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Abstract

We investigate the formation of surface periodic structures during ablation of a 20 nm
aluminum film on a glass substrate by high-power terahertz pulses. Using subpicosecond
pulses in the 0.5-3 THz range with a field strength of 15 MV /cm (fluence 0.3 J/cm?)
generated in a DSTMS crystal pumped by a femtosecond Cr:Forsterite laser, we observe
discrete growth of cone-shaped damage channels with a period of 20 pm at an energy
density below the single pulse ablation threshold (F, ~ 0.15]/ cm?). The channel length
increases from pulse to pulse (for 8, 20, and 100 pulses) due to local current density
enhancement at the channel tip. This enhancement scales inversely with the square root of
the tip radius and reaches an order of magnitude. Surface morphology analysis reveals a
thermomechanical mechanism governing film destruction. The observed self-organized
periodic structures, whose orientation is strictly perpendicular to the THz electric field,
hold promise for functional devices in the terahertz band, such as polarizers, near-field
sensors, and spatially selective absorbers, provided the formation process can be regulated.

Keywords: terahertz pulses; aluminum nanofilm; local field enhancement; thermomechanical
damage

1. Introduction

Although the terahertz (THz) range of electromagnetic waves has enormous potential
for a wide range of applications in the fields of spectroscopy, visualisation, signal process-
ing and biomedicine [1,2], it is currently much less studied than the microwave, infrared
and visible ranges. With the advent of powerful THz radiation sources based on nonlin-
ear crystals with femtosecond optical pumping [3,4] and free-electron lasers (FELs) [5,6],
increased interest is shown in their interaction with various materials. This is due to the
nonlinear nature of interaction [7-9], the specificity of heat transport, surface modification
and damage [7,10-16] during single and multiple exposures to THz pulses.

One of the rapidly developing fields is terahertz plasmonics. Terahertz hybrid plas-
monic waveguides based on an elliptical fiber made of a three-dimensional Dirac semimetal
are being studied [17-20], as well as metamaterials for dynamic control of the polarization
state of terahertz waves [21] for the development of multifunctional devices in the terahertz
range, such as polarizers, waveplates, and modulators. A highly sensitive narrowband
terahertz quad-band absorber constructed from bulk Dirac semimetal and silicon diox-
ide was proposed in [22]. In [23], a multiband absorber using structured graphene was
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presented. In addition, surface plasmon resonance sensors offer significant advantages
in biochemical analysis due to their label-free operation, high sensitivity, and real-time
monitoring capability [24].

The use of sub-wavelength structures makes it possible to enhance local electric fields
by several orders of magnitude [25]. The acceleration of electrons emitted by a nanotip of
a metal needle irradiated with single-cycle THz pulses was described [26]. The observed
local field enhancement, inversely proportional to the tip radius, reached several thousand.
At the same time, high acceleration efficiency for optical laser pulses has not been achieved
due to the high field oscillation frequency.

Recently, single- and multi-pulse ablation of thin metal films on glass substrates irradi-
ated with 20 MV /cm subpicosecond THz pulses focused to a spot at the diffraction limit
has been reported [12,13,27]. In contrast to single exposure, the destruction of films caused
by multiple THz pulses was observed as regular structures in the form of elongated damage
channels or cracks perpendicular to the direction of the electric field and having periods
significantly shorter than the incident wavelength. A hypothesis [12] was proposed about
the thermomechanical nature of the occurrence of damage initiation centers. However,
the mechanism for the development of extended damage channels from pulse to pulse was
not explained.

The physics of laser-induced periodic surface structures (LIPSS) formation on various
materials exposed to ultrashort laser pulses is still greatly disputed [28,29]. Depending on
the period they are divided into two main types. Low-spatial-frequency (LSFLs) LIPSS have
a period A close to the laser wavelength A, while for high-spatial-frequency (HSFLs) LIPSS
A < A. The mechanism of LSFLs formation is usually based on the interference of incident
laser radiation with the scattered surface electromagnetic wave [30]. Formation of HSFLs is
less studied [29]. They are commonly described by models of self-organization [31], as well
as using an electromagnetic approach, including the near-field scattering effect [32]. In
many cases, the HSFL's period in air is well described by the expression A ~ (A/n)/2 (n is
the refractive index) [28,33].

Several reports on the observation of LIPSS in the THz range have appeared only in
the last decade. The detection of fine regular structures similar to HSFL on the surface
of silicon wafers after exposure to THz-FEL pulse trains was first reported [5]. As noted,
the period of the structures A ~ A /25 could not be explained by the mechanisms proposed
so far for the optical range. The formation of LIPSS was observed on a Ge;Sb, Tes sample
after exposure to trains of picosecond THz-FEL pulses with an intensity below the ablation
threshold [6]. A difference in crystallinity was shown between LIPSS formed on Si irradiated
with Ti:Sapphire laser (0.8 pm) and FEL (11.4 nm) [34].

Despite a large number of works, the universal mechanism for LIPSS formation across
a wide range of materials and pulse parameters remains unclear [29]. The mechanism for
HSFL formation in the THz range cannot be explained by models applicable to optical fs
lasers [5]. Studying regular surface structures in the THz range significantly expands the
range of available data across the wavelength range.

In this paper, we investigate the dynamics of the formation of regular, extended dam-
age channels in an aluminum nanofilm on a glass substrate exposed to repeated single
subpicosecond THz pulses. We propose a model explaining the formation of the subwave-
length structure of the damage channel. The observed discrete increase in channel length
at intensities below the single-pulse ablation threshold can be explained by a localized
enhancement of the field near the channel tip. Unlike exposure to FEL trains, the use of
single THz pulses allowed us to establish a correlation between the channel length and the
number of pulses.
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2. Materials and Methods

The experimental setup is shown in Figure 1. Terahertz pulses were generated by
optical rectification in a 400-pm-thick organic nonlinear crystal DSTMS [12]. The crystal
was pumped by laser pulses of 100 fs duration at a wavelength of 1240 nm, generated by
chromium-doped forsterite laser system [35]. A pulse of 700 fs duration was generated in
the DSTMS crystal in the 0.5-3 THz range (central wavelength 200 pm). A low-pass THz
filter (LPF8.8-47, Tydex, St. Peterburg, Russia) with an optical pump attenuation of at least
10° was used to cut wavelengths shorter than 34 pm. To compensate for the terahertz beam
divergence, a 6:1 telescope was used, consisting of two off-axis parabolic mirrors with focal
lengths of 25.4 and 152.4 mm. The terahertz beam was focused normal to the target into a
diffraction-limited spot using an off-axis parabolic mirror with a focal length of 50.8 mm
and a diameter of 50.8 mm. Experiments were performed with a 20-nanometer-thick
aluminum film deposited by magnetron sputtering on a polished glass substrate 160 pm
thick. The terahertz pulse energy was measured with a calibrated optoacoustic detector
(Golay cell, GC-1D Tydex, St. Peterburg, Russia). The maximum pulse energy was equal to
80 pJ. The polarized attenuator placed in the pump laser beam was used to adjust the THz
pulse energy. A more detailed description of the experimental setup is given in [12,13,27].
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Figure 1. (a) Experimental setup. PC 1,2—pulse compressors, PA—polarizing attenuator,
LPF—THz low-pass filter, OAP 1,2,3—off-axis parabolic mirrors, EOS—standard electro-optic sam-
pling system consisting of a delay line, a quarter-wave plate, a Wollaston prism, and a balanced
detector. (b) Temporal profile of the THz electric field. (c) Corresponding spectrum.

The ablation threshold F, was determined by the well-known technique [36] for beams
with a Gaussian spatial distribution by measuring the dependence of the radius r of the
damage (hole in the film) on the pulse energy. The measured values of the beam radius
at the e~! level and the single-shot ablation threshold, respectively, were 7y ~ 90 pm and
F, ~ 0.15]/cm?. Figure 2 shows the spatial distribution of the THz beam in the focal plane
of OAP 3 recorded by the THz camera, together with the corresponding cross-sectional
profiles. The beam profiles at the focus are symmetric and well approximated by a Gaussian
distribution. The spot is circular, with a full width at half maximum (FWHM) of ~150 pm,
which is in good agreement with the measurements (r,-1 = FWHM/+v/41n2).
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Figure 2. THz beam profile in the beam waist for the DSTMS crystal.

3. Results

Figure 3 shows images of the aluminum film damage after single and multiple expo-
sures to THz pulses with an energy density of Fy = 0.3 J/cm? (electric field strength
of 15 MV/cm), obtained using an optical Olympus inverted microscope with PLN
10x objective.

(C)) (b)

E THz 100 um .
(© (d)

Figure 3. Evolution of damage in a 20 nm thick aluminum film after exposure to THz pulses with a
fluence of 0.3 J/cm?: (a) 1 pulse, (b) 8 pulses, (c) 20 pulses, (d) 100 pulses. The arrow indicates the
direction of the THz electric field. The scale bar in (a) applies to all panels.

After the first THz pulse, a through circular hole forms in the film (Figure 3a). After
irradiation by several pulses, the damage develops into a spatially periodic structure
consisting of elongated cone-shaped channels oriented perpendicular to the THz field
polarization (Figure 3b—d).

Figure 4 shows enlarged images of the damage fragments, obtained by scanning
electron microscope (SEM) after single and multiple THz pulses with Fy = 0.3 J/cm?.
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Figure 4. SEM images of the damaged area on the aluminum film after exposure to (a) 1, (b) 8,
and (c) 100 THz pulses.

After a single THz pulse at Fy = 0.3 ]/ cm?, the aluminum film in the center of the
spot is completely removed from the glass surface (Figure 4a). A distinctive feature is the
presence of a rim approximately 1-2 pm wide along the fracture boundary, representing the
rolled edge of the damaged film. A modified region is also observed outside the damage
boundary, where the film surface exhibits greater roughness compared to the original one.
The structure of the modified surface convincingly indicates film melting. The presence
of a crack and delamination also indicates the action of mechanical stress. The threshold
energy density corresponding to this area was approximately F,,; =~ 0.5F,.

The measured period of the structures is 20 £ 2 pm (based on the analysis of several
channels in Figures 3d and 4c). After exposure to 100 pulses, the length of the longest
channels reaches ~150 um from the spot center. According to the Gaussian distribution,
the ratio of the electric field strength at the center and at this distance is 11. The channel
width near the spot center is ~20 um, while at the periphery the channel narrows to ~1 pm.
In the experiments, the repetition rate of the 700 fs THz pulses was 10 Hz.

4. Discussion

Let us estimate the temperature and thermomechanical stress in the aluminum film.
The specific properties of thin metal films in the THz range with a thickness much smaller
than the skin layer are characterized by high reflection and absorption. They have a
maximum absorption of up to 50% at a critical thickness (ranging from units to tens of
nanometers), which depends on the conductivity [37,38]. In the THz range, in case of the
normal skin effect, the reflection R, transmission T and absorption A coefficients at normal
incidence can be found from the relations [37]:

R=p/1+p)%5T=1/1+p)* A=1-R—T. )

Here B = 2mod/c, where c is the speed of light. As can be seen in the case of the
normal skin effect, the parameter f is independent of wavelength, but is determined by the
film thickness d and conductivity ¢. According to [39], the conductivity of an aluminum
nanofilm in the THz range is more than two times less than the conductivity of bulk [40]
which is equal to 4 x 10'7 s~! (Gaussian system). Assuming for an aluminum nanofilm
o ~ 10" s~ from relations (1), we obtain R = 0.95, T =5 x 1073, A = 0.045.

Irradiation of a metal with an ultrashort THz pulse results in nonequilibrium heating
of electrons [11], whose temperature during the two-temperature stage significantly exceeds
the lattice temperature. For aluminum, the characteristic lattice heating time is 1-2 ps. For
ultrathin films, neglecting thermal conductivity simplifies the solution and allows one to
estimate the lattice temperature, which determines the magnitude of the thermoelastic
stress. In the case of complete melting of a film, the temperature T and melting threshold
F can be found from the expression [41]:

28 = lCIT ~ To) + AL, @
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where the density of aluminum is py = 2.7 g/cm?, the specific heat capacity C; and enthalpy
of fusion AH,, are 0.88 J/(g-K), 3.9 x 102/ g, respectively [40], Tp = 293 K is the initial
temperature of the sample. For the aluminum melting point T = 933 K, the estimated
melting threshold value F,, = 0.11 ]/cm? according to (2) is in good agreement with the
modification threshold F,,,; determined above and, along with the surface morphology,
indicates the presence of film melting. The temperatures at the center of the spot at Fy and
near the ablation threshold F, were 2640 and 1280 K, respectively.

To evaluate the mechanical stress generated in the Al film under ultrafast heating, the
approximate expression may be used [42]:

Eelust"‘(T - TO)

Ostress 20—pn) ©)
where for aluminum E,,;; = 70 GPa is the Young’s modulus, & = 32 x 107¢ K~ is the
coefficient of linear thermal expansion, u = 0.31 is the Poisson ratio [40], and (T — Tp) is
the temperature difference along the radius of the spot. Assuming T = 900 K, we obtain
an estimate of the thermomechanical stress 0sess = 1 GPa when heating the film to the
melting point. This value is an order of magnitude greater than the characteristic adhesion
of metal films [43] and is also comparable to the dynamic yield strength of aluminum in
the picosecond loading range [44]. Consequently, at temperatures below the melting point,
delamination and cracking of the film may occur. Cracking can serve as a precursor for
further damage with repeated irradiation [12].

Stress relaxation occurs by expanding the film in the direction normal to the substrate.
Reflection of the rarefaction wave from the rigid substrate leads to a concentration of tensile
stress at the film/substrate interface and separation of the film from the substrate [45].
Thus, due to rapid melting and thermomechanical expansion, the film is removed in the
center of the irradiated area, forming a circular roll along its boundary.

According to [46] the absorption length of THz radiation in glass, depending on the
frequency in the range from 0.5 to 10 THz, can vary from 500 to 10 pm. For the spectrum of
our pulse the measured absorption length in glass was approximately 80 pm. Considering
the low transmittance of Al film, it can be assumed that the volumetric absorbed energy
density of THz radiation in the glass substrate and, accordingly, its heating will be extremely
small compared to the heating of the metal film. After the film is removed in the central
region, subsequent THz pulses pass through the glass. Calculations show that the substrate
heating does not exceed 25 K and does not affect the observed effects.

A study of the surface morphology revealed that, upon repeated exposure to THz
pulses, damage (complete film removal) forms as a spatially periodic structure of extended
cone-shaped channels oriented perpendicular to the polarization of the THz radiation
(Figure 3b—d). As the number of pulses N increases, the channel length increases discretely
with N, and the channel width decreases. The maximum channel width near the central
area reaches approximately 20 pm and decreases to submicron dimensions at the periphery
(Figure 4c). It is important to note that with repeated exposure, damage occurs in the region
where the energy density is below the single-shot ablation threshold F;.

The THz field penetrates the entire film, inducing a current. The current density is
determined by Ohm’s law j = ¢'E (where E is the electric field and ¢ is the conductivity).
The mechanism of damage during repeated exposure may be related to a local current
enhancement near the channel tip (Figure 5a). As a result, the micro region near the channel
tip is locally heated and destroyed.
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Figure 5. (a) illustration of the local current enhancement near the tip of the damage channel;
(b) normalized radial distribution of the current near the tip of the damage for different R at a fixed
length of i = 20 pm; (c) dependence of the current amplification jyax / jo on the radius R of the tip
(maximum amplification values from (b) (red dots); line is the fitting curve); (d) local current density
enhancement at the tip of the damage channel with a radius R below the ablation threshold: 1—8 pm,
2—5 pm, 3—2.5 pym, 4—1 pm. jj, is the current density corresponding to the ablation threshold.
Gaussian distribution of THz field is plotted with a solid black line.

The radial distribution of the current density j(r) (Figure 5b) near the tip of the
damage channel with radius R can be described within the quasi-static approximation by
the expression [47]:

r—R/2+h

j(r) =jo
\/(r —R/2)*+2(r—R/2)h

(4)

where jj is the initial current density far from the damage, / is the channel length, and r is
the distance from the channel tip. It should be noted that the current density calculation
within the quasi-static approximation is also valid for a THz pulse, since the characteristic
channel dimensions are smaller than the THz wavelength.

Figure 5b shows that near the tip, the current density is several times higher than far
from the damage zone. The characteristic size of the current enhancement (and, conse-
quently, the damage area) is comparable to the radius R of the tip. After each subsequent
pulse, the channel length increases by approximately this amount, and the channel grows
in a direction perpendicular to the electric field E.

From expression (4) it follows that the maximum value of the local current den-
sity amplification is inversely proportional to the square root of the channel tip radius
jmax/Jo ~ 1/ VR (the line in Figure 5¢). It also follows that in the case of exposure to a THz
pulse with a Gaussian intensity distribution, the width of the damage channel should de-
crease with increasing distance from the center of the impact area, where the field strength is
lower. This is illustrated in Figure 5d. The area marked as F > F;, in Figure 5d corresponds
to the ablation zone after exposure to the first pulse. For subsequent pulses, to create the
current density necessary for destruction, the radius of the damage channel tip should
decrease with increasing N. Thus, at a distance of 130 pm from the center of the impact
area, the radius of the channel tip should be equal to 1 pm (curve 4 in Figure 5d). The
corresponding magnitude of the local field amplification at the tip of the channel exceeds
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by a factor of 8. After each localized damage of the film, a rim of solidified melt forms along
its boundary. The thickness of the rim is greater than that of the film. Therefore, upon a
subsequent THz pulse, a rim usually does not fail, but rather persists as a delaminated
bridge (Figure 4b,c).

Figure 6 demonstrates a comparison of the calculated channel radius R as a function
of distance from the spot center x with the experimental data.
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Figure 6. Dependence of the radius of the tip of the damage channel under multi-pulse irradiation
on the distance from the center of the focal spot. Squares and triangles are experimental data; Red
circles are the calculation result.

In Figure 6, the empty symbols show the result of processing two damage channels
near the equatorial part of the structure in Figure 3d. Here, the radius of the channel tip
R at a distance x is taken to be half its width. The red circles show the calculation results
from Figure 5d. The vertical dotted line corresponds to the radius of the central spot (the
boundary of the single-pulse ablation region). Figure 6 demonstrates good agreement
between the experimental and calculated data. The observed discrepancy at a distance
greater than 90 pm can be explained by the beam’s deviation from the Gaussian distribution
below the 1/¢? level.

The spatial periodicity of the channels may be related to local field enhancement
induced by inhomogeneities. Defects arising under the influence of thermomechanical
stresses after irradiation with one or more pulses may serve as seeds for the development
of fracture channels [12]. The observed period between channels is approximately 20 pm.

In the optical range, the spatial period of HSFLs is usually described by the expression
A = A/(2n), where n is the refractive index of the medium, which generally depends on the
intensity [28,33]. In the case under consideration, this expression does not directly describe
the periodicity of damage channels due to the large value of n for metals in the THz range
(for Al at a wavelength of 200 um, n ~ 400 [48]). The expected period of HSFLs in this case
yields a value two orders of magnitude smaller than that observed experimentally. Such
a discrepancy may be due to the need to take into account a number of factors, such as a
nonlinearity of the refractive index [49] and environmental factors [50]. A nanoscale metal
film should probably be considered together with the dielectric substrate. In the THz range
under consideration, the value of the real part of the refractive index of glass is 2.25 [50].
This yields a magnitude of the estimated spatial period of the structure, A ~ 40 pm, closer
to the experimentally observed value.
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5. Conclusions

In summary, we investigated the fracture dynamics of a 20-nanometer-thick aluminum
film on a glass substrate subjected to repeated irradiation to single THz pulses with a
Gaussian field distribution (duration 0.7 ps, central wavelength 200 um, field strength
15 MV /cm). Below the single-shot ablation threshold, spatially periodic structures arise on
the surface in the form of extended, cone-shaped damage channels oriented perpendicular
to the electric field direction. The damage channel length increases discretely, proportional
to the number of applied THz pulses. A model for the development of damage channels
is proposed, based on the local field enhancement at the channel tip. The magnitude of
amplification is inversely proportional to the square root of the tip radius. The presented
estimates and the surface morphology indicate a thermomechanical fracture mechanism.
The observed periodicity of the damage channels is not described by LIPSS formation
models accepted for the optical range.
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