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Abstract: Multiple 11-fs infrared, few-cycle laser pulses were applied to a polycrystal ZnSe
surface to study the evolution of surface damage morphologies. The polycrystalline grain
boundaries seem to be the initiation site of surface damage and formation of ripples, which
evolve as the result of many laser pulses at the same site. Scanning electron microscopy and
atomic force microscopy (AFM) were applied to characterize the surface. The crystalline change
and material phase transition were examined by confocal Raman spectroscopy. The thermal
expansion coefficient increased slightly in the ablated zone compared to the non-ablated zone
according to an AFM thermal tip test. The results show the growth and organization of surface
ripples and the change of thermal properties as the number of irradiations at each site increases.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Few-cycle laser interaction with optic components provides a way to study various phenomena
including laser-induced carrier dynamics [1,2], laser-damage resistance [3–5], and high-harmonic
generation [6–8]. They may have potential applications in high-density memory recording by
taking advantage of the amorphous/crystalline phases. These phenomena have been explored using
many-cycle infrared laser pulses (such as ∼170 fs at 1030 nm), for a wide set of semiconductors,
such as Si [9], Ge [10–14], and binary compound semiconductors, such as GeSb, GaAs, InSb,
and InP [15]. The word of J. Bonse presented a comprehensive review of laser-induced ripples
and various models proposed to explain such structures [12]. Few-cycle laser-induced material
phase transition was not investigated in ZnSe, a very important material in the 0.4-15 micron
region. Our previous work dealt with the interaction of a single 11 fs, 1.7 µm centered, few-cycle
pulse with a ZnSe surface [16]. ZnSe material based gain media is usually exposed to multi-pulse
in the laser systems [17,18]. Multiple pulse-induced laser damage behaviors must be investigated
to check the accumulation effects and their sub-threshold effects on ZnSe material properties,
such as crystalline state and stress properties. In this work, changes in the surface morphologies
and crystalline structure were investigated for polycrystalline ZnSe, employing scanning electron
microscopy, atomic force/thermal microscopy, and confocal Raman spectroscopy. The objectives

#422857 https://doi.org/10.1364/OE.422857
Journal © 2021 Received 24 Feb 2021; revised 8 Apr 2021; accepted 19 Apr 2021; published 29 Apr 2021

https://orcid.org/0000-0002-9953-9860
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.422857&amp;domain=pdf&amp;date_stamp=2021-04-29


Research Article Vol. 29, No. 10 / 10 May 2021 / Optics Express 15024

of this study were: first, to identify the surface structural alterations formed when pulse number
increases and second, to evaluate changes to the material within the subsurface of the region
exposed to many laser pulses. The laser-induced surface structure on a solid was widely accepted
as resulting from the interaction between the incident light and induced surface waves as detailed
in the extensive review in Ref. [12]. Owing to the recent development of ultrashort lasers,
few-cycle laser sources have opened a new opportunity to observe laser-induced highly excited
surface damage, occurring within the few femtosecond pulses. Experimental studies were
designed to investigate the influence of multi-shot few-cycle laser pulses on the damage behavior
of a ZnSe surface.

2. Experiments

2.1. Few-cycle laser-induced damage

11-fs, wide spectrum (central wavelength 1.7µm, the wavelength range of 1.2-2.2 µm) [18],
infrared few-cycle laser pulses were applied in our experiment, as described in Fig. 1(A). N-on-1
laser-induced damage threshold (LIDT) measurements were implemented following ISO 21254,
by increasing the shot number N. Focusing was achieved using an off-axis parabola. The focal
spot had a 1/e2 diameter of 932.0 µm, forming an almost circular spot on the ZnSe surface. A
real-time inspection of the irradiated area was done using an optical microscope. Table 1 shows
that, as can be expected, the N-on-1 laser-resistance decreases rapidly as the number of pulse N
increases, which demonstrates the existence of a damage accumulation effect. Figures 1(B)-(E)
shows images of four representative craters ablated at the same fluence but using different
numbers of pulses. A ring of the re-solidified material near the edge of the crater (called the
“rim”) is formed when a fluence is used that is higher than the LIDT given in Table 1.

Fig. 1. (A) Schematic demonstration of few-cycle laser interaction with the ZnSe surface.
The polycrystalline nature makes the surface easily modified by high E-field. 42 mJ/cm2 11
fs few-cycle laser damage morphologies with shot number of (B) 5-on-1; (C) 10-on-1; (D)
20-on-1; (E) 40-on-1. The white E arrows denote the E-field polarization direction.

Table 1. Laser-induced damage (mJ/cm2, 11fs, 0°)

Shot number 1 5 10 20 40

LIDT 89± 9 41± 4 28± 3 13± 1 10± 1

With 5 pulses, randomly oriented surface grooves were observed in the ablation area, which
resulted from the polycrystalline nature of the materials [17]. By comparison of the scanning
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electron microscope (SEM) images of Fig. 2 surface structure develops from randomly distributed
grooves into well-oriented ripples when pulse number increases. A more detailed characterization
of topographical changes in the laser-ablated area was performed utilizing an atomic force
microscope (AFM) in tapping mode, as showed in Fig. 3. The sample surface was covered with
a high density of redeposited material (debris) from the ablation process. The morphologies
evolved from different orientations of the polycrystalline grains, into well-oriented ripples that
are normal to the laser E-field. These ripples have a wavelength of ∼1.5 µm, as seen in Fig. 2(C).
With low pulse number or weak irradiation intensity, the initial laser-induced structures were
surface cracks with random orientations and crack distances, as shown in Fig. 2(A). Figure 2(B)
showed that the ripple structures start as the crystalline boundaries with the polarization field
induced by the component of the incident field normal to those structures. A well-oriented
ripple pattern was observed when larger pulses number or stronger irradiation was employed:
as extracted in Fig. 4, a well-oriented ripple with a period of ∼1.5 µm was gradually identified
and the orientation of ripples became orthogonal to the incident E-field. We observed the ripple
structure evolution by increasing the shot number in Fig. 2 (from left to right). The largest surface
polarization component and thus the most efficient ripple generation is obtained for structures
arrayed normal to the impressed E-field [10–12].

Fig. 2. SEM image comparison of 42 mJ/cm2 11 fs few-cycle laser damage morphologies
with shot number of (A) 5-on-1; (B) 10-on-1; and (C) 20-on-1. Red dot square denotes
the enlarged view of the damaged area. The yellow dot square denotes the chosen AFM
characterized position in the following figures.

The entire laser-induced damage process can be described as: first few pulses exposed the
structure of the ZnSe subsurface grain boundaries. The structures were similar to that found
when comparing the initially exposed damage cracks with the chemically etched ZnSe surface
[19–22]. Exposed grain boundaries are seen as an e-field disturbance source to generate surface
waves [11,12,23,24]. The enhanced surface E-field was produced by the polarization charge
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Fig. 3. AFM profiles of the marked zone in Fig. 2. (a) and (b) show the intermediate
morphologies with a mixture of ZnSe crystalline grains and laser-induced ripples. (c) show
the well-oriented laser-induced ripples after multiple pulse laser irradiation.

Fig. 4. Laser-induced ripple period distribution in the ablated zone, extracted from AFM
test results. Normal distribution was fitted for an average period located at ∼1.5µm.
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introduced by surface discontinuities [24]. On the other hand, grain boundaries have a lower
bandgap than the single crystal bulk [20,21]. The crystal near grain boundaries is more easily
damaged by ionization breakdown than it would have if no grain boundary were present [25,26].
The polycrystalline nature turns the grain boundary into the most vulnerable part when laser
irradiated.

2.2. Confocal Raman spectroscopy on an ablated area

Raman spectroscopic measurements were performed to investigate the crystal properties of the
different observed zones, Confocal Raman spectral analysis was performed in the position of the
non-ablated surface, ablated surface, and rippled surface. Figure 5(B) shows the spectra between
100 and 400 cm−1, obtained at the location identified in Fig. 5(A). The phonon at the Brillouin
zone center in the zinc blende structure ZnSe is split into a doubly degenerate transverse optical
(TO) and longitudinal optical (LO) mode. The Raman spectrum of the original ZnSe surface
and damaged ZnSe surface is presented in Fig. 5(B). A significantly altered Raman spectrum
was obtained from locations within the outer zone inside the gaussian spot size (position A), as
well as the rippled central area (position B). We found sharp peaks at 255 cm−1 and 205 cm−1,
corresponding to LO modes and TO modes of the ZnSe crystal, respectively. The presence of the
LO- and TO-phonon modes indicates the crystalline structure of the material near the surface is
in good agreement with the data found in the literature [26]. Figure 5(B) shows no wavenumber
shifting in the first-order optical phonons (TO or/and LO) within the experimental error of
this configuration. No wavenumber shift indicates no localized residual stress change after
laser irradiations. The LO/TO intensity variation was related to the localized crystallographic
orientation [27]. From the Raman selection rules, one can conclude that the N-on-1 laser
pulses initially melt the ZnSe which then re-solidifies in a polycrystalline state with statistically
distributed crystallite orientations. The disorder of the polycrystalline sample is evident by the
full-width-at-half-maximum (FWHM) of the peak, as found by Yu et. al [28]. FWHM of TO/LO
showed no broadening before and after laser irradiation indicating no crystalline size change.
This result confirms that the surface does not transform into an amorphous state. The intensity of
the Raman scattered IR depends on the Raman tensor, which is related to crystal symmetry as:

IR = |e⃗iR(γij)e⃗s |

Here e⃗i and e⃗s are the polarization of incident E-field and that of the scattered light. In our test,
an incident e⃗i can be considered as a constant during the test. Concerning the Raman selection
rules, the LO mode is allowed from the (100) plane in the x(-)x configuration, while the TO
mode is not allowed in this configuration. The Raman bands from the non-ablated ZnSe surface
show that the LO mode is active (represents an intense peak) while TO intensity is weak. The
selection rule indicates that the majority of the crystallites have a [111] orientation. In the Raman
scattering configuration, the high-intensity LO mode scattering indicates that the wave vectors
k⃗i and k⃗s are mostly parallel to the [111] axis. To comply with the photon-phonon wave-vector
conservation rule, the wave vector of the phonon excited in the Raman process must also be
parallel to the X-axis. Thus, the displacement of the LO phonons was along the [111] axis and
the displacement of the TO phonons was perpendicular to the [111] axis. The Raman spectrum
of the few-cycle laser damaged zone showed the changes in the intensity of the LO and TO peaks
when multi-pulses laser irradiation.

In this case, the TO phonon mode is gradually allowed in the Raman scattering from the original
orientation, which confirms that the few-cycle laser ablation exposed a new polycrystalline
structure with new crystalline orientations (other than the [111] orientation) which has no
dependence on incident laser polarization. It has been attributed to lattice disordering effects
induced by purely electronic excitation at extremely large carrier generation rates. Such excitation
can be induced by ultrashort laser pulses with a duration smaller than the electron-phonon
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Fig. 5. On 10-on-1 damage site with 42 mJ/cm2 irradiation: (A) Schematic of confocal
Raman test position. (B) Confocal Raman spectroscopy results on ZnSe bulk (Non-ablated
zone) and N-on-1 damage site. Shown are the TO 205 cm−1 and LO 251 cm−1 Raman
spectra. The weaker peak (∼139cm−1) is attributed to the 2TA mode.

interaction time. However, according to the Raman spectroscopy, ultrafast phase transition
(“non-thermal melting from polycrystalline into amorphous”) has not been observed in the Raman
spectroscopy test. The few-cycle irradiated area remains polycrystalline.

2.3. Localized thermal response on an ablated area

Fig. 6. (A) Schematic of localized thermal response test by cantilever deflection variation
induced by surface thermal expansion difference. A He-Ne Laser source was employed
(same as AFM) and the tip temperature change was induced by an electric current. (B)
Localized thermal response difference on the ZnSe surface with/without laser irradiation.

Crystal orientation variation can induce a change of localized physical property [29]. An AFM
contact mode image was acquired, and the local thermal properties of the material were probed,
using Nanoscale Thermal Analysis (nanoTA) [30]. The thermal probe was a ThermaLever
Probes AN2-200, with a maximum controllable temperature limit of 350°C). The thermal probe
was positioned on the target position to start the thermal response measurement, as sketched
in Fig. 6(A). As the temperature of the probe is increased by applying a bias to the probe, the
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deflection of the AFM cantilever is monitored to assess the thermal expansion of ZnSe. The
thermal expansion coefficient of ZnSe with/without damage was different as shown in Fig. 6,
especially above 150 °C. The figure indicates the damaged position showed a little higher thermal
expansion coefficient than the undamaged position. The laser ablation created a structure with a
different localized thermal response. We speculate reasonably that the re-solidification induced a
small increase of the localized thermal expansion coefficient.

3. Conclusion

In this paper, we examined the material surface damage morphology and Raman spectroscopy
response on the multi-pulse, 11 fs, few-cycle, laser-irradiated ZnSe surface. N-on-1 laser damage
resistance decreased as the pulse number N increased, and cumulative damage was observed.
We described the damage process phenomenologically: with the accumulation of short pulses’
interactions, laser-induced structures gradually evolved to become orthogonal to the incident laser
E-field polarization, as the most favorable condition for surface polarization-wave generation (as
predicted in the model by Temple and Soileau (Ref. [23]) and other models reviewed in Ref. [12]).
Confocal Raman spectroscopy showed that no ultrafast phase transition (from polycrystalline
into amorphous) was induced by 11 fs ultrashort laser pulses used in the experiment. The
thermal expansion coefficient slightly increased in the ripple zone over that in the non-ablated
zone according to the AFM thermal tip test. Our work provides potential evidence for surface
waves research and laser-induced crystalline phase changes. Future studies will be extended to
single-crystalline ZnSe and other infrared materials to increase our understanding of few-cycle
laser pulse’s interactions.
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