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Abstract 

Porous transition metal dichalcogenides (TMDs) are promising candidates for a variety of 

catalytic, purification, and energy storage applications. Despite recent advances, current 

fabrication techniques face issues concerning scalability and control over sample porosity. By 

utilizing water-assisted laser irradiation, we present here a new method for the fabrication of 

micron-scale, atomically-thin nanoporous tungsten disulfide (WS2) membranes. The electronic 

and physical structures of the porous membranes are characterized with photoluminescence (PL) 

spectroscopy and aberration-corrected scanning transmission electron microscopy (AC-STEM), 

respectively. With increasing laser irradiation dose, we observe a decay of PL signal, and a 

relative increase in the trion contribution compared to that of the neutral exciton, suggesting 

defect-related n-type doping and degradation of the membrane. AC-STEM images show the 

nucleation of tungsten oxide islands on the membrane, and the formation of triangular defect 

clusters containing a combination of nanopores and oxide-filled regions, providing insight at the 
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atomic level into the photo-oxidation process in TMDs. A linear dependence of the nanoporous 

area percentage on the laser irradiation dose over the range of 102-105 W/cm2 is observed. The 

methods proposed here pave the way for the scalable production of nanoporous membranes 

through the laser-induced photo-oxidation of WS2 and other transition metal dichalcogenides. 

Keywords 

Transition metal dichalcogenides, tungsten disulfide, nanopores, nanoporous membranes, 

defects, photo-oxidation, laser induced nanopores 
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Introduction 

Among the family of 2D materials, transition metal dichalcogenides (TMDs) have attracted a 

lot of attention as potential candidates for photodetection,1,2 purification,3,4 energy storage,5,6 and 

catalysis applications.7,8 Building upon the successful paradigm established by porous carbide-

derived carbon (CDC) compounds in the latter application, porous TMDs and TMD-CDC 

hybrids have been heavily explored as possible electrocatalysts,9 photocatalysts,1,10 and 

purification catalysts.7,8,11 Despite their favorable performance, current fabrication techniques for 

porous TMDs based on solution-phase synthesis and sol-gel methods are primarily limited to 

relatively slow and energy-intensive recipes that either offer little to no tunability over sample 

porosity or fail to produce pore sizes below ~ 100 nm and fully utilize the 2D characteristics of 

the material.8,10,12 Similarly, recently-reported methods for fabricating nanoporous molybdenum 

disulfide (MoS2) based on ion beam patterning13 and bottom-up molecular beam epitaxy 

(MBE)11 seem promising but require a number of time-consuming processes, often under high-

vacuum conditions that raise concerns over scalability. This necessitates the development of a 

process for the fabrication of TMDs with tunable porosity that is both rapid and scalable. 

Owing to their direct semiconducting band gap and strong photoluminescence (PL) signature, 

monolayer TMDs have been probed for various optoelectronic applications such as 

phototransistors,14,15 light-emitting diodes,16 and solar cells.17,18 Due to their strong optical 

absorption, the controlled layer-by-layer thinning of MoS2 as well as the patterning of micron-

scale holes in tungsten disulfide (WS2) have also been achieved through laser-induced 

ablation.1,19  While the basal plane of monolayer flakes is known to be highly stable, intrinsic 

defects and edge sites have been shown to provide nucleation sites for this degradation 

process,20,21 which is accelerated in the presence of water.21–23 These laser-induced defects, 
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however, have not been observed at the atomic level and their study can provide more insight 

into the degradation process. 

Here, we demonstrate the controlled water-assisted photo-oxidation of pristine monolayer 

WS2 membranes as a new method for producing nanopores and nanoporous TMDs with tunable 

porosity on the time scale of a few seconds. We analyze changes in the material’s electronic 

structure through PL spectroscopy in addition to quantitatively and qualitatively characterizing 

the nature of the resulting porous structure using transmission electron microscopy (TEM) and 

electron energy loss spectroscopy (EELS). 

Methods 

Monolayer triangular WS2 flakes are grown using a chemical vapor deposition (CVD) 

technique similar to that demonstrated by Kim et al. (2016).24 We note here that the use of 

monolayer WS2 arises from a combination of its highly-developed CVD growth techniques and 

exceptional room temperature PL properties in comparison to other TMDs.25 Figure 1a shows an 

optical image of resulting triangular flakes on a 150 nm-thick SiO2 substrate. The monolayer 

nature of the flakes was confirmed via Raman spectroscopy (Figure 1b) with an excitation 

wavelength of 532 nm. The Raman spectrum consists of the four primary modes – first-order in-

plane acoustic mode, 𝐿𝐴(𝑀) (175 cm-1), second-order in-plane acoustic mode, 2𝐿𝐴(𝑀) (353 cm-

1), first-order in-plane optical mode, 𝐸((Γ) (357 cm-1), and first-order out-of-plane optical mode, 

𝐴*(  (419 cm-1) – and their derivative peaks.26–28 The higher relative intensity of the 2𝐿𝐴(𝑀) to 𝐴*(  

mode and the absence of a prominent peak at ~ 310 cm-1 suggests the monolayer quality of the 

flake.27,29 However, to further verify that our flakes are in fact monolayer, we obtain PL spectra, 

as described later in the text. The flakes are transferred onto perforated carbon grids (perforation 

diameter ~ 2.5 µm) using a standard PMMA-based KOH wet etch technique. A scanning 
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electron microscope (SEM) image of a WS2 flake suspended over multiple holes is shown in 

Figure 1c. Figure 1d shows a high-angle annular dark-field (HAADF) lattice image of a 

suspended region that was obtained in an aberration-corrected scanning transmission electron 

microscope (AC-STEM) along with (Figure 1d inset) a selected area electron diffraction (SAED) 

pattern.  

Samples were irradiated with a laser using a custom-built illumination setup, as shown in 

Figure 2a. Suspended WS2 membranes were immersed in deionized (DI) water and located 

optically using a 60X water immersion objective lens and an integrated CMOS camera. A green 

laser (𝜆 = 532 nm, P = 5 mW) was then focused on selected membranes for an irradiation time 

(t) ~ 5 seconds with different laser power densities (i.e., irradiation doses) modulated using a step 

variable neutral density (ND) filter. It should be noted here that no rastering of the laser was 

performed in this study. DI water provides the necessary oxidizing environment for the photo-

oxidation reaction.21–23 Due to its higher refractive index in comparison to air, DI water also 

allows for a higher numerical aperture (NA) objective lens (spot size = 540 nm), which localizes 

the effects of photo-oxidation, thus making it easier to analyze the entire affected area within the 

limited field of view of the TEM. It should be noted that use of the dichroic mirror in the setup is 

required for image capture by the camera and reduces the laser power reaching the sample. As a 

result, laser irradiation dose calculations were performed using power values measured at the 

sample stage using a power meter. In our experiments, the laser irradiation dose (D) was varied 

from ~ 102 to 105 W/cm2, which is lower than the dose required for laser-induced thermal 

ablation of TMDs (MoS2).19 Multiple membranes (n ≥ 3) were irradiated for each dose (Figure 

S1). Immediately after irradiation, samples were annealed at 250°C for 90 minutes in a Ar/H2 

environment to reduce hydrocarbon contamination during SEM, STEM, and PL analysis. Based 

on HAADF STEM images (Figure S6) and previous reports of annealed nanopores and 
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nanoporous membranes,4,20 annealing at these temperatures, well below the decomposition 

temperatures of TMDs (~ 600-700oC),30 does not change the size of defects. A comparison of 

SEM images of the samples obtained before and after irradiation revealed varying degrees of 

photo-degradation of the membranes dependent on laser dose (Figure 2b) and served as a quick 

check before further spectroscopic and AC-STEM analysis were performed.  Control 

experiments in air did not show the formation or expansion of defects in membranes upon laser 

irradiation, regardless of the presence of initial defects, even for irradiation times, 𝑡 > 4 minutes 

and doses, 𝐷  ~ 105 W/cm2 (Figure S2), strongly suggesting the need of a conducive oxidizing 

environment and illumination condition for defect expansion at the given dose.20,21  

Results and Discussion 

To study the effect of laser-induced damage on suspended membranes, we characterize 

changes in the electronic and physical structure of WS2 using a combination of PL spectroscopy 

and AC-STEM imaging, respectively. Figure 3a shows the PL spectrum of a pristine suspended 

monolayer WS2 membrane. An excitation wavelength of 532 nm (spot size = 940 nm) and 

incident laser power of ~ 50 µW were used to prevent unwanted laser-induced degradation 

during measurements.19 A strong PL signal is obtained near the direct bandgap value of WS2 (~ 

2.05 eV), which verifies the monolayer quality of our flake.25 The spectrum is curve-fitted to 

three Lorentzian components – namely the neutral exciton (𝑋/), the trion (𝑋0) and the defect-

related (𝑋1) peaks, which are centered around ~ 2.02, 1.99 and 1.88 eV, respectively.20,31 The 

average spectral weight percentages of the 𝑋/, 𝑋0 and 𝑋1 peaks were calculated from multiple 

pristine samples and found to be ~ 74%, 25% and 1%, respectively. 

Figure 3b shows the normalized PL spectra of the WS2 membranes before and after laser 

irradiation at different doses. The before spectra were taken on pristine WS2 membranes in air 
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prior to immersion and laser irradiation in DI water. The spectra indicated as after were also 

obtained in air, but after the experiment was completed, i.e., the membranes were immersed in 

DI water and exposed to laser irradiation. For the non-laser irradiated case (P = 0 W/cm2), 

samples were immersed in DI water but not exposed to any laser light. The PL peak shift and 

intensity changes before and after irradiation are plotted for several irradiation doses in Figure 

3c. The spectral weight percentages of post-irradiation spectra were also calculated and are 

plotted in Figure 3d. It was observed that the PL peak redshifts for all irradiation doses and the 

shift increases with increasing dose, while the PL intensity decays with higher laser irradiation 

doses. The PL shift was calculated at different laser doses averaged over > 5 samples for each 

dose. Specifically, the PL redshift was found to be 5.6 ± 5.0 meV and 5.6 ± 3.6 meV for P = 0 

W/cm2 and P = 4.80 x 103 W/cm2, respectively, which are both smaller than the PL shift for P = 

6.33 x 104 W/cm2 (10.6 ± 6.2 meV). We note that the non-zero PL redshift for P = 0 W/cm2 is 

likely due to the formation of a small number of defects due to water exposure under ambient 

light, which we verify later using AC-STEM analysis (Figure 4a). Similar averaged PL shifts for 

P = 0 W/cm2 and P = 4.80 x 103 W/cm2 means that PL shifts are not sensitive to the difference in 

the density of defects in non-irradiated samples after water exposure and samples irradiated at 

low doses (< 104 W/cm2) (Figures 4a-b and S1). Furthermore, the relatively large error bars in 

the PL shift also imply that the variation in the density of defects at low doses across different 

samples is large enough such that the averaged PL shifts are indistinguishable between zero-dose 

and low-dose (< 104 W/cm2) irradiated samples. As the irradiation dose increases (P = 6.33 x 104 

W/cm2), the defect density increases as expected, leading to a larger PL redshift. For doses from 

0 (pristine) to 104 W/cm2, the 𝑋0 contribution increases while the 𝑋/ peak contribution 

diminishes. While both peaks decay with increasing laser irradiation dose, a conversion from 

neutral to charged exciton emission (n-type doping) is also seen via a redshift and broadening of 
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the PL spectra. We note that this is opposite to what was observed in plasma-irradiated WS2 in 

which the 𝑋0 contribution decreased.31 The 𝑋1 contribution remains negligible (< 10%) for all 

laser doses, suggesting a different kind of defect formation compared to electron beam-induced 

or plasma-induced defects.20,31 For higher doses (D ~ 105 W/cm2), the majority of the membranes 

were seen to break (Figures 2b, 4d and S1) and the PL spectra obtained after irradiation are 

extremely weak compared to those obtained before irradiation (> 800-fold decay). The direct 

dependence of laser-induced effects on the laser power we observe (decay of 𝑋/ and 𝑋0) is 

similar to what has been observed for WSe2 22 but contrary to the power independence in the 

case of MoS2.21  

Defects, substrate effects and chemical doping are known to induce n-type doping of 

TMDs.32–34 We can rule out any substrate effects for our case as we are analyzing only 

suspended membranes. Since membranes are annealed after laser irradiation, we also preclude 

any doping due to O2/H2O adsorption.35,36 While we do observe oxide formation on our flakes 

due to DI water exposure (from our AC-STEM analysis as shown in Figures 4, 5 and S1), we do 

not see a net PL blueshift or 𝑋/ peak contribution enhancement expected from oxide-induced p-

type doping, shown previously by several studies.37–39 Defect-induced doping is also known to 

reduce exciton lifetime in TMDs which can in turn decrease the PL intensity.40 This suggests that 

while laser-induced defects degrade the membrane, they also introduce defect-induced n-type 

doping, which is the dominant doping mechanism, in the membrane. It should be noted that the 

relatively large error bars (~60-70%) for dose = 6.33x104 W/cm2 in Figure 3c-d indicate a wider 

distribution in defect sizes and large defect density in the regime of higher irradiation doses, 

which we confirm later using AC-STEM analysis (Figure 5).  

Bulk properties of laser-irradiated TMD flakes have been studied previously using 

spectroscopy, optical microscopy and atomic force microscopy.21–23,41,42 While monolayer TMDs 
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are known to be more resistant to laser degradation than their few-layer counterparts, the former 

was still seen to undergo decay, which was attributed to the presence of intrinsic lattice defects in 

the monolayer basal plane.21,22 Indeed, the introduction of defects in the form of nanopores in 

suspended monolayers and subsequent laser irradiation was demonstrated to expand the 

nanopore at a controllable rate as a function of laser dose.20 However, to our knowledge, the 

effects of laser irradiation on intact monolayers and the fabrication of laser-induced defects have 

not yet been explored at the atomic level. A better understanding of the laser-induced defect 

creation would allow for not only better control of the process for scalable applications but also 

the manipulation of the properties of TMDs. 

To observe the effects of laser irradiation on our WS2 membranes, we characterize the 

exposed samples using AC-STEM, which enables structural observations of micron-scale 

membranes as well as atomic-scale damage. Representative membranes for laser irradiation 

doses of 0, 4.80x103, 6.33x104, and 6.31x105 W/cm2 are shown in Figure 4a-d, with 

corresponding AC-STEM images of a single defect outlined in yellow shown underneath. We 

note that the term defect is taken here to mean any region of the membrane which does not 

contain an intact WS2 lattice. All the membranes shown were part of the same carbon grid and, 

as a result, were subjected to the same pre- and post-processing procedures. Regardless of laser 

irradiation dose, all flakes demonstrate the formation of white islands visible in the TEM images 

not present initially (Figure S5), which, as discussed later, were determined to be tungsten oxide 

(WO3) through EELS analysis (Figure 5e). Most of the pristine (𝐷 = 0 W/cm2) samples are intact 

with a few photo-induced triangular defects over a suspended area of ~ 5 µm2 (Figure S1). This 

suggests that tungsten oxide islands and a small number of defects form even during water 

exposure under ambient light. With increasing laser irradiation dose, the observed defects have 

larger areas with a noticeably higher density. At the highest dose (D ~ 105 W/cm2), the defected 
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area is large enough such that the membrane is structurally weakened and therefore collapses. 

Two such membranes irradiated at 6.31x105 W/cm2, one of which did not collapse, are shown in 

Figure 4d. Additional images of membranes for each laser irradiation dose can be found in the 

Figure S1. 

In order to better understand both the composition and structure of individual defects in the 

nanoporous membranes, we obtain atomic resolution AC-STEM images. Figure 5a shows the 

morphology of a typical laser-induced defect (𝐷 ~ 103 W/cm2), outlined in yellow (additional 

defects in Figure S4). EELS analysis of the bright islands visible on the irradiated membrane 

reveals a peak at an energy loss of 532 eV that corresponds to the oxygen K-edge (Figure 5e). 

This peak is only observed in the bright clustered features and not elsewhere on the membrane. 

The oxide is also seen to deposit irregularly inside the expanded defect, held together by an 

amorphous, carbon-based matrix. Closer observation of defect edges shows the clear 

demarcation of the intact WS2 lattice and the amorphous carbon inside the defect, while no clear 

lattice structure is seen in the oxide (Figure 5c-d). We note that unlike molybdenum-based 

TMDs, where the absence of molybdenum oxide (MoO3) after photo-oxidation experiments was 

attributed to dissolution of the oxide in water,19,21 previous reports on tungsten-based TMDs 

using X-ray photoelectron spectroscopy and scanning photoemission microscopy have indicated 

the appearance of tungsten oxide oxidation states after laser exposure.1,22,23,43 This agrees with 

our direct observations of oxide islands on the laser-irradiated WS2 membranes. The amorphous 

carbon, which is seen to clog part of the defects, shows up in the EELS background spectrum 

(Figure 5e) and is likely the result of the polymer-based transfer process and/or the underlying 

perforated carbon film.28,44–46 Under prolonged electron beam (AC-STEM) exposure, the carbon 

contamination is seen to expand until it ultimately clogs the defect entirely (Figure S3). Although 

the carbon contamination decreases the total nanoporous area of the membrane, it also reduces 
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the minimum effective hole size to the nanometer scale and gives strength to the suspended 

membranes, which can facilitate catalysis applications. 

We classify regions of the laser-induced defects into two distinct parts: an amorphous carbon-

clogged region and a nanoporous region (Figure 5a). For very large defects (Figure 5b), multiple 

disjointed nanopores are present due to interspersed oxide clusters held together by the 

amorphous carbon, thus giving a perforated appearance to a single defect (Figure S4). We 

quantify the dimensions of the nanopores in the suspended membranes using a thresholding 

function in ImageJ and obtain a distribution of the effective nanopore diameter as a function of 

laser irradiation dose (Figure 5f). Effective nanopore diameter is taken here to be the diameter of 

a single circular nanopore with the same area as the irregularly-shaped nanopore inside the 

defect. The smallest defect observed in our samples has an area of ~ 300 nm2 while the minimum 

effective nanopore diameter was found to be ~ 15 nm. With increasing laser irradiation dose, an 

increase in both the average and maximum effective nanopore diameter is seen. Calculating the 

nanoporous area percentage of the exposed membranes results in a linear dependence on the 

laser irradiation dose given by the empirical formula: 

𝑁𝑎𝑛𝑜𝑝𝑜𝑟𝑜𝑢𝑠	𝑎𝑟𝑒𝑎	(%) = 𝑎 ∗ 𝐷 + 𝑏 (1) 

where 𝑎 = 1.2x10-4 cm2/W and 𝑏 = 0.42 are the fitting parameters (Figure 5g). 

From our observations, the photo-oxidation mechanism seems to occur in two ways: (i) 

formation of oxide islands via reaction of water or dissolved oxygen with the WS2 lattice and 

possible replacement or dislocation of sulfur atoms,23 and (ii) oxidation and expansion of 

intrinsic defects into triangular defect clusters via reaction of dissolved oxygen with the dangling 

bonds of the defects.20,21 The oxide that is formed by the latter process clogs the defect held 

together by amorphous carbon that is present from the transfer process. If the expanded defect 
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becomes large enough (i.e. > 300 nm2), the carbon-clogged region collapses and gives rise to 

nanopores inside the defect. It should be noted here that based on previous studies using higher 

laser powers the observed defects are not expected to be thermally-induced as the maximum 

power reaching the membrane was measured and limited to below 2 mW (P ~ 1.44 mW) during 

our irradiation experiments.22,47,48 

Conclusion 

In summary, we demonstrated the first study on the fabrication of atomically-thin WS2 

membranes with tunable porosity via a photo-oxidation-induced process that avoids many of the 

sensitive processing conditions required of other techniques. While no laser-induced defects 

were seen in air, an aqueous environment produced defects for laser irradiation doses in the 

range 102-105 W/cm2. We found that the creation of defects leads to the relative lowering of the 

concentration of neutral excitons compared to trions (n-type doping), combined with a decrease 

in PL peak intensity with increase in irradiation dose due to defect-related degradation. AC-

STEM images of the irradiated membranes show triangular clustered defects, which contain a 

combination of nanopores and tungsten oxide islands held together by an amorphous carbon 

matrix, which arises due to the PMMA-based sample preparation. The smallest defect size 

obtained was ~ 300 nm2, while the minimum effective diameter of nanopores inside the defect 

was ~ 15 nm. Tunable membrane porosity was also realized through a linear dependence of 

nanoporous area percentage on the laser irradiation dose, with mechanical collapse of most of the 

membranes at doses ~ 105 W/cm2. Combined with computer-controlled, time-resolved laser 

rastering in a desired pattern (not used in this study), these observations lay the foundation for 

facile and scalable fabrication of TMD nanopores and nanoporous membranes. 
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Figure 1. (a) Optical image of CVD-grown monolayer WS2 flakes on SiO2. (b) Raman 

spectra (λ = 532 nm) of a monolayer WS2 flake with indicated primary modes. (c) Scanning 

electron microscope (SEM) image of a WS2 flake suspended on a holey carbon grid. Samples 

such as these were used in PL and photo-oxidation experiments. (d) High-angle annular dark-

field (HAADF) aberration-corrected scanning transmission electron microscope (AC-STEM) 

image of a monolayer WS2 lattice taken at 80 kV. (inset) Selected area electron diffraction 

(SAED) pattern along the high-symmetry [001] zone axis showing the (100) and (110) 

diffraction spots.  
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Figure 2. (a) Schematic of the laser irradiation setup where the power of the laser (λ = 532 

nm) is controlled using a step variable neutral density (ND) filter and focused onto the suspended 

WS2 membrane immersed in de-ionized (DI) water using a 60X water immersion objective and 

an integrated camera. (b) SEM images of monolayer WS2 flakes suspended over a holey carbon 

grid showing photo-oxidation induced damage of a suspended membrane before and after laser 

irradiation with different doses (6.33x104 and 6.31x105 W/cm2). A pristine membrane is also 

shown before and after the experiment. Scale bars are 2 µm. 
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Figure 3. (a) Photoluminescence (PL) spectra of a pristine suspended monolayer WS2 

membrane before laser irradiation. The PL spectra was curve-fitted to three spectral components: 

neutral exciton, X0 (red), at ~ 2.02 eV, trion, XT (blue), at ~ 1.98 eV, and defect, XD (orange), ~ 

1.88 eV. (b) PL spectra of suspended WS2 membranes taken in air after being immersed in DI 

water and exposed (green) to laser irradiation (λ = 532 nm) at doses of 0, 4.80x103, 6.33x104 and 

6.31x105 W/cm2, each showing the corresponding spectra before the experiment (black), i.e., 

prior to immersion and irradiation in DI water. All PL measurements shown here were 

performed in air. Due to a weak post-experiment PL spectra intensity for 6.31x105 W/cm2, it has 

been enhanced by a factor of 10. The initial PL peak frequencies of the samples vary between 

2.02 and 2.00 eV as the suspended regions are located at different positions over the same flake 

or are on different flakes. The magnitudes of these initial PL variations across a single sample or 

different samples are consistent with previous reports.20,24,25 (c) PL peak shift (black) and 

intensity ratio (red) before and after irradiation as a function of laser irradiation dose. (d) Spectral 

weight percentage of each spectral component in the post-experiment PL spectra as a function of 

laser irradiation dose. 
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Figure 4. (Top row) Low-magnification HAADF AC-STEM images of suspended nanoporous 

WS2 membranes after exposure to laser irradiation doses of (a) 0, (b) 4.80x103, (c) 6.33x104, and 

(d) 6.31x105 W/cm2 with (bottom row) high-magnification images of selected defects. The defect 

shown for 0 W/cm2 (green) represents a defect that formed due to photo-oxidation under ambient 

conditions. The low-magnification image shown for 6.31x105 W/cm2 (row (d), top) is one of the 

few membranes that did not become structurally weakened and (row (d), bottom) one which 

collapsed at this dose. Additional images of membranes for each laser irradiation dose can be 

found in the Supplementary Information.  
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Figure 5. (a-b) AC-STEM image of typical photo-oxidation induced defects showing a number 

of features – (i) defect area (outlined in yellow in a), (ii) nanopore(s) inside the defect, (iii) 

amorphous carbon-filled part of the defect, (iv) tungsten-oxide-filled part of the defect, and (v) 

tungsten oxide island in the vicinity of the defect. (c) AC-STEM image of a defect that is fully 

clogged by amorphous carbon and oxide and (d) a closer view of the edge of the defect showing 

an intact WS2 lattice and amorphous nature of the oxide. (e) Electron energy loss spectroscopy 

(EELS) spectra of the suspended region (orange) and oxide region (blue) from panel (a), 

exhibiting the oxygen K-edge only in the oxide region. The carbon peak is from hydrocarbon 

contamination. (f) Effective nanopore diameter distribution for laser irradiation doses of 

4.36x102 (red), 4.80x103 (green), 6.33x104 (orange), and 6.31x105 W/cm2 (blue). (g) Percentage 

of the total suspended area corresponding to the nanoporous regions as a function of laser 

irradiation dose with linear fit indicated by the dotted line on linear-logarithmic scale. 
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