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Abstract: Enhanced terahertz-to-infrared (THz-to-IR) emission from gas-surrounded
nanostructured metal films as a result of femtosecond laser irradiation is systematically
investigated using selected gases. The dependencies of the THz-to-IR power on the gas
species, gas pressure, and pump optical power are studied for Ar, N2, Ne, and He. The
experimental results reveal that the power of the THz-to-IR emission is related to the
thermal conductivity of the gas in question. Moreover, the THz-to-IR emission power

is dramatically enhanced when the gas pressure is close to zero.
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Femtosecond laser-matter interactions have attracted broad interests in both
theoretical and applied research.} It has been observed that a significant amount of
residual thermal energy is deposited in metals following multi-shot femtosecond laser
irradiation.*® The remaining energy causes the bulk sample’s temperature to rise. The

temperature could be measured using an IR thermal camera. The surface temperature is

Aa

proportional to T, o« o when a bulk metal reaches thermal equilibrium, where A

m

is the absorptivity of the incident laser, a is the thermal diffusivity, and K is the

thermal conductivity of the metal.”® The laser-induced surface temperature was
sensitive to the intensity of the incident laser beam. Therefore, the measured surface
temperatures followed a Gaussian distribution and the maximum peak temperature for
Ru metal reached 750 K.” At this stage, the heated sample acts as a thermal radiation
source. More recently, we identified intense terahertz-to-infrared (THz-to-IR) thermal
radiation with a frequency spanning from the GHz range to several hundred THz from
random metallic surface nanostructures that were smaller than the wavelength of the
incident femtosecond laser.”®

Ambient gas plasma produced near the metal surface has been shown to play a
key role in the enhanced residual energy coupling.’ In the presence of a metal surface,
the threshold of gas ionization in front of the metal surface can be significantly
reduced owing to the following factors: (1) gas exposed to the additional laser light
reflected from the metal surface besides the incident light, and (2) energetic electrons
escaping from the metal surface because of multi-photon photoelectron and
thermionic emission.*12 A significantly enhanced residual energy has been observed
following single-pulse ablation for various gases.>® In our previous study, the surface
roughness of our nanostructured metal films diffuses the surface backscattering,
enhances the amount of reflected light absorbed by the air plasma, and subsequently
enhances the gas-plasma-assisted heating of the sample.®

In this letter, we perform a systematic study of THz-to-IR emission from
gas-surrounded metallic nanostructures as a result of femtosecond laser irradiation.
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Among the four selected gases, Ar leads to the most intense THz-to-IR radiation.
Moreover, the THz-to-IR emission power is dramatically enhanced when the gas
pressure is close to zero, and remains almost unchangeable at higher gas pressures
within our experimental range. Furthermore, we find that the power of the THz-to-IR
emission increases as the thermal conductivity of the ambient gas decreases.

The sample substrate was a 60 um thick anodic-aluminum-oxide (AAO)
membrane with a pore diameter of 200 nm (Whatman, Germany). The pore density
was approximately 50%. The metal was deposited on the membrane by magnetron
sputtering using a JGP600 high-vacuum system with a base pressure of 1.5x107 Pa.
The deposition rate was 0.5 nm/s, and the working pressure was 0.3 Pa. The metallic
thin films had a nominal thickness of 100 nm and exhibited a random nanoscale
surface roughness that was due to the through-pore structure of the AAO membranes.
Three different types of metal — Ru, Pt, and Au — were used in the experiments.
Figure 1 shows scanning electron microscopy (SEM) images of the top view (Fig.
1(a)) and the cross-sectional view (Fig. 1(b)) of the 100 nm thick Ru metal film; the
Au and Pt samples also had thicknesses of 100 nm. The surface topography was
similar for all of the tested metal films. The representative images show a variety of
surface structures on the metal film, including voids and nanoprotrusions. It has been
demonstrated that a stronger localized surface plasmon electric field (and, therefore, a
more efficient thermal radiation source) exists at the metal/AAO interface.®

Figure 1(c) shows an illustration of the gas cell used in our experiment, the body
of which was made of stainless steel. The entrance and exit windows were made of 2
mm thick fused quartz and 3 mm thick Si wafer, respectively, with diameters of 25
mm. The bottom of the cell was connected to a gas distribution system, which was
able to pump the cell to a vacuum (i.e., below 3 Pa) or introduce a certain amount of
each gas into the cell. The pressure inside could be precisely monitored with a
pressure gauge. The experiment was performed with a Ti:sapphire regeneratively
amplified laser system, which delivered 800 nm, 100 fs, 700 mW pulses at a 1 kHz

repetition rate. The metallic nanostructured sample was placed in the beam path with



the metal surface facing the incident beam. The THz-to-IR emission was collected
from the side of the sample that faced away from the beam, and was detected using a
Golay cell detector that was equipped with a 6 mm diameter diamond input window
(Microtech SN:220712-D). The detector exhibited a nearly flat response over a broad
spectral range (i.e., 0.1-150 THz).
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Figure 1. Panes (a) and (b) show scanning electron microscopy (SEM) images of the 100 nm thick Ru
metal film. (a) Top view of the metal surface. (b) Cross-sectional view of the metal surface. The darkest
regions indicate the absence of metal. (c) Schematic diagram of the gas cell used in our experiment.

Figure 2(a) shows the measured power of the THz-to-IR radiation from the 100 nm
thick Ru sample surrounded by various inert gases — including He, Ne, N2, and Ar — as
a function of the gas pressure. As can be seen in Fig. 2(a), the radiation power varies for
the four selected gases. Ar exhibits the highest radiation power; the power for N2 and
Ne fall in the middle; and the power for He is the lowest. Similar experimental results
are also obtained using Au and Pt samples, which are shown in Figs. 2(b) and (c),
respectively. This leads us to conclude that the enhanced THz-to-IR radiation is a
general phenomenon that applies to the femtosecond laser irradiation of nanostructured
metal films in a gas.

It is clearly observed that there is always a dip just before the gas pressure of
120000 Pa. We attribute the drop of measured power to the airflow in the chamber.
When the gas pressure is from zero to standard atmospheric pressure (just before
120000 Pa), gas suction pump is used. And then, for obtaining pressure higher than

latm, gas injection is used. Therefore, there is fluctuation of airflow at the pressure near



to 120000 Pa. The fluctuation could result in the drop of measured power. To eliminate
the effects of THz-to-IR absorption by the ambient gas in the cell, we performed
measurements of THz-to-IR radiation power from 1 mm thick ZnTe crystal in the
selected gases at different gas pressures. We could not find any obvious variation of the

radiation power in different gases within the pressure range of our experiment (data not

shown).
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Figure 2. Panes (a—c) depict the measured terahertz-to-infrared (THz-to-IR) power from 100 nm thick
nanostructured (a) Ru, (b) Pt, and (c) Au metal films as a function of the gas pressure for the four selected
gases: He (blue), Ne (green), N2 (red), and Ar (black). (d) Measured THz-to-IR power from Ru (black),
Pt (blue), and Au (green) films at the gas pressure of 10° Pa versus the atomic number of the gas. The
reciprocal values of the thermal conductivity (red) for different gases are also plotted.

For clarity, we plot the measured THz-to-IR radiation power at a gas pressure of 10°
Pa versus the atomic number of the selected gases, as shown in Fig. 2(d). Based on the
thermal radiation mechanism, the total power of THz-to-IR radiation from the

nanostructured metal film is proportional to the fourth order of the surface temperature:

P ocT,*, where T, isthe surface temperature.® For a bulk metal surrounded by gas, the

: : A .
surface temperature is proportional to T, oc ——== when it reaches thermal
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equilibrium, where A is the absorptivity of the incident laser, p is the gas density,

C, is the heat capacity, and k is the thermal conductivity of the ambient gas.>'° One

factor that contributes to the THz-to-IR radiation enhancement is the increased
absorptivity that is due to the ambient gas. For our nanostructured metal films, the
surface roughness dramatically enhanced light absorption via an antireflection effect,
which was caused by the gradient in the refractive index at an air/solid interface, and
also via surface plasmon absorption.**® The measured optical absorptivity was nearly
90% as a result of the structurally modifying surface.® As shown in Fig. 2(d), the output
power of the THz-to-IR radiation from the Ru sample in Ar was twice as large as the
value for He. This implies that, in addition to the direct absorption of the laser’s energy,
other mechanisms may play a key role in the gas-induced variation of THz-to-IR
thermal radiation power.

Using the parameters associated with He, Ne, Nz, and Ar, we calculated the
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number in Fig. 2(d). Surprisingly, the shape of the radiation power curve (as a function

1

Jrc.k

as a function of the atomic

following values: ( ) =0.82, ( Ine =146, ( ), =1.74, and

of the atomic number) is consistent with the value of the gas. Therefore, it is

rC k

p
reasonable to suppose that the variation in THz-to-IR power in the different gases is
caused by the difference in their thermal properties.

It is common that significantly enhanced THz-to-IR radiation is observed in all
these gases when the gas pressure is close to zero. We attribute this effect to the change
of the thermal conductivity of the gas, which may depend on the temperature and gas
pressure. It is well known that k increases as the temperature increases, and decreases
as the gas pressure decreases when the gas pressure is below 2670 Pa; furthermore, it

remains constant when the gas pressure is between 2670 Pa and 196.2 MPa.'® Moreover,



the gas density p decreases as the gas pressure decreases. Therefore, the surface

temperature T is extremely high when the gas pressure is close to zero, and

correspondingly the THz-to-IR radiation power is significantly enhanced.

To complete the characterization of THz-to-IR emission from nanostructured metal
films in various gases under different pressures, we measured the dependence of the
THz-to-IR power on the pump optical power by setting the gas pressure at three
specific values: 10 Pa, 10° Pa, and 1.5%10° Pa. The surface temperature has been

demonstrated that was proportional to the pump power.® Therefore, the THz-to-IR

power is proportional to the pump power PocP "

wmp» Where P,

ump 1S the pump power
and n is the exponent of the power law.

Figure 3 shows the results of the 100 nm thick Ru metal film surrounded by each of
the four gases. The exponents of the power laws for the four selected gases at the gas
pressure of 10 Pa were clearly consistent with each other, which are around ~1.65. We
attributed the consistence to the identical thermal properties of all the gases when the
gas pressure is close to zero. The results at the pressures 10° Pa and 1.5%<10° Pa could be
fitted using power laws with exponents of 1.53 (Ar), 1.48 (N2), 1.36 (Ne), and 1.20 (He),
respectively. The decrease in the exponents as the gas in question changes from Ar to
N2, to Ne, and then finally to He, which is closely influenced by the thermal
conductivity of the ambient gas. The pump to THz-to-IR energy conversion efficiency
increased with the pump fluence. It has been demonstrated that the maximum pump to

THz-to-IR energy conversion efficiency for the Ru film reached 2.45%." It is shown

that the low gas pressure could enhance the conversion efficiency by ~50%.
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Figure 3. Terahertz-to-infrared (THz-to-IR) radiation power as a function of incident optical power at
three specific gas pressures: 10 Pa (red), 10° Pa (blue) and 1.5x10° Pa (green) for the four selected gases:
(@) Ar, (b) N2, (c) Ne, and (d) He. The dots represent experimental data, whereas the lines represent
calculated curves.

Energy transport from the plasma and heating by the shock wave traveling in the
ambient gas along the sample surface may also contribute to the enhancement of the
THz-to-IR radiation. More specifically, the formation of the gas plasma during a
femtosecond pulse can enhance the thermal energy coupling to a sample according to
the following two pathways: (1) the energy stored in the air plasma can be transferred to
the sample; and (2) the re-deposition of the ablated material back onto the sample can
be enhanced because of the high pressure of the ambient gas plasma, which remains
long after the femtosecond laser pulse.?

The fact that the enhancement remains in experiments involving either a chemically
inert gas or inactive material eliminates exothermic chemical processes as a major
factor in enhancing the THz-to-IR emission; this is true despite the fact that chemical
processes can occur between gases and chemically active materials at high
temperatures. Our study therefore demonstrates that the thermal effects involved in
femtosecond laser irradiation still constitute an interesting area that warrants further

investigation.



To conclude, we demonstrated that the THz-to-IR emission from metallic
nanostructures that results from femtosecond laser irradiation could be enhanced by
surrounding the nanostructures with a gas that possesses a high thermal conductivity.
Moreover, the emission can also be significantly enhanced by utilizing a low gas
pressure. The thermal emission power monotonically increases with the atomic number
of the gas for a given gas pressure. This property provides new guidelines for a broad

range of THz-to-IR technological applications, such as a high-precision gas sensor.
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