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Figure S1. Oscilloscope trace shows (a) the repetition rate of the Q-switched Yb fiber
laser and (b) corresponding pulse duration.
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Figure S2. (a) Simplified 3D model of the laser focusing system and (b) the beam

profile of the laser spot (near the focus).

Figure S2 shows the laser focusing system and the laser beam profile used for this
experiment. The average output power and calculated FWHM laser diameter at focus
are about 0.92 W and 19 um. With 47 ns pulse duration and 50 kHz repetition rate
shown in Fig. S1, the calculated pulse energy and peak power are ~18 pJ and ~391 W,
respectively. The pulse peak power of the Q-switched nanosecond laser is high enough
to produce regular holes on the WS, sample. Due to the heat transfer on the sample, the

produce hole size is larger than the laser beam diameter.

Figure S3. HRTEM images of (a) vertical aligned layers and (b) horizontal aligned

layers.
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Figure S4. Photocurrent as a function of time under solar simulated illumination (420
nm cut-off) without bias of silicon substrate without laser treatments.
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Figure S5. (a) AFM image of hole depth of laser drilled WS> film. (b) Height
information along the red line marked in (a).
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Figure S6. Photocurrent as a function of time under solar simulated illumination (420
nm cut-off) without bias of the corresponding pure silicon substrate without laser
treatment (red curve), pure silicon substrate with laser treatment three times (green
curve) and Si/WS; sample with laser treatment three times (blue curve). (LT represents
laser treatment)
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Figure S7. XRD pattern of WS film before laser treatment (black curve) and after laser

treatment 20 times (red curve).



Figure S8. TEM images of laser-drilled WS, film a) with and b) without KOH etching.

The TEM sample in Fig. S8a was prepared by immersing the laser drilled WS, (LD-
WS,) film in potassium hydroxide (KOH) after spin-coating a layer of PMMA. KOH
can etch the Si substrate and the PMMA/LD-WS: film will float in the solution. After
being washed with DI water for three times, the floating PMMA/LD-WS; film was
transferred to the copper grid for TEM observation. For the sample preparation in Fig.
S8b, the WS, sample was transferred to copper grid and then the laser drilling was
carried out directly on the copper grid. Afterwards, the sample was directly used for
TEM observation. As shown in Fig. S8b, there are numerous nanoparticles on the WS,
film around the laser drilled hole, which can not be observed in Fig. S8a. Furthermore,
some relatively light points can be observed in the Fig. S8a. As KOH can react with
WOj3 to form the KyWO4 which is dissolvable in aqueous solution, the difference in Fig.
S7a and b suggests that the dark particles are the WO; created by laser. These WO3 can
dissolved into the KOH solution resulting in a clearer film surface with the light dots.

This result indicates that the nanoparticles around the hole edge should be WO:s.
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Figure S9. a) UV-Vis transmittance spectrum of WS film before and after laser

treatment. b) A plot transformed according to the Tauc’s relation versus energy of light.
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Figure S10. Mott-Schottky plots of WS; film a) before laser treatment and b) after laser

treatment.

The band gap energy (Eg) was evaluated by using the Tauc’s relation: (ahv)'"= 4
(hv - Eg) where hv is the incident photo energy, n= 2 or % depending upon whether the
transition is indirect or direct, respectively and o is the absorption coefficient.!:? The
absorption coefficient a is calculated using the data from the UV-Vis transmittance:
o = 1/d In (1/T), where d is the film thickness and T is the transmittance.? In order to
measure the UV-Vis transmittance spectra, the WS> film was deposited by sputtering
on quartz and annealed under the same process. Here, WS, in multiple layer is
considered as indirect semiconductors,** we can calculate the band gap E, from the plot

(ahv)"2 vs. hv. The value was measured to be 1.4 eV.
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Figure S10 shows the Mott-Schottky plots of the WS, film before and after laser
treatment. 1/C? is the function of electrochemical potentials, in which the capacitance
C is obtained by measuring the impedance. The flat-band potentials can be estimated
from the intercepts of the extrapolated lines in the Mott-Schottky plots. The negative
slopes of Mott-Schottky plots indicate that the WS, is p-type. For p-type
semiconductors, the Fermi level is located close to the valence band edge, so the flat-
band potential is assumed to be closed to the valence band edge.>® The approximate
band-edge position was calculated based on the measured bandgap and flat-band

potential.
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