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Imaging ultrafast processes in femtosecond (fs) laser–material interactions such as fs laser ablation is very im-
portant to understand the physical mechanisms involved. To achieve this goal with high resolutions in both
spatial and temporal domains, a combination of optical pump–probe microscopy and structured illumination
microscopy can be a promising approach, but suffers from the multiple-frame method with a phase shift that is
inapplicable to irreversible ultrafast processes such as ablation. Here, we propose and build a wide-field single-
probe structured light microscopy (SPSLM) to image the ultrafast three-dimensional topography evolution
induced by fs lasers, where only a single imaging frame with a single structured probe pulse is required for topog-
raphy reconstruction, benefiting from Fourier transform profilometry. The second harmonic of the fs laser is used
as the structured probe light to improve spatial lateral resolution into the subwavelength region of∼478 nm, and
the spatial axial and temporal resolutions are estimated to be∼22 nm and∼256 fs, respectively. With SPSLM, we
successfully image the ultrafast topography evolution of a silicon wafer surface impacted by single and multiple fs
pulses. The variable formation and evolution of the laser induced periodic surface structures during an ultrashort
time are visualized and analyzed. We believe that SPSLM will be a significant approach for revealing and under-
standing various ultrafast dynamics, especially in fs laser ablation and material science. © 2022 Chinese Laser

Press

https://doi.org/10.1364/PRJ.458613

1. INTRODUCTION

Femtosecond (fs) laser–material interactions lead to many in-
teresting phenomena such as transient demagnetization of fer-
romagnets, fs laser filamentation, and isomerization of proteins
[1–5]. Due to strong instantaneous power, fs lasers have been
applied in various fields such as laser writing, reshaping, and
ablation [6–8]. To reveal the ultrafast physical/chemical dy-
namic response in fs laser–material interactions and promote
the applications of fs lasers, especially for application in laser
fabrication, a powerful microscope that can capture the ultrafast
process is urgently needed [9–11].

As a candidate, optical pump–probe microscopy, including
types of near-field single-point scanning [12] and far-field wide-
field imaging [13], has grown into a mature ultrafast imaging
technique and been widely adopted in chemical reaction,

molecular dynamics, and others [14–19]. Compared to the sin-
gle-point scanning type, the wide-field pump–probe micro-
scope benefits from a much larger imaging area and faster
imaging speed, therefore having proven advantages in investi-
gating physical mechanisms and material properties in the fields
of fs laser ablation and material science [20–24]. For example,
by utilizing the wide-field pump–probe microscope, Fang et al.
successfully visualized the evolution of the fs laser induced sur-
face structural dynamics of metal through backscattered light
[21], and Pan et al. studied the ultrafast reflectivity response
and ablation mechanisms of molybdenum disulfide under in-
tense fs laser irradiation [22].

However, most previously studied wide-field pump–probe
microscopes can achieve only two-dimensional imaging and
have low spatial resolutions in micrometer scale. To expand
two-dimensional imaging to three-dimensional and improve
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resolution, the combination of optical pump–probe micros-
copy and structured illumination microscopy (SIM) can be a
promising approach [25], during which multiple sectional im-
ages with phase shifts are required [26–32]. However, under the
condition that the damage threshold of the material is exceeded
by the fs laser, it is impossible to guarantee that ultrafast proc-
esses in all repeated frames stay exactly the same. Final struc-
tures induced by different fs pulses are not perfectly the same,
due to the fact that pump pulses influenced by air disturbance
and other environmental factors are slightly different from each
other. As a result, the multi-frame images obtained through im-
perfect repetition cannot reconstruct accurate sample images
via the SIM algorithm. Hence, this kind of structured illumi-
nation pump–probe microscope cannot be applied to an
irreversible ultrafast process during which physical/chemical
properties of the sample are damaged, such as ablation.

To image fs laser induced irreversible ultrafast topography, a
reconstruction method with a single frame is required instead of
the common SIM. As a possible candidate, Fourier transform
profilometry (FTP) is a 3D imaging technique that needs only
one frame of the image [33–36], and has been widely used in
macroscopical applications such as industrial inspection and
machine vision [37–39]. Based on the triangulation method
of geometrical optics [39], the height of a measured sample
is considered linearly dependent on the phase calculated by
FTP, and the 3D topography of the sample finally can be re-
constructed [34]. Although FTP is also based on structured
light illumination, it cannot achieve spatial super-resolution
like SIM, but requires only a single shot of pulse and thus
has great potential for imaging fs laser induced irreversible ul-
trafast topography. However, FTP is rarely used in optical mi-
croscopes with large numerical aperture (NA) objectives, where
the sample size is too small and the spatial frequency is much
higher than those in macroscopical applications. Under this
condition, how to apply FTP to a high-NA microscope is still
a challenge.

In this work, we propose and experimentally verify a
single-probe structured light microscopy (SPSLM) that com-
bines a pump–probe technique and wide-field structured light

microscopy associated with FTP. Benefitting from the advan-
tage of FTP, our SPSLM requires only a single frame obtained
by a single structured probe pulse for 3D topography
reconstruction, and thus can be used to image the ultrafast evo-
lution of topography on a material surface influenced by a fs
laser. The second harmonic of the initial fs laser is modulated
as structured probe light, improving the spatial lateral resolu-
tion into the subwavelength region of ∼478 nm (less than the
laser central wavelength of 800 nm), and the spatial axial and
temporal resolutions are estimated to be ∼22 nm and ∼256 fs,
respectively. The reconstructed topography of samples from the
proposed SPSLM agrees well with the results from an atomic
force microscope (AFM), confirming the reliability of SPSLM
and topography reconstruction methods. To demonstrate the
application potential of this strategy, we apply SPSLM to image
the ultrafast topography evolution on the surface of a mono-
crystalline silicon (Si) wafer impacted by single and multiple
fs laser pulses with different pulse energies. Finally, variable
formation and evolution processes of laser induced periodic
surface structures (LIPSSs) are revealed and investigated
by SPSLM.

2. SYSTEM AND METHODS

A. Experimental Setup of SPSLM
The proposed SPSLM contains two subsystems, including a
traditional pump–probe microscope subsystem and a struc-
tured light subsystem, as depicted in Fig. 1. The light source
is an amplified Ti:sapphire laser system that generates 120 fs
pulses with maximal energy of 3 mJ and a central wavelength
of 800 nm. The initial pulse partially (∼20%) generates the
second harmonics at 400 nm after passing through a β-barium
borate (BBO) crystal and is reflected by a dichroic mirror
(DM1) as a probe light, depicted in violet in Fig. 1. The fun-
damental light at 800 nm transmits through DM1 as a pump
light, depicted in red in Fig. 1, and is selected into a single pulse
by a fast electromechanical shutter. Both pump and probe lights
are attenuated by tunable stepping filters. Aiming at measuring
the effective energy of the pump pulse on the sample using a
Joulemeter, a small aperture is used to make sure that all

Fig. 1. Schematic of the SPSLM, where red and violet indicate pump light (at 800 nm) and probe light (at 400 nm), respectively. (a) Diagram of
ultrafast pulses on Si wafer. (b) Optical path of SPSLM: BBO, barium boron oxide; DM1, DM2, dichroic mirrors; L1–L6, lenses; R1–R5, reflectors;
BS1, BS2, beam splitters; DMD, digital mirror device; CCD, charge-coupled device; MO, microscope objective (100×, apochromatic, NA � 0.9).
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subsequent light enters the back aperture of the objective. We
use two lenses (L1 and L2) after the aperture to change the
divergence angle of the pump light. With this setup, the influ-
enced area of the pump light on the sample is modified into a
diffractive Airy spot instead of a focus point, having a measured
diameter of ∼12 μm. Both pump and probe beams are coupled
into the back aperture of a 100× apochromatic microscope ob-
jective (MO, NA � 0.9) via DM2. The single pump pulse en-
ergy is varied from ∼200 nJ to ∼400 nJ, corresponding to an
average fluence ranging from ∼0.2 J∕cm2 to ∼0.4 J∕cm2,
which is higher than the damage threshold of monocrystalline
Si (0.17 J∕cm2) [40]. The energy fluence of the probe pulse is
about 0.01 J∕cm2, much lower than the damage threshold of
the material. An optical delay line is used to provide the desir-
able time delay between pump and probe lights, with a maxi-
mum value of 10 ns and minimum time step of 20 fs.

The most unique feature of SPSLM is that the structured
light subsystem is off-axis, which establishes the condition of
a triangulation method for FTP. As shown in Fig. 1(b), the
second-harmonic probe beam is directed toward the digital mir-
ror device (DMD) to produce several diffraction orders. We
select the �1st and zeroth orders by using a mask located at
the confocal plane of the 4f -system (L3 and L4). Lens L5
and MO constitute another 4f -system to transmit the fs inter-
ference fringes formed by the �1st and zeroth orders on the
sample. Because the pulses of �1st and zeroth orders have a
small retardation in time domain on the plane perpendicular
to the optical axis, lens L5 is slightly tilted to match their optical
paths. Within this kind of off-axis optical system, the interfer-
ence fringes formed by the �1st and zeroth orders obliquely
illuminate on the sample, as schematically shown in Fig. 1(a).
The reflected interference fringes carrying the topography in-
formation of the sample are collected through the same MO
and imaged through another 4f -system (MO and L6) on a
CCD camera (GS3-U3-120S6M-C, FLIR). The exposure time
of the camera is set to 100 ms, and the repetition rate of the fs
laser is set to 10 Hz via the electromechanical shutter, so each
frame captured by the CCD is the image generated by a single
fs pulse. The actual exposure time is equivalent to the pulse
width of the fs probe light. By adjusting the time delay between
the pump light and probe light, ultrafast images at different
time can be obtained. After passing through many optical de-
vices, the overall efficiency of the second harmonic light used
for the probe is less than 1%, and the signal-to-noise ratio is
about nine, which was obtained by calculating the ratio of the
fundamental power (signal) to the background frequency
power (noise) in frequency domain. We precisely match the
optical paths of pump and probe beams to make sure that the
delay line contains a zero-point delay. Due to our limited ex-
perimental conditions, the pulse widths of the pump and probe
lights on the sample surface cannot be measured experimen-
tally, and thus we did some theoretical calculations. For the
initial Gaussian transform-limited 120 fs (full width at half
maximum) pulse of the laser source, both pump and probe
pulses arriving on the sample surface are broadened and theo-
retically estimated to be about 147 fs and 256 fs, respectively,
by calculating the overall dispersions in the optical paths [41].
Thus, the temporal resolution of the proposed SPSLM is about

256 fs, restricted by the pulse width of the probe light. The
temporal resolution could be further improved via the pulse
shaping/compression module such as spatial light modulators,
and pairs of prisms and gratings [42–44].

B. Topography Reconstruction Method
The fundamental method we used for topography
reconstruction is FTP, where only one frame of a structural-
light-illuminated image is required. The principle of FTP is
that the light fringes illuminating on a fluctuant sample surface
are deformed, and the corresponding phase shift is dependent
on the fluctuation amplitude. In traditional FTP, the phase
shift of reflected fringes is approximately considered linearly
dependent on the height of the measured surface [33–39].
The relationship can be obtained by macroscopic system
parameters. For the high-NA objective used in our SPSLM,
these parameters are much smaller and difficult to be measured
directly and accurately.

To calibrate this relationship, we evaluate the structured
light subsystem alone by shutting the pump light and imaging
a piece of polished monocrystal Si wafer (surface roughness
<2 nm) as shown in Fig. 2. Considering that both axial
and lateral resolutions are obtained by the single frame in
FTP with limited information, there is a trade-off between axial
and lateral resolutions that can be controlled by the period of
interference fringes. To achieve an acceptable resolution for the
LIPSS sample in both axial and lateral directions, we conduct a
large number of experiments and eventually choose the period
of interference fringes on the sample as 478 nm, corresponding
to 10 pixels on DMD. Under this condition, based on the prin-
ciple of the FTP algorithm, the best lateral resolution (x–y
plane) of the FTP reconstructed image is about 478 nm, which
equals the period of interference fringes on the sample. The
field of view is chosen at the center region (18 μm × 18 μm)
of the DMD image on the sample, where the interference
fringes formed by the �1st and zeroth orders have high con-
trast, as shown in Figs. 2(a) and 2(b). Then we continuously
move the Si wafer in z direction with a step of 20 nm and rec-
ord images at all positions near the focal plane as shown in
Fig. 2(b), until the fringe contrast is smaller than 0.2, which
indicates out-of-focus for the Si surface. The total distance that
the sample moves in the z direction with a fringe contrast >0.2
is about 3 μm, indicating the measurement range in z direction.
As shown in Fig. 2(c), the recorded fringes show a phase shift
when the z position of the sample changes, and a phase shift of
π approximately corresponds to the distance of 180 nm. We
define the plane with the fringe contrast having the maximum
value as the z � 0 plane, and take the�z direction as the pos-
itive phase shift direction. Last, the relationship between the
phase shift from z � 0 and the position of the sample in
the z axis is obtained and shown in Fig. 2(d). The relationship
is approximately linear with slight deviation, which is mainly
caused by aberration of the off-axis subsystem.

The initial phase obtained from FTP is limited within the
range from −π to π, corresponding to the range of arctangent
function. Hence, a phase jump would occur when the differ-
ence between the two adjacent phase values exceeds the range.
Our subsequent algorithm includes an unwrapping part to ex-
pand the wrapped phase into a continuous phase as follows:

1902 Vol. 10, No. 8 / August 2022 / Photonics Research Research Article



when the phase jump occurs, the algorithm adds 2πk to each
successive pixel and updates k at each phase jump, where k rep-
resents the serial number of the jump and starts from one. More
detailed information of the unwrapping process can be
obtained from Refs. [33–39].

Based on the calibration result, as well as the principle of the
FTP algorithm and fringe period mentioned above, we can
theoretically obtain the axial resolution (z direction) of
SPSLM [34]. Since the phase shift of 2π corresponds to both
a period of 478 nm in lateral direction [Fig. 2(b)] and a distance
of 360 nm in axial direction [Fig. 2(c)], and every pixel on
CCD is measured to occupy about 30 nm on the sample plane,
the single pixel on CCD also corresponds to �30∕478� ×
360 ≈ 22 nm in axial direction. A single pixel on CCD indi-
cates the minimum stepping unit in frequency domain for
FTP, so the axial resolution of SPSLM associated with the
reconstruction algorithm is also about 22 nm.

To verify the reliability of the topography reconstruction
method of FTP, we use a sample with distinctive features as
shown in Fig. 3(a), which is a height map obtained via
AFM. It is an ablation spot on the polished Si carbide induced
by multiple fs laser pulses using our SPSLM, which contains a
low-frequency pit and high-frequency LIPSS. The raw image
of the sample via our structured light subsystem is shown in
Fig. 3(b), and was calculated into a height map according to
the FTP method. The reconstructed height map is shown in
Fig. 3(c), using the same color bar as that obtained from
AFM. It is obvious that both the low-frequency pit and

LIPSS are distinguishable and have almost the same morphol-
ogy as that of AFM. More quantitative details across the center
of the pit [along dashed lines in Figs. 3(a) and 3(c)] are shown
in Fig. 3(d), including two curves from SPSLM and AFM for
comparison. The height curve from SPSLM agrees well with
that from AFM except that near the pit edge where the height
is steeply raked. This deviation may be induced from the in-
herent limitation of FTP, which requires that the slope of the
sample surface should not be too sharp [34]. The discrepancy
on the right side (y � 2–6 μm) is due to the oblique illumi-
nation of the structured probe light, which leads to lower re-
flectivity and signal-to-noise ratio on this side, which affects
FTP reconstruction. Nevertheless, the LIPPS with a period
of ∼800 nm and altitude intercept of 38 nm can be clearly
distinguished via SPSLM. This result proves that our SPSLM
system with the topography reconstruction method is effective
and reliable.

3. RESULTS AND DISCUSSION

A. Single-Pulse Irradiation on Si Surface
To demonstrate the ultrafast surface imaging capability of
SPSLM, the topography evolution of a monocrystalline Si sur-
face induced by the fs laser is studied. To match the influenced
area and the view field of SPSLM, the fs pump pulse obliquely
impacts the sample, resulting in a slight time delay for different
points on the wavefront arriving at the sample surface, as shown
in Fig. 4. The raw images in the first row are captured via
SPSLM at different time delays with a temporal step of
0.5 ps between the structured probe pulse and the single pump
pulse controlled by the optical delay line. We can observe that
the reflectivity on the left side first increases (becomes brighter),
and then the bright area expands to a full circle of the pump

Fig. 3. Verification of topography reconstruction. (a) Height map
of a sample (ablation point on the surface of a polished silicon carbide,
containing a pit and LIPSS) obtained via AFM; (b) raw image obtained
via SPSLM; (c) reconstructed topography from the raw image;
(d) height variations along the dashed lines in (a) and (c) for
comparison.

Fig. 2. Principle and calibration of topography reconstruction.
(a) Schematic of illumination light on the field of view formed by in-
terference of the �1st and zeroth orders; (b) fringes in raw image of a
polished monocrystalline Si wafer (surface roughness<2 nm) at differ-
ent planes perpendicular to z axis; (c) grayscale distributions in x di-
rection on CCD, with sample placed at z � 0 nm and z � 180 nm;
(d) phase shift from z � 0 to various z positions, as a function of z,
indicating the calibration between phase and height.
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pulse area at a time delay of about 2.5 ps. The orange dashed
circle indicates the pump pulse area on the Si wafer. The in-
crease in reflectivity in this area is due to the high-density
plasma excited by the pump pulse [40,45,46]. This effect can
be adaptable to set the zero point at the time delay when the
increase in reflectivity begins, as Refs. [20,40] point out.

The second row in Fig. 4 shows the reconstructed height
maps in time sequence corresponding to the raw images in the
first row, by using the SPSLM associated with the FTP topog-
raphy reconstruction algorithm. It can be seen that, in addition
to the change of reflectivity, the surface morphology also
changes at the same time. When the ultrashort pump pulse im-
pacts the Si wafer, high-energy free electrons are generated and
subsequently have scattering with the lattice via phonons in an
ultrashort time scale, leading to the slight morphological
change of the Si wafer surface, as shown by a shallow pit in
Fig. 4. As the pit center is flat, fringes are slightly distorted
mainly at the pit boundary in the first row of Fig. 4.

The topography evolutions on the Si surface impacted by
the single pump pulse with various energies are obtained as

shown in Fig. 5. The pulse energy cases of 266 nJ, 304 nJ, and
382 nJ are denoted as “energies 1–3,” respectively. Results at six
time delays of 5 ps, 40 ps, 100 ps, 1 ns, 4 ns, and 10 ns are
given. The time delay of the final result at the time delay of
100 ms is denoted as “∞” because it is long enough to achieve
the equilibrium state for the ultrafast dynamics on the Si sur-
face. Since the ablation area of the pump light is about
105 μm2, the average fluence values for energies 1–3 are
0.23 J∕cm2, 0.29 J∕cm2, and 0.34 J∕cm2, respectively, all of
which are higher than the damage threshold of 0.17 J∕cm2. As
mentioned in Section 2.A, the pump light is an Airy spot on the
sample plane, which means that the energy fluence at the center
is much higher than the average value, but the energy fluence at
the spot edge is relatively lower. It leads to the phenomenon
that the topography at the spot center changes much more dra-
matically than that near the spot edge, which can be observed in
Fig. 5, especially for energy 3.

In the case of energy 3, a high region (bright color) occurs in
the ablation area at the time delay of 40 ps, and then splits into
a smaller disk region (indicated as a red arrow) and an annular

Fig. 4. Raw images (first row) and reconstructed height maps (second row) in time sequence near the zero point with the step of 0.5 ps captured
by SPSLM. Pump pulse impacts on Si wafer in the area in orange dashed circle, with average fluence of about 0.29 J∕cm2.

Fig. 5. Ultrafast evolution of the topography on Si surface impacted by a single pump pulse with different energies of 266 nJ, 304 nJ, and 382 nJ,
corresponding to the average fluences of 0.23 J∕cm2, 0.29 J∕cm2, and 0.34 J∕cm2, respectively (see Visualization 1). The pump light is linearly
polarized in the horizontal direction. The final result at a time delay of 100 ms is denoted as “∞.” All other parameters are the same as those in Fig. 4.
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(blue arrow) region at the time of 100 ps. These two regions
interact with each other to form ripples at the time delay
around 1 ns, then the amplitude of ripples decreases, and a pit
begins to appear at the time delay of 4 ns. By comparing the
final topography and that at the time delay of 10 ns, we find
that they have similar structures, but the pit has shallower depth
finally, which means some changes occur after 10 ns, as the
results in Refs. [20,21] indicate, but beyond the measurement
range of our optical delay line. In addition, the final topography
maps under energies 1–3 indicate that the pulse energy is an
important parameter, and lower energy leads to shallower and
smaller structures. More detailed processes of the topography
evolution of the Si wafer surface for energies 1–3 are given
in Visualization 1.

B. Multi-pulse Irradiation on Si Surface
An interesting phenomenon in fs laser–material interaction is
the formation of LIPSS, on which numerous studies have been
reported [47–50]. However, both the morphological responses
and topography evolution during the ultrafast process are rarely
studied, which are of great significance for understanding of the

underlying mechanisms of LIPSS. By employing our SPSLM
system, we have realized the LIPSS formation and its ultrafast
topography evolution dynamics, as shown in Fig. 6. The sam-
ple is also a Si wafer, but with the impact of multiple laser pulses
with identical energies in time sequence. The repetition rate of
the pump light is set to be 10 Hz, corresponding to 100 ms
time intervals of neighboring pulses. Specifically, we investigate
the ultrafast topography evolution after the second and third
pump pulses impacting the final topography results in Fig. 5
induced by the first pump pulse. All pump pulses are linearly
polarized in the horizontal direction. Other parameters are the
same as those in Fig. 5 except for the range of the color bar,
with the consideration that multiple laser pulses lead to a
greater change in topography. Considering every two rows as
a group, the three groups in Fig. 6 correspond to energies
1–3, respectively.

As clearly displayed in Fig. 6, after the successive second and
third pulses impact the structures induced by the first pulse,
LIPSS phenomena begin to appear with the spatial orientation
perpendicular to the direction of the linear polarization of the

Fig. 6. Ultrafast topography evolution on the Si surface impacted by second and third pulses (see Visualization 1), and final results compared with
AFM. Pulse energy in three groups (separated with black dashed lines) is the same as energies 1–3 in Fig. 5. Pump light is linearly polarized in
horizontal direction. Final height maps obtained from SPSLM and from AFM are given for comparison. All other parameters are the same as those in
Fig. 5.
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pump light. For the high-energy case of energy 3, the observa-
tion of LIPSSs shows the complex changes during the time de-
lay ranging from 5 ps to 10 ns. As shown in the fifth row of
Fig. 6, the LIPSSs first appear at 40 ps after the second pulse
and form an annular region of periodic structures at 100 ps.
Then the structured region spreads to the pit center at 1 ns
and becomes clearer at 4 ns. However, at 10 ns and 100 ms
after the second pulse, the LIPSSs gradually vanish, or at least,
become not obvious. This trend of the topography evolution
also occurs after the third pulse, as shown in the sixth row of
Fig. 6. Last, some LIPSSs remain near the edge of the ablation
spot, and a pit remains at the center. On the contrary, under the
moderate case of energy 2, the pit center region contains ob-
vious LIPSSs instead of a pit, as shown by the final result in the
fourth row of Fig. 6. For the case of energy 2, the topography
evolution is simpler than that under energy 3, that is, the
LIPSSs are not clear after the second pulse, but become obvious
during the whole ultrashort time after the third pulse.
Especially at 1 ns and 4 ns, the altitude intercepts of LIPSSs are
so great that they exceed the range of the color bar. For the low-
energy case of energy 1, an interesting feature observed is that
the LIPSSs appear after the third pulse at 5 ps, 40 ps, and 10 ns,
but vanish at intermediate time delays of 100 ps, 1 ns, and 4 ns,
as the second row of Fig. 6 shows. This phenomenon indicates
the reorganization of LIPSSs during the intermediate time de-
lay range.

The final state of LIPSSs is significant for applications such
as fabrication of large-scale subwavelength gratings [51–54].
Final topography results after the third pulse obtained from
SPSLM and from AFM are compared in Fig. 6. In all three
energy cases, the low-frequency pit and high-frequency LIPSSs
can be distinguished correctly. Results of energies 1 and 2 from
SPSLM agree well with those from AFM, further proving that
our SPSLM and the reconstruction method are effective and
reliable. Under the situation of energy 3, the height map from
AFM shows the generation of numerous nanoparticles around
the ablation spot; however, they are out of resolution for
SPSLM and unable to be distinguished.

Final states of topography after the third pulse in Fig. 6 also
indicate that the formation of LIPSSs is closely related to the
energy fluence of the pump pulse. Because of the pump pulse
showing an Airy spot, the energy fluence is high in the pit
center yet low near the edge, which indicates the energy fluence
dependent formation of LIPSSs. For example, LIPSSs appear
only in the center region for a pump pulse with lower energy
fluence (energy 1 in Fig. 6), and the LIPSS region becomes
larger when the pulse energy increases, as shown by the results
under energy 2 in Fig. 6. For case of higher pulse energy (en-
ergy 3), LIPSSs in the pit center region are indistinct but clear
near the edges. These phenomena indicate that the laser energy
fluence needs to be appropriately controlled to achieve high-
quality LIPSSs.

To quantify the quality of LIPSSs, we calculate the fast
Fourier transformation (FFT) of the topography map and ob-
tain the FFT power spectrum. Considering that LIPSSs appear
mainly in the center region for energies 1 and 2 as shown in
Fig. 6, only the center region of about 3 μm × 3 μm is inves-
tigated as an example. The FFT process is shown in Fig. 7, in

which point P in the spatial frequency spectrum indicates the
spatial frequency of LIPSSs with a period of 800 nm, which
agrees well with many previous reports [47–54]. Thus, the
FFT power at point P can be used to quantify the quality
of LIPSSs in this region. With this method, we obtain variation
of the normalized FFT power of point P as a function of time
delay after impacts of the three pulses, as shown in Fig. 7. For
the case of the first pulse, the most obvious feature is that the
curve of energy 3 has a relatively high value during a time delay
range from 100 ps to 1 ns. This effect results from the ripples
formed by the disk region and annular region indicated by red
and blue arrows in Fig. 5, respectively. For the cases of second
and third pulses, the curve of energy 2 is much greater than
those of energies 1 and 3, because the laser energy fluence
of energy 2 is just in the appropriate range for the formation
of high-quality LIPSSs. It must be pointed out, however, that
we evaluate just the energy fluence effect in our specific experi-
ments. According to Refs. [48–50], not only is laser energy flu-
ence an important factor for the fabrication of high-quality
LIPSSs, but also the pulse repetition rate and laser intensity
distribution have great influence on the quality of LIPSSs.
Another significant feature in Fig. 7 is that the curve of energy
2 shows two peaks around time delays of 100 ps and 3 ns for
cases of both second and third pulses, indicating the reorgani-
zation of LIPSSs during the time delay range. More detailed
information of the topography evolution of the Si wafer surface
after first, second, and third pulses for the cases of energies 1–3
is given in Visualization 1.

4. CONCLUSION

A wide-field SPSLM system is proposed and experimentally
verified to image the ultrafast topography evolution induced

Fig. 7. Process of FFT to evaluate the quality of LIPSS located in
the center region (about 3 μm × 3 μm), and the variations of normal-
ized FFT power of point P as a function of time delay after first, sec-
ond, and third pulses, including the three cases of energies 1–3 (see
Visualization 1).
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by fs laser pulses. The FTP method is introduced in SPSLM for
ultrafast topography reconstruction with only a single imaging
frame, and the relationship between phase and height has been
studied and calibrated. The second harmonic of the initial fs
laser is chosen as the probe light to generate the interference
fringes on the sample surface, resulting in a spatial lateral res-
olution of ∼478 nm, axial resolution of ∼22 nm, and temporal
resolution of ∼256 fs for SPSLM. Reconstructed topographies
of samples via SPSLM and AFM agree well with each other,
proving that our SPSLM and the topography reconstruction
method are effective and reliable. To demonstrate the spatio-
temporal imaging capability of SPSLM, we investigate the ul-
trafast topography evolution on the surface of a monocrystalline
Si wafer influenced by single and multiple fs pulses. The ultra-
fast formation and evolution of the LIPSS have been success-
fully observed with appropriate fluence of a pump pulse. The
reorganization of LIPSSs is found to occur during a time range
from 100 ps to 3 ns after second and third pulses.

As final remarks, we note that the proposed SPSLM can be
further developed to achieve better performance in the future.
For example, although currently the lateral resolution of
SPSLM cannot break through the diffraction limit of second
harmonic light due to the single-frame reconstruction method,
the spatial resolution can be further improved through deep
learning, and the temporal resolution can also be improved
by using a shorter pulse source or pulse compression methods.
SPSLM also has potential in imaging internal ultrafast processes
in transparent materials by modulating 3D structured probe
light. We believe that SPSLM is not only a powerful tool
for visualizing and understanding the ultrafast dynamics in
fs laser–material interactions, but also has bright application
prospects in various fields including laser fabrication, 3D print-
ing, and material science.
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