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S1 Theory of second and third harmonic generation 

When intrinsic GaAs is illuminated by 800 nm laser radiation, each photon carries energy that can 

be described as 

 photon
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c
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
    (S1) 

Since this exceeds GaAs's direct bandgap (Eg=1.42 eV at 300 K), photons are absorbed 

through fundamental interband transitions. Electrons in the valence band are excited to the 

conduction band. The high absorption coefficient (α∼10
4 
cm

−1
) enables efficient carrier generation 

within the penetration depth 1 μm [1].  

 

Second harmonic generation 

The photoexcited free electrons' motion in pumped-GaAs of metasurfaces under strong 

electromagnetic fields can be described with a modified Drude model as 
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Where, m
 denotes the effective mass of the electrons,   denotes collision rate of the electrons, 

r denotes the motion of the electrons, q denotes the elementary charge, ω denotes the fundamental 

angular frequency, t is time, v denotes the velocity of the electrons, E  denotes the amplitude of 

the local electric field, B denotes the amplitude of the local magnetic field, and c.c. denotes the 

complex conjugate term.   

The drift velocity of free electrons determined by the local electric field can be expressed as: 
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Where e denotes the complex mobility of the electrons. 

Combining the equations (S3), the equation (S2) can be described as: 
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The second-order term in the right arises from the electromagnetic contribution denotes the 

contribution of the Lorentz force, which drives the free electrons oscillating in an anharmonic 

way.  

The solution of the equation can be solved by assuming a general solution as 
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Where r  denotes the displacement driven by the local field with fundamental angular frequency 

ω, and 2r   denotes the displacement of the electrons driven by the Lorentz force with twice the 

fundamental frequency 2ω. 

According to the definition of the polarization density, the second-order polarization (P2ω) 

can be obtained as:  
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Where en  denotes the density of the photoexcited free electrons, V denotes the volume of 

pumped GaAs, where has second-order nonlinearity.  

By assuming an average M and N times enhancement of the local electric and magnetic fields 

with respect to the incident THz electric fields. The equation (S7) can be written as: 
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Where,
 en  and 

e  are average density and complex mobility of the free electrons, 

respectively, Ei is the amplitude of the incident terahertz electric field, and c0 is the speed of light 

in vacuum. 

According to the definition of polarization density 
(2)

2 0 i iP E E    , where 0 denotes 

the vacuum permittivity, and 
(2) denotes the effective second-order susceptibility. 
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Where 0Z denotes the free space impedance. 

According to the equation (S9), the effective second-order nonlinear coefficient scales 

critically with material parameters: high electron density, large carrier mobility, reduced effective 

mass, and significant field enhancement induced by metamaterial structuring collectively amplify 

nonlinear responses. By temporally synchronizing optical pumping with terahertz excitation to 

control the dynamics of carriers, ultrafast switching functionality can be realized. Furthermore, 

through pump power tuning, we can actively manipulate carrier concentration and mobility 

profiles, thereby enabling continuous amplitude modulation of second-harmonic signals.  



 

Third harmonic generation 

For intrinsic GaAs without illumination with 800 nm pump, electrons predominantly reside 

in the covalently bound states within the valence band. Due to GaAs possessing a bandgap 

substantially exceeding terahertz photon energy, inter-band transitions contribute negligibly to 

THz nonlinearities. However, under above-bandgap photoexcitation with 800 nm laser, electrons 

are promoted from the valence to the conduction band, generating high-density non-equilibrium 

electron-hole pairs. Terahertz waves can efficiently drive intra-band transitions of these 

photoinduced carriers, accelerating conduction-band electrons and valence-band holes via 

free-carrier absorption, enabling strongly enhanced nonlinear interactions.  

The origin of the third nonlinearity enhancement can be described with a modified Drude 

model by introducing a non-simple harmonic scattering term as 
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Where m  denotes the modified collision rate of the photoexcited electrons, which can be 

described as 
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0

1
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collision rate of the electrons,   is the anharmonic coefficient representing the nonlinear 

influence of hot carriers, intervalley scattering, impact ionization, and Bloch oscillation. 

According to the definition of the modified collision rate, the equation (S10) can be written as  
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By assuming a general solution
3

3
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   , and assuming the perturbative term 

and ignoring the higher-order terms, we can solve the solution of equation (S11) as 
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Combining the equations (S12), the equation (S11) can be written as 
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According to the equation (S13), the motion with triple fundamental angular frequency can 

be solved as 
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According to the definition of the polarization density, the second-order polarization (P3ω) 

can be obtained as 
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Where en  denotes the density of the photoexcited free electrons corresponding to the optical 

pump power, V denotes the volume of pumped GaAs, where has the third-order nonlinearity.  

By assuming an average M times enhancement of the local electric field with respect to the 

incident THz electric fields. 
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According to the definition of polarization density (3)

3 0 i i iP E E E     , where 0 denotes 

the vacuum permittivity, and (3) denotes the effective second-order susceptibility. 
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While equation (S17) establishes that elevated carrier densities en  enhance the third-order 

nonlinear coefficient (3) . However, the loss channels, such as predominantly free-carrier 

absorption and Auger recombination, become non-negligible at high excitation fluences. This 

introduces a critical trade-off, wherein (3)  follows a non-monotonic dependence on pump power. 

Consequently, maximizing the effective nonlinear response requires precise optimization of 

optical pumping intensity to operate at the global extremum of the third-order nonlinear 

coefficient 
(3) . 

 

 

 

S2 Simulations of the THz metasurfaces 

Simulation of the transmission spectrum 

In this research, the finite-difference time-domain (FDTD) method is used to simulate the 

transmission spectrum of concept-of-proof metasurfaces. In the simulation, the high-resistance 

GaAs substrate is treated as having semi-infinite thickness with εGaAs = 12.9, and gold (Au) is 

modeled as a lossy metal with a conductivity of 4.1×10
7
 S/m. To simulate the transmission 

spectrum, a single unit cell is simulated in the time domain with the periodic boundary condition 

in the x and y directions. To simulate the open space, we set the open boundaries on the bottom 

and top, respectively. Broadband y-polarized plane waves were implemented as excitation sources 

in finite-difference time-domain (FDTD) simulations. To quantify transmission characteristics, a 

field monitor recorded the y-component electric field transients at the GaAs substrate exit plane. 

Initial signal envelopes are isolated by applying a Hanning window to eliminate Fabry-Perot 

reverberations from substrate interfaces. Comparative simulations are performed for the 

metasurface and the unpatterned GaAs reference substrates.  



Transmission spectra can be derived through the Fourier transformation of time-domain 

signals. 
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Where ( )T   denotes frequency-dependent transmittance normalized to the reference structure. 

sample ( )E t  and reference ( )E t  are the signals in the time domain of the metasurface and GaAs 

substrate, respectively. 

 

Simulation of the second harmonic generation 

To simulate the second harmonic generation caused by the Lorentz force, the commercial 

software COMSOL Multiphysics, based on the finite element method (FEM), is used to model and 

simulate the nonlinear properties of the proposed metasurface. The substrate materials used are 

high-purity GaAs. Then pumped GaAs film was modeled with conductivity and a thickness of 1 

m. The simulated results are shown in Figure S1. To simulate the magnetoelectric coupling 

effect in the pumped metasurface, an anisotropic conductivity tensor of the pumped GaAs is 

modeled as follows. 
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where, ( ) ( ) ( )ze B     , ( )zB   denotes the local magnetic field amplitude along the 

z-axis, 0 ( )  and ( )e   denote the conductivity and at the fundamental angular frequency ω, 

respectively. The DC conductivity of the pumped-GaAs under a strong broadband THz pump is 

640 Sm
-1

 and the mobility is 4200 cm
2
/Vs. 

To simulate the second harmonic generation, a single meta-atom is simulated under 

time-domain excitation with Bloch-periodic boundaries along the x- and y-axis. The incident 

excitation is defined as a modulated plane wave with y polarization propagating along the z-axis, 

with its electric field component expressed as: 
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Where f  denotes the fundamental frequency, t  denotes the time, k denotes the wavenumber at 

the fundamental frequency, z denotes the coordinate in the z-axis, 
0E is the maximum amplitude 

of the incident THz field. Δt =5 ps, and td=15 ps are the parameters of the Gaussian pulse, 



respectively.  

 

Figure S1 (a) The simulated time domain spectra of the THz SHG. (b) The simulated frequency domain 

spectra of THz SHG of the metasurfaces.  

 

Simulation of the third harmonic generation 

To simulate the third harmonic generation, a single unit cell is simulated in the time domain 

with periodic boundaries in the x and y axes, and the scattering boundaries are applied to the 

bottom and top boundaries, respectively. The y-polarized electric field of the incident wave is 

defined in the same way as the simulation of the second harmonic generation. Within the 

framework of nonlinear optics, third-harmonic generation is governed by the third-order nonlinear 

polarization: 
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Where, 
0 denotes the permittivity in the vacuum, and 

(3) denotes the third harmonic 

coefficient of the pumped GaAs, which is set as 3×10
-13

 m
2
V

-2
[1]. The simulated results can be 

seen in Figure S2. 

 

Figure S2 (a) The simulated time domain spectra of the THz THG. (b) The simulated frequency domain 



spectra of THz THG of the metasurface. 

 

S3 Experimental setup 

To demonstrate the second- and third-harmonic generation properties in an experiment, we 

set up a tabletop pump-delay THz system at room temperature, as shown in Figure S3a. We 

employ a femtosecond laser amplifier to optically pump an organic crystal, 

2-(3-(4-hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene) malononitrile (OH1) to generate 

intense multi-cycle terahertz pulses. A ZnTe electro-optic crystal serves as the terahertz detector in 

the THz pump-delay-probe system, enabling time-resolved characterization of nonlinear harmonic 

generation and dynamic control. 80-fs pulses from a Ti: sapphire amplifier (Coherent Astrella, 1 

kHz, 7 mJ) are split by a beam splitter. A 3.5 mJ portion of the split beam pumped an optical 

parametric amplifier (OPA), producing intense infrared pulses centered at 1550 nm via 

phase-matched difference-frequency generation. These mid-IR pulses subsequently drive optical 

rectification in a 1.5-mm-thick organic nonlinear crystal OH1, yielding high-field single-cycle 

terahertz radiation (In the linear transmission regime, the 1550 nm wavelength laser pulse energy 

was attenuated to approximately 0.15% of its original intensity using calibrated optical attenuators 

before excitation of the OH1 crystal). Terahertz pulses pass through a THz low-pass filter to 

attenuate residual infrared stray light.  

The beam is then spectrally filtered by a custom-developed terahertz bandpass filter (BPF1) 

for fundamental frequency selection. The fundamental THz pulse in the time domain and 

frequency domain is shown in Figure S3 b, c, respectively. Collimated by a 2-inch focal length 

off-axis parabolic mirror (PM2), the filtered THz radiation is focused onto the 

harmonic-generation metasurface sample positioned near the parabolic mirror PM3. After 

interacting with the sample, which generates both fundamental and harmonic frequency 

components, the transmitted beam is collected and recollimated by the parabolic mirror PM3. A 

second custom bandpass filter (BPF2), positioned post-PM3, selectively transmitted either second 

or third-harmonic components by centering its passband at precisely twice or triple the 

fundamental frequency defined by BPF1, thereby rejecting residual fundamental radiation. 

Harmonic terahertz pulses generated by the metasurface are focused onto a <110>-oriented ZnTe 

electro-optic crystal via an off-axis parabolic mirror with central aperture (PM4). This induces 

instantaneous birefringence modulation in the crystal, with refractive index anisotropy 

proportionally tracking the terahertz electric field amplitude on femtosecond timescales. The 

polarization orientation of detected terahertz fields can be actively reconfigured by azimuthal 

rotation of the electro-optic crystal about the beam propagation axis, enabling 

polarization-selective measurements without realigning optical components.  



The optical pump laser beam traversed a motorized delay stage (Delay Line 1) and passed 

through an optical chopper operating at 80 Hz for lock-in detection. Its fluence was precisely 

controlled via tunable neutral density filters before beam expansion through a Galilean telescope 

(Lens 1). The expanded beam was then directed onto the metasurface sample via an off-axis 

parabolic mirror with a central aperture, achieving spatial overlap with the terahertz focal spot. 

The relative temporal delay between pump and terahertz pulses was electronically scanned using 

Delay Line 1, which has a minimum step size of L_step = 0.03 mm, achieving a temporal 

resolution of ~0.2 ps, while pump power was dynamically adjusted through a calibrated 

attenuation system. The 800 nm wavelength pump beam was focused to a spot size of 

approximately 2 mm in diameter, which was significantly larger than the 1 mm diameter spot of 

the focused THz beam. 

 

Figure S3 (a) The experimental set-up for the THz THG measurement. BS: Beam splitter; OPA: optical 

parametric amplifier; THz filter: low-pass filter with cut-off frequencies of 18 THz; PM1-4: Parabolic 

Mirror; BPF1: filters with center frequency at 0.8 THz with 15% bandwidth; BPF2: filters with center 

frequency at 1.6 THz (second harmonic) or 2.4 THz (third harmonic) with 15% bandwidth; TP: THz 



polarizers; ND filter: neutral density filters; QWP: quarter wave plate; WP: Wollaston prism. The 

measured spectrum of the THz pump pulse with a fundamental frequency at 0.8 THz in the time 

domain (b), and frequency domain (c). 

A probe laser beam (pulse energy <1 μJ, attenuated by neutral density filters) traversed a 

motorized delay stage (Delay Line 2) and is collimated by lens L1 before passing through the 

central aperture of parabolic mirror PM4. Propagating an equal optical path length as the THz 

generation arm, the probe pulse spatiotemporally overlapped with the terahertz radiation at the 

focal point on the ZnTe detector crystal. The probe is recollimated by len2 and passed through a 

quarter-wave plate (QWP) and Wollaston prism (WP), which orthogonally decomposes its 

polarization components. The beams are detected by the balanced photodetector. In the absence of 

THz excitation, the Wollaston prism split the probe into two equal-intensity beams, yielding a null 

differential signal. When the crystal experienced THz-induced birefringence, polarization rotation 

created an intensity imbalance between the decomposed beams. The resultant differential 

photocurrent scaled linearly with the instantaneous amplitude of the THz electric field. By 

scanning Delay Line 2, this system can map the temporal evolution of THz-driven refractive index 

anisotropy, enabling reconstruction of the terahertz spectral waveform. To eliminate the 

absorption of water vapor, the relative humidity of all measurements is kept below 5% by dry N2 

purging. 

 

 

 

S4 The mechanisms of the dependence of SHG and THG on the 

optical pump energy density 

Second harmonic generation  

 According to the equation (S9) 
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Moreover, the second-harmonic intensity scales quadratically with the amplitude of the 

second-order nonlinear polarization. 
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By combining equation (S22) and equation (S23), the relationship between the intensity of SH can 

be described as 
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Third harmonic generation  

 Under the relaxation-time approximation, the third-order nonlinear conductivity of a 



semiconductor with parabolic energy bands can be rigorously derived from a simplified 

Boltzmann transport equation[2, 3].  

The steady-state Boltzmann transport equation can be written as 
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Where, v , q , , and 
iE  denote the velocity of the carrier, the elementary charge, the Planck 

constant, and the amplitude of the external electronic field, respectively. 
r f  and 

k
f  are 

the gradient of the distribution function in the real space and moment space, respectively, where f 

is the non-equilibrium distribution function. 
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is the temporal rate of change of the 

distribution function. 

Under the relaxation-time approximation, the steady-state Boltzmann transport equation can 

be simplified as 
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Where, 
(0)f  is the equilibrium distribution function denoting the ultimate “rest state” of the 

system in the absence of any external perturbations.  is the relaxation time.  

By performing a Taylor expansion, the non-steady-state distribution function can be 

expressed as 
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Where, 
(n) ( )f k  denotes the nth order non-equilibrium distribution function, k denotes the 

momentum.  
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For the 1st response can be described as 
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Due to the incident electronic field can be written as
0 . .i t

iE E e c c  ，the solution of the 

equation (S29) can be solved.  
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By treating 
(1)

i k
E f  as the driving term for 

(2)f , substitution into the equation (S28) 
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The 
(2)f  can be described as 
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By treating 
(2)

i k
E f  as the driving term for 

(3)f , substitution into the equation (S28), we 

can get the expression for 
(3)f  is 
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Since the relation between the current density, carrier velocity, and the probability distribution 

function can be expressed as 
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Where, V denotes the volume, d is the dimension, and t is the time. 
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Combined the equation (S33), and for GaAs, the integral can be treated as 
en [4, 5]. The 

equation can be written as 
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According to the definition of the third order conductivity 
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(3) . 
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Under the low-frequency approximation, the expression simplifies to[6] 
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According to the definition of the carrier mobility e *

qπ

m


  , 

*m is the effective mass of the 

carrier. 
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According to the relationship 

(3)
(3)

0ε ω

i
  , we can get the relationship between the intensity of 

THG and the third order conductivity as 
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Furthermore, based on the empirically determined dependences of carrier density on pump 

fluence[7, 8], the quantity can be expressed as 
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Where, 
incP , and 

0P  denote the incident pump energy density, and saturation pump energy 

density. 
pn  is the carrier-concentration proportionality coefficient. 

The dependence of carrier mobility on the carrier density [9-11], can be described as 

 02
01( )

1 ( / )
e e
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n
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
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Where, 
en , and 

cn  denote the carrier concentration, and critical carrier concentration. 
01  is 

the minimum mobility proportionality coefficient, 02 is the difference between the maximum 

mobility and the minimum mobility proportionality coefficient.   is the attenuation coefficient. 

In addition, considering the influence of the conductivity on the local electric field enhancement 

coefficient M of the metasurface, it can be described as 
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Where, 0M is the maximum electric field enhancement factor, M is the corresponding 

characteristic conductivity when the enhancement factor drops to half of its maximum value, p is 

the attenuation coefficient, and
(1)

e en  is the conductivity of the material.  

The magnetic field enhancement coefficient N can be described as 
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Where, 0N is the maximum electric field enhancement factor, N is the corresponding 

characteristic conductivity when the enhancement factor drops to half of its maximum value, and 

q is the attenuation coefficient.  

Consequently, combing the equation (S24), and (S42)-(S46), we can obtain the 

pump-fluence-dependent expressions for the SHG and THG intensities as follows 
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Where, 
SHGA , and 

SHGC  are the amplitude coefficient of the second-harmonic generation, and 

the background offset of the SHG. 
(1)  is the linear conductivity of the pumped GaAs. M and N 

is the local field enhancement factors of the electronic field and magnetic field, respectively. 
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Where, 
THGA , and 

THGC  are the amplitude coefficient of the third-harmonic generation, and the 

background offset of the THG. 

Using equations (S46) and (S47), the normalized experimental data were fitted theoretically 

(For simplicity, 
THG SHG 1A A  ), the resulting correlation coefficients are listed in Table S1. 

Table S1. Relative parameters of the dependence of the SHG and THG on the optical pump 

energy density 

E0 (μJ/cm²) n0 μ01 μ02 

120 0.026 0 1.61 

nc   A_THG C_THG 

3.2 0.9 1 0 

A_SHG C_SHG M0 _M 

1 -0.1 1.9 0.3 

p N0 _N q 

1 3.69 0.82 1 



S5 Second and third-order susceptibility 

Second-order susceptibility 

The efficiency of SHG based on pumped THz nonlinear metasurfaces can be described as 
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Where, SHGP  denotes the power of the second harmonic, 
(2)

eff effective third-order susceptibility 

d=1.0 m is the thickness of the pumped GaAs film, 
2 fn =3.51 denotes the refractive index of 

GaAs at the second harmonic frequency, c denotes the speed of light, I0 denotes the incident THz 

fundamental field intensity, and A denotes the total area of the metasurfaces illuminated by THz 

fundamental field. 

According to the equation (S48), the 
(2)

eff  can be written as 
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Where,
2 fE  and iE  are the peak amplitudes of the generated third harmonic field and incident 

fundamental field, respectively. 

 

Third-order susceptibility 

The power of the third harmonic from pumped THz nonlinear metasurfaces can be described 

as 
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Where, THGP  denotes the power of the third harmonic, 
(3)

eff effective third-order susceptibility 

d=1.0 m is the thickness of the pumped GaAs film, 3 fn =3.6 denotes the refractive index of 

GaAs at the third harmonic frequency, c denotes the speed of light, I0 denotes incident THz 

fundamental field intensity, and A denotes the total area of the metasurface illuminated by the THz 

fundamental field. 

According to the equation (S50), the 
(3)

eff  can be written as 
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Where, 3 fE  and iE  are the peak amplitudes of the generated third harmonic field and incident 

fundamental field, respectively. 



S6 Intervalley scattering 

To quantitatively model the inter-valley redistribution of non-equilibrium electrons within the 

conduction band of pumped GaAs under intense THz fields, the transient electron population in 

the Γ valley can be described as 

 
 

      Γ

Γ Γ Γ 0 Γ

d

d
L L

n t
t n t n n t

t
      (S52) 

Where, ΓL and ΓL  denote the scattering rate from the Γ valley to the L valley and from the L 

valley to the Γ valley, respectively, Γn and Γn denote the carrier density of the Γ valley and L 

valley, respectively. t denotes the time, n0 is the total carrier density of the pumped GaAs, which 

can be assumed to be a constant because of the long lifetime of photoexcited electrons in GaAs. 

ΓL  can be assumed to be a constant, while ΓL  is strongly dependent on the kinetic energy of 

electrons[12].  

According to the band structure of GaAs, electron mobilities for satellite valleys are smaller 

than those for the main valley [13]. Therefore, the total drift current density is governed mostly by 

the electrons in the main valley. The hole drift current density can be assumed to be negligible 

because of the low mobility of holes in GaAs[14]. For simplicity, 
Γ ( )v t is assumed to be 

determined by only the electron drift. We can describe the ΓL  as a function of the electron drift 

velocity 
Γ ( )v t . 
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where th  and s  are the threshold velocity, and the saturation drift velocity, respectively. The 

inter-valley occurs when the electron drift velocity Γ ( )v t  exceeds the threshold velocity
th . 

The thermal energy from a room-temperature environment (~ 26 meV) is negligible 

compared with the kinetic energy from the electron drift. Given the shallow optical penetration 

depth of the pump beam and limited carrier diffusion length in GaAs, the photoactivated 

conductive region presents a sub-wavelength thickness profile, negligible compared to the incident 

terahertz wavelength with lower optical pump[15, 16]. The attenuation of the photoexcited region 

to the transmitted intense THz field can be ignored. The THz field in GaAs can be estimated to be 

i2 ( )

1 nGaAs

FE t


 , where F denotes the field enhancement factor of the metasurfaces structure and nGaAs 



is the refractive index of GaAs. According to the Drude model and the definition of the incident 

intense THz field in equation (S20), the drift velocity determined by the incident THz field can be 

described as 
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Where, 
Γ0  and 

Γ  are the mobility of dc mobility and relaxation time of electrons in the Γ 

valley, respectively. 

The relationship of DC mobility and relaxation time can be described as the following 

relation 

 Γ
Γ0

qπ

m





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Where, where q is the elementary charge, m* is the effective mass of the electron in the Γ valley 

of GaAs.  

Table S2. Parameters used for the calculation of intervalley scattering illuminated by THz 

wave[12] 

ΓL  [THz] vth [ms
-1

] vs [ms
-1

]  [m
2
 V

-1
 s

-1
] nGaAs M

*
 

0.53 2×10
5
 1×10

5
 0.4 3.59 0.067me 

Leveraging the parameters tabulated in Table S2, we numerically computed electron 

populations within the Γ and L valleys of pumped GaAs.  Γn t  can be determined by solving 

Equations (S53-S55) as shown in Under the premise of neglecting terahertz-field-induced 

metasurface resonance shifts and spatial field inhomogeneities, a homogenized field enhancement 

factor of F = 4.0 is adopted. The intervalley redistribution phenomena in the pumped GaAs 

metasurface subjected to terahertz peak fields of 5.0 kV/cm, 10.0 kV/cm, and 20.0 kV/cm are 

shown in Figure S4.  

With a weak THz field, intervalley scattering has a weak effect, and all carriers almost remain 

in the Γ valley. As the incident THz field increases, the energy of carriers in the Γ valley gradually 

increases, causing them to scatter into the L valley. 

At low field strengths, carriers remain almost entirely confined within the Γ valley due to 

insufficient kinetic energy for intervalley transfer. With intense field strength, progressive carrier 

energization in the Γ valley triggers scattering into higher-energy L valleys.  

Γ0μ



 

Figure S4 (a-c) Multicycle fundamental THz waves with different amplitudes. (d-f) The drift velocity 

ratio under THz waves with different amplitudes. (g-i) Carrier densities in the Γ and L valleys of 

pumped GaAs. 

 

S7 The influence of thermal accumulation 

The influence of the rise of temperature under an 800 nm wavelength laser can be made using the 

one-dimensional heat diffusion formula: 

 
(1 )

Δ
F R

T
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
 ， (S56) 

where 𝐹 is the fluence (50 μJ cm
-2

), 𝑅 is the surface reflectivity (~0.3 for GaAs at 800 nm 

wavelength),  is the material density (5.32 g/cm
3
), C is the volumetric heat capacity (~1.8 J cm

-3
 

K
-1

), d is the optical absorption depth (~1 μm) [17-19]. 

 The transient temperature rise per pulse can be calculated as 
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The subsequent thermal diffusion time is estimated as 
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where D and k denote the thermal diffusivity and thermal conductivity (46 W/(m·K)) of the 

material, respectively. 

The thermal diffusivity and thermal conductivity of the material can be described as 
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Since the repetition rate of the laser is 1 kHz (pulse interval = 1 ms), the thermal diffusion 

time is shorter than the pulse interval. Therefore, the deposited heat dissipates completely before 

the arrival of the next pulse, and no cumulative heating occurs. 
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