurred in the T-spectrum due to the alternation of high and 
low thickness regions contributing to interference phenomena.

The increased transparency observed in the HF sample 
in the 2000  nm region in both L and T spectra, compared to 
the pristine ITO film, implies changes in the carrier density/
mobility of the material remaining at the surface. The Sn/In 
ratio at the ridges of the HF structures increases by at least 
50% (cf. Table  1). According to the work by Maruyama and 
coworkers, this would lead to a reduction of the carrier mobility 
by at least a factor of two and, more importantly, to a diminu-
tion of the carrier density by more than one order of magni-
tude, to values ≈1020 cm−3.[40] This would shift the cutoff plasma 
frequency deeper in the IR, generating the observed near-IR 
transmission increase with respect to the pristine film. These 
structures additionally show a strong dichroism in the near 
IR region around 2000  nm that can be well appreciated in 
Figure 6. The spectrum acquired in the T configuration shows 
a clear minimum at 2000 nm (dichroism), likely related to the 
combined effect of morphological and compositional changes 
when the LIPSS in the HF-sample are oriented transversally 
to the lines of the diffraction grating of the spectrophotometer. 
In our case, dichroism is only observed in the near IR region, 
unlike the coloration effects in the VIS region described in 
ref. [41], likely due to the shorter period there reported for the 
laser-induced structures.

There is an additional feature shared by HF and LF films: 
the diminution of transmission in the vicinity of the absorp-
tion edge (≈500 nm region) that bends to longer wavelengths. 
We believe that the changes observed close to the absorption 
edge are related to microstructural rather than compositional 
effects. For visible wavelengths, surface morphology also influ-
ences the transmission of ITO films due to grain boundary 
scattering.[37,42] After a series of severe melting-and-rapid solidi-
fication process, there is a grain structure, evident in the AFM 
and SEM pictures in Figure 1, that would reduce by scattering 
the transmittance of the LIPSS structures at visible and near 
UV wavelengths.[37] Other effects like lattice deformation or 
band bending associated with defects may also contribute to the 
observed deformation of the absorption edge.[43]

A direct comparison of our optical transmittance results with 
those in refs. [15,16] is hampered by the spectral interval (visible 
range only) where measurements are provided in those refer-
ences. For what concerns the VIS range, our results are in general 
similar to those on refs. [15,16] (high transmission) due to the fact 
that the optical bandgap of the material is in itself not strongly 
modified by the compositional changes observed, and is more 
affected, as above indicated, by grain boundary scattering near the 
band-edge. In near IR, when compared to the reflectance results 
included in ref. [17], it is worth noting that we do not observe 
dichroism in the LF-samples, which in addition show larger near 
IR reflectance, likely because only small compositional changes 
are induced in the LF processed structures in our case.

2.4. Electrical Properties of the Irradiated Surfaces

The analysis of the optical properties of the LF and HF sam-
ples already provides a strong indication that the processed 

Figure 6. Optical transmission spectra at normal incidence (vis–NIR 
region) of the LF and HF samples with their LIPSS oriented longitudinally 
(L) or transversally (T) to the lines of the grating in the spectrophotom-
eter, as indicated in the sketch of the inset. A spectrum of the unexposed 
material (U-ITO) has been included for reference.
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surfaces remain conductive, as deduced from their low near IR 
transparency, linked to the presence of free carriers. Electrical prop-
erties have been investigated by the four-point probe method either 
in a macroscopic or a micro-scale configuration, as sketched in 
Figure 7a. In both cases, measurements were performed with the 
probes aligned either longitudinally or transversally to the LIPSS.

Figure 7c,d show several I–V curves obtained for the LF and 
HF samples. In the LF case, the I–V measured curves show 
slope values in the 10−1 Ω−1 range, very similar to those of the 
pristine material. However, as it can be seen in Figure 7c, the 
slope of the I–V curve is a factor ≈2 higher for the L configura-
tion than for the T one. From these features, we can extract two 
important conclusions: a) the conductivity of the whole surface 
is preserved both at the macroscopic and microscopic scales; b) 
the effective resistivity of the surface, as expected from the mor-
phology of the surface structures, is strongly anisotropic (a con-
ductivity anisotropy factor of ≈2). It is worth noting that the fine 
modulation depth perpendicular to the field of the laser that 
is observable in the AFM image in Figure  1a, does not cause 
electrical insulation since otherwise macroscopic I–V measure-
ments would yield negligible intensity measurements.

In the HF case, the anisotropy is much more pronounced 
though. The I–V curves in the micro-scale (Figure 7d) show that 
the material is still conductive along the longitudinal direction 
but insulating in the transversal one. Yet, the slope of the I–V 
curve is four orders of magnitude smaller than in the pristine 
film, likely as a consequence of the combined effect of thick-
ness diminution and compositional and structural changes. 
For these samples, the macroscopic measurements show no 
measurable current values with the probes oriented in either 
direction, something that can be attributed to the presence of 
discontinuities along the ridges of the LIPSS (cf. Figure  1). 
The values shown in Figure  7d are thus representative of the 
behavior of the HF-LIPSS in the absence of such local discon-
tinuities that, as above indicated, are related to the build-up of 
thermal stresses and irregularities in the repetitive melting-
solidification process at HF.

In the previous paragraphs, we have not provided resistivity 
parameters because to obtain the resistivity (ρ) and sheet resis-
tance (Ω sq−1) from the I–V curves a homogeneous film thickness  
has to be assumed. We have used a simplified model, depicted 
in Figure 8, to estimate the corresponding effective parameters 

Figure 7. a,b) Experimental layout used for the four-point probing resistivity measurements. The current is measured at the outermost electrodes. In 
the macro-configuration (a,c), the electrode separation is fixed (3 mm). In the micro-configuration measurements (b,d), the actual distance between 
the electrodes is determined from SEM images. c,d) I–V curves measured for the LF samples in the macro-configuration and HF samples in the micro-
configuration for the electrodes aligned longitudinally (L) or transversally (T) to the LIPSS direction. The I–V curve of an unexposed film is included for 
reference. In the micro-scale measurements, tips are carefully located at the ridges of the structures.
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of the irradiated material. It can be modeled as an equivalent 
circuit with multiple resistances as long as its total thickness is 
smaller than approximately half of the probe spacing.[44]

The structure is modeled as a periodic array of stripes of two 
materials, with different width and thickness, and high or low 
sheet resistance. The stripes are placed on top of a layer of unmod-
ified material. When current is measured in the L configuration, 
the electrons flow mainly through the low resistance stripes and 
the unmodified ITO layer. The equivalent circuit is then defined by 
a film with an effective resistivity and an equi valent thickness. For 
the T case, the equivalent circuit is a set of alternating resistances 
with high and low values in parallel to a resistance “made” of pris-
tine ITO. Table 2 shows the calculated effective resistivity param-
eters of the samples. Geometric and material parameters used for 
the calculation are given in Table S2, Supporting Information.

The unexposed material shows resistivity parameters con-
sistent both with the transmission spectra[37] in Figure  6 and 
the deposition technique used.[38] In the LF case, for the L 
measurements, the smaller thickness at the valleys yields an 
effective thickness (≈400  nm), smaller than the initial film 
thickness. This generates a slight increase of ρL with respect to 
the pristine material value (from 5.6 × 10−4 to 7.5 × 10−4 Ω⋅cm). 
However, the relevant parameter in terms of material proper-
ties, (Ω sq−1)L, still shows a low value (<20 Ω) which indicates 
that the sheet resistance of the material at the valleys must be 
close to that of pristine ITO. This is confirmed by the mea-
sured ρL values that show resistivity values similar to those of 
the non-irradiated material. Since in this case the equivalent 
thickness is mostly given by the thickness at the valleys of the 
LIPSS, the derived sheet resistance (Ω sq−1)T shows a stronger 
increase with respect to the initial material.

Globally, these estimates show that the material at the ridges 
and valleys of the LIPSS in the LF sample has a sheet resistance 
rather similar to that of as-deposited ITO, and that the effective 
resistivity parameters found are more conditioned by the aspect 
ratio of the LIPSS than by compositional changes. From this, 
it can be also concluded that the use of a multi-scan approach 
(repeating the structuring process at LF several times) should 
enable generating structures where the material at the ridges 
preserves (nearly unaltered) its thickness and composition 
while the material at the valleys is completely removed. This 
would lead to structures behaving as insulating in the direc-
tion transverse to the LIPSS and behaving as pristine ITO in 
the longitudinal one. Such ultrahigh performance anisotropic 
TCE surfaces would find a wealth of applications, for instance, 
in conductive flexible paths (ACFs), electrolytes in Li-ion bat-
teries, or catalysis.[45,46]

For the HF case, as expected from the large width, and 
negligible thickness of the material remaining at the valleys, the  
structure is insulating in the direction transversal to the LIPSS. 
The strong increase (four orders of magnitude above pristine 
ITO) in sheet resistance in the parallel direction can be mostly 
ascribed to the strong increase in the Sn/In ratio, now appa-
rently occurring throughout all the remaining material, and 
not only in the near-surface region. As above indicated, with 
the estimation of the Sn/In (at%) derived from the XPS mea-
surements, a carrier density below 1020 cm−3 in the material 
remaining at the LIPSS maxima should be expected. It is worth 
noting that despite this, the material is still simultaneously 
conductive and transparent for visible wavelengths and shows 
a huge anisotropy. The resistivity of the structure (≈1 Ω⋅cm) 
is in the level required for interfacial buffer layers for bulk  

Figure 8. Sketch of the electrical circuits equivalent to the laser-induced structures when resistivity is measured longitudinally or transversally to the 
LIPSS direction (see text).

Table 2. Equivalent thickness, resistivity (ρ), and sheet resistance (Ω sq−1) values estimated from the model for the LF and HF samples derived from 
macro- and micro-configuration, four-point probing measurements (FPP) for the L and T measurement configurations.

Process FPP Direction Eq. thickness [nm] ρ [Ω·cm] Ω/sq [Ω]

Unexposed Macro NA 500 5.2 × 10−4 11.20

LF Macro L 408 7.7 × 10−4 18.76

LF Macro T 150 5.2 × 10−4 34.70

HF Micro L 45 9.5 × 10−1 208 702

HF Micro T 10 Insulating Insulating
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heterojunction organic solar cells[47] or can find application in 
the growth of anisotropic aligned nanostructures.[48]

For what concerns the comparison between optical and 
electrical properties, the behavior observed in both types of pro-
perties seems fully consistent once the role of the Sn/In ratio 
in the density of free carriers and their mobility is considered. 
Modeling of the propagation of the electromagnetic field 
through the structures using finite-difference time-domain 
simulations, like those reported in ref. [16] in fs-laser irradiated 
ITO films, would enable a more quantitative analysis. It must 
be noticed though, that in this reference it is assumed that 
the optical properties of the material remaining in the LIPSS 
corresponds to pristine ITO, something we must discard in our 
case, at least in the HF-samples. This would strongly hinder the 
achievement of reliable values from simulation.

3. Conclusion

We have designed a route for producing strongly anisotropic 
resistivity surfaces by fs-laser processing of ITO films. The 
process is based on the formation and coherent propagation 
of LSF-LIPSS over cm2-sized regions at high processing speed. 
Depending on the laser fluence used, two types of anisotropic 
resistivity structures can be produced. At relatively high laser 
fluences, coherently extended, ablative ripples are produced with 
a strong diminution of the whole film thickness and a modu-
lation depth in the LIPSS reaching the film-substrate interface. 
The material remaining at the ridges shows though, a strong 
increase in its Sn/In compositional ratio. As a consequence, 
the produced structure is insulating along the direction trans-
verse to the LIPSS and shows a resistivity, ρL  ≈ 1.0 Ω·cm for 
the longitudinal direction. These HF structures are also strongly 
dichroic in the near-IR. At lower fluences, shallower ablation 
is induced at the valleys of the ripples, while there is a nearly 
negligible material loss at their ridges. These structures show 
a resistivity ρT ≈ 10−3 Ω·cm along the LIPSS direction, close to 
that of the pristine film, while ρT increases by a factor of ≈2. 
Multi-scan processing at LF would enable producing structures 
behaving as insulating in the direction transverse to the LIPSS 
and behaving as pristine ITO in the longitudinal one. The basis 
for the development of ultrahigh performance anisotropic TCE 
surfaces based on ITO has therefore been established. There are 
two aspects worth emphasizing at this point. The first is the fact 
that the approach consisting of the fabrication of anisotropic 
TCE surfaces by laser-induced, self-organized structuring could 
be applied to other transparent conductors based on materials 
less scarce than In. The second is the fact that, even for the case 
of ITO, there are niche applications as electrochemical sensors, 
optical electroswithching, etc. where the consumption of ITO 
(by the use of a subtractive process) would be comparatively very 
little and where the cost (due to the scarcity in the supply) would 
be perfectly assumed in the price of the final products. For some 
of these applications, the chemical stability of ITO in water and 
water solutions (e.g., in biological fluids) is a decisive factor in 
its choice for these applications. In this regard, it is noteworthy 
that the availability of laser patterning methods compatible 
with any kind of substrate would constitute a breakthrough to 
improve the device response and/or to increase sensitivity.[49,50]

4. Experimental Section
Polycrystalline ITO films on fused silica substrates were used for the 
laser structuring experiments. They were fabricated by RF magnetron 
sputtering deposition using a power of 50 W and a bias of 175  V 
in Argon atmosphere (5 × 10−3 mbar) with a sample holder kept at 
350 °C. An X-ray diffractogram of an as-deposited, polycrystalline film 
was included in Figure 1. Their thickness was 500 nm and their resistivity 
ρ = 5.5 × 10−4 Ω⋅cm (11 Ω sheet resistance).

Structuring was performed using an Yb-fiber femtosecond laser 
amplifier (Satsuma HP), delivering 350 fs pulses at λ  = 1030  nm, with 
a repetition rate that was varied in the 50–500  kHz range. The linearly 
polarized laser beam entered a galvanometric scanner equipped with an 
F-Theta lens (100 mm focal length) and was focused to a size of 10.2 µm 
(1/e2 intensity decay), leading to local fluences in the 0.5–3.0 J cm−2 range. 
Regions of 1 × 1 cm2 were irradiated using beam scanning speeds in the 
0.1–2 m s−1 range, with a separation between scan lines in the 4–12 µm 
range. The beam polarization was aligned, in most cases, perpendicularly 
to the scanning direction to facilitate to coherent extension of LIPSS.[16,17] 
A parallel configuration was also explored in some samples.

The surface morphology of the structures was first inspected by optical 
microscopy with monochromatic illumination at 460  nm. Scanning 
electron microscopy (SEM) was performed with a HITACHI S4800 field 
emission microscope operating at 2 kV in secondary electron (SE) and 
backscattered electron (BSE) modes. Some of the pristine and laser-
irradiated samples were cleaved (transversally to the LIPSS) and their 
cross-sectional morphology analyzed by SEM, as shown in Figure 1. Atomic 
force microscopy (AFM) images were obtained using the tapping mode of 
a Nanotec microscope with Dulcinea electronics, and then analyzed with 
the WSxM software.[51] Depth profiles of the surfaces were also measured 
with a Sensofar S-Neox confocal-interferometric optical microscope which 
has a 20 µm maximum vertical scanning range, 1 µm display resolution, 
and 2 nm vertical resolution working in white light mode at 50×.

Optical properties were studied by means of a Perkin Elmer Lambda 
750 UV–vis–NIR spectrophotometer. The illumination beam for the 
optical transmittance measurements was un-polarized and reached 
the sample at normal incidence. Spectra of processed samples with 
their LIPSS oriented either parallel or perpendicular to the lines of the 
diffraction grating of the spectrophotometer were acquired to analyze 
the presence of dichroism in the laser-processed structures.

Compositional changes were analyzed by Energy Dispersive X-Ray 
Analysis (EDX) spectra registered with a Bruker-X Flash-4010 analyzer 
working at 20 kV installed in same SEM system above described. 
Surface chemical composition was also analyzed by X-ray photoelectron 
spectroscopy (XPS) at normal incidence using the AlKα line to excite 
the spectra. These were calibrated using the C1s peak associated with 
adventitious carbon surface contamination at 284.5  eV. The crystalline 
structure of the material was analyzed by glancing angle X-Ray Diffraction 
(XRD) in a Panalytical X’PERT PRO diffractometer working at an angle of 
incidence of 0.2°. Additionally, thin lamellae of pristine and LF irradiated 
samples were produced using a FIB. The cross-section lamellae were 
fabricated by FIB in a Zeiss Auriga CrossBeam Workstation. First, a lamella 
of 5  µm was shaped by FIB using a gallium etching source and fixed 
with Pt to the Cu grid. Then, the lamella was thinned to a thickness of 
50–70 nm using 600, 240, 120, and 50 pA and 30 kV conditions. The cross-
sectional samples were characterized by HAADF-STEM in a FEI Talos 
F200S microscope equipped with a 2SDD EDX system working at 200 kV.

Finally, electrical resistivity measurements were performed by the 
four-point probe method with a Keithley 2635A System Source Meter. 
The electrodes (Macro RS Pro with 2.54 mm pitch spring probes) were 
phosphor bronze needle tips of 24.7 mm length, 1.03 mm diameter, and 
30° angle, with a separation of 3 mm among them. Additional electrical 
measurements at the micro-scale were performed in a Zeiss Gemini 
300 SEM microscope equipped with a Kleindiek micromanipulators 
system and an electron beam induced current detector. For the four-
point probe measurements, a set of Micro-Pico Probes T4-10 made of 
tungsten with 3.3 mm length, 10 µm diameter, and <0.1 µm point radius 
was used.
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