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We have investigated the interaction of intense laser pulses with silicon film using the one-dimen-
sional Three-Temperature Model previously presented by Venkat and Otobe (Applied Physics Express, 
15(4), 041008 (2022)). Our study focuses on how the excitation process in thin films, ranging from 
tens of nanometers to a few microns, is affected by the interference of the laser field at a wavelength 
of 775 nm. Our findings show that when the thickness of the film is less than 1.5 µm, the damage 
thresholds exhibit oscillations due to the interference of the laser field over a period of 100 nm, which 
is equivalent to half the wavelength in silicon. We also observe that the thermal damage threshold of 
the rear surface and inside film is lower than that of the front surface when the thickness is less than 
0.3 µm and 0.5 µm, respectively. These results emphasize the significance of the size effect in the 
laser processing of silicon and have important implications for the optimization of the laser processing 
techniques of silicon. 
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1. Introduction
Laser processing studies of semiconductors like silicon

are crucial for practical applications in the field of nano-fab-
rication. Interaction of intense, femtosecond pulses with a 
target can provide a high-resolution energy transfer with 
minimum damage to the surrounding area. Laser excitation 
of semiconductors involves complex physics of photo-ab-
sorption, impact ionization, recombination, and re-distribu-
tion of energy. It is the dynamics of the interaction that leads 
to permanent structural changes through thermal and non-
thermal effects. Various processes leading to damage in sili-
con film have been explored in experimental studies [1-4]. 
The effect of laser parameters such as the wavelength and 
pulse duration can also affect the threshold fluence for caus-
ing damage in silicon [4,5]. 

To understand the physics of the interaction and the ef-
fect of various parameters, numerical modeling is a useful 
tool. It allows us to study the dynamics of laser excitation in 
silicon in detail [6-9]. The onset and nature of damage can 
be better understood by taking into account all the processes 
occurring within the lattice and their respective time frames. 
Theoretical modeling of laser excitation in silicon usually 
involves the use of Two-Temperature Model (TTM), which 
has been a widely implemented approach to study the evo-
lution of electron and lattice dynamics during laser excita-
tion. TTM was initially developed to study the dynamics in 
metals [10] and then extended to study excitation in semi-
conductors [6,7]. Recently, a self-consistent density-depend-
ent TTM (nTTM) has been implemented to study the evolu-
tion of carrier and lattice dynamics in semiconductors [9]. 
The dynamics following the laser excitation involve a pro-
gression of electron-hole-phonon interaction and relaxation. 
The electron and hole quasi-temperatures are separated in 
pico-seconds [11]. Electron-hole scattering frequency de-
creases significantly with the increase in electron 

temperature [12]. The calculations presented using first-
principles numerical simulation show that electron and hole 
energies evolve differently, depending on the band structure 
[13]. The energy difference between electrons and holes sug-
gests that quasi-temperatures are different in the conduction 
band (CB) and valence band (VB) [13]. These studies imply 
that we need to study the evolution of the electron and hole 
energies separately in order to understand the electron dy-
namics and damage processes in semiconductors and dielec-
trics. A similar study has been presented by Silaeva et al. 
[14] in order to study laser-assisted atom probe tomography.
In our previous work, we developed a modified nTTM treat-
ing the evolution of quasi-temperatures in CB, VB and lat-
tice (3TM). We found that 3TM shows reasonable agreement 
for various experimental results [15,16].

The effect of target structure on the dynamics during la-
ser processing can also be significant, depending on the ap-
plications. One of the most important applications is the ef-
fect of plasmons on the surface in laser-induced periodic sur-
face structures (LIPSS) [17,18]. One of the simplest struc-
tures is the thin film, which also affects the LIPSS formation 
[19]. The non-linear dynamics in silicon thin-film signifi-
cantly depend on the thickness [20]. In case of a silicon film 
with thickness less than the penetration depth of the pulse, 
reflection from the rear surface of the film may interfere with 
the field within the film, altering the effective pulse intensity 
and thus, the dynamics. In the case of silicon films of nano-
scale thickness, a lower damage threshold may be observed 
inside the film and on the rear-surface as compared to the 
front surface of the film.    

In this work, we study the thickness dependence of the 
laser damage threshold of silicon thin-films by employing 
3TM with Maxwell's equations. The paper is organized as 
follows: Section 2 contains the computational details of the 
one-dimensional 3TM, section 3 consists of the results and 
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analysis for thickness dependence of damage threshold, and 
section 4 summarizes the study. 

 

Fig. 1 Schematic representation of laser propagation in a silicon 
film. As the thickness ‘d’ decreases, the interference of the trans-
mitted and reflected field becomes significant. 

 
2. Computational details 

Laser irradiation of the silicon target leads to excitation 
of the electrons from VB to CB, followed by recombination 
and transfer of energy from the carriers to the lattice, ulti-
mately leading to thermal equilibrium. Single and two-pho-
ton absorption, impact ionization and Auger recombination 
occur during laser excitation of silicon and affect the tem-
poral evolution of transient carrier densities and energy flow 
in the system. Electron-phonon interaction is responsible for 
the re-distribution of energy within the carrier and lattice 
sub-systems.  

The present model is similar to nTTM [9], with some 
crucial changes. The system considers electrons, holes and 
the lattice as separate sub-systems. Temperatures of the elec-
tron, hole and lattice sub-systems also evolve separately 
through Eq. 3 and 4. The effect of dynamics on the optical 
properties of silicon is considered. The effect of band gap re-
normalization is considered while calculating the dielectric 
function and single- and two-photon absorption coefficients 
[21]. The laser field is modeled using the Finite Difference 
Time Domain (FDTD) method. The model is detailed in Ref. 
[15]. 

The electron and hole densities are calculated separately 
through Eq. 1, where ne and nh are calculated as: 

𝜕𝜕𝑛𝑛𝑒𝑒(ℎ)
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=
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where ω0 is the laser frequency and α is the single photon 

absorption coefficient for a transition from VB to CB [22]. 
β is the two-photon absorption coefficient for which we use 

the DFT calculation when 2ℏ𝜔𝜔0 > 𝐸𝐸0  [23], where E0 is the 
optical gap.  Around the band gap energy, we employ inter-
polation to the model described in Ref. [24-26]. γe(h) is the 
Auger re-combination coefficient [14] and θe(h) is the impact 
ionization coefficient [9]. Equation 1 also includes the effect 
of spatial charge distribution and the associated electric field, 
and Je(h), De(h) and �⃗�𝐹 are the charge current, diffusion coeffi-
cient and the electric field induced by the electron-hole sep-
aration, respectively [15]. 

The total dielectric function, along with the effect of 
band structure re-normalization [21] is expressed by  

𝜀𝜀(𝜔𝜔) = 1 + 𝑛𝑛0−𝑛𝑛𝑒𝑒
𝑛𝑛0

𝜀𝜀𝐿𝐿 �𝜔𝜔 + 𝛿𝛿𝐸𝐸𝑔𝑔
ℏ
� + 𝜀𝜀𝐷𝐷(𝜔𝜔)     (2) 

 
where n0 is the density of valence electrons [15]. 𝜀𝜀𝐿𝐿(𝜔𝜔) 

is the innate dielectric function, 𝛿𝛿𝐸𝐸𝑔𝑔 represents the band re-
normalization by carrier density, and 𝜀𝜀𝐷𝐷  is the dielectric 
function calculated from Drude model [15]. The tempera-
ture-dependent optical parameters of silicon are referred to 
from Ref. [22]. 

The time-evolution of the temperatures are calculated as: 
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𝐶𝐶𝑙𝑙

𝜕𝜕𝑇𝑇𝑙𝑙
𝜕𝜕𝜕𝜕

= −∇ ∙ (𝜅𝜅𝑙𝑙∇𝑇𝑇𝑙𝑙) + 𝐶𝐶𝑒𝑒
𝜏𝜏

(𝑇𝑇𝑒𝑒 − 𝑇𝑇𝑙𝑙) + 𝐶𝐶ℎ
𝜏𝜏

(𝑇𝑇ℎ − 𝑇𝑇𝑙𝑙)  (4) 
 
The third and fourth terms in Eq. 3 account for energy loss 
due to electron-lattice interaction and energy current. The 
last two terms on the right-hand side include the carrier den-
sity changes and band gap energy. Here, 𝐻𝐻𝜉𝜉

𝜁𝜁(𝜂𝜂) = 𝐹𝐹𝜁𝜁(𝜂𝜂)/
𝐹𝐹𝜉𝜉(𝜂𝜂) and 𝐹𝐹𝜉𝜉(𝜂𝜂)  is the Fermi integral. The heat capacities 
Ce(h) are calculated from the carrier densities and tempera-
tures. Tl is calculated following the empirical model, where 
the term for carrier temperature is replaced by terms for elec-
tron and hole temperatures, as described in Eq. 4. Here, 𝜅𝜅𝑙𝑙 is 
the thermal conductivity [15].  

The propagation of the laser pulse is described by solv-
ing Maxwell's equations using FDTD method [15]. Mur's 
absorbing boundary condition is employed to prevent reflec-
tion from the boundary [27].  

In our study, the 3TM time step dt is of the order 10-1 fs.  
For FDTD calculation, we define another time step, 
𝑑𝑑𝜕𝜕𝑚𝑚~10−3  fs, because the time scale of electromagnetic 
field dynamics is faster than that of electron dynamics. For 
spatial parameters, the simulation grid size is 150 Å, and the 
silicon film thickness is varied from 0.01-10 µm, keeping in 
mind the penetration depth, which is ~10 µm for 775 nm la-
ser. The time-evolution is terminated at 20 ps, which is suf-
ficient time for thermal relaxation between electron, hole, 
and lattice. We assume a Gaussian pulse of duration 70 fs at 
full-width half maximum.  

Figure 1 shows a schematic depiction of the laser pulse 
interaction with a silicon film of thickness d.  Although the 
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pulse intensity drops exponentially as it travels within the 
film, there can be a significant reflection from the rear sur-
face of the film if d is small enough. This reflected field in-
terferes with the field within the film, changing the net field. 

 

 
Fig. 2 Spatial-temporal pulse profile inside the silicon film for (a) 
d = 1 µm and (b) d = 5 µm. 

 
3. Results and discussion 

As the thickness is lowered below the penetration depth 
of ~10 µm, the interference of the laser field reflected from 
the rear surface with the field within the film becomes sig-
nificant. Figure 2 shows the typical spatial-temporal profile 
of the pulse intensity inside the silicon film for (a) d = 1 µm 
and (b) d = 5 µm. The laser pulse duration is 70 fs, with a 
wavelength of 775 nm in the vacuum. The fluence is set to 
0.18 J/cm2, which is around the damage threshold of silicon 
[2]. In Fig. 2(a), the film thickness is small enough to cause 
interference between the incident field and the field reflected 
from the rear surface of the film, causing oscillations in the 
net field in the film. The refractive index of silicon is ~4 at 
775 nm, i.e., the wavelength of the pulse inside the film is 
~194 nm. The interference occurs with a period of half the 
wavelength inside the film. Therefore, the period of the os-
cillations in the pulse profile in Fig. 2 is about 97 nm. As the 
film thickness approaches the penetration depth for a 775 nm 
laser (~10 µm), the reflection from the film's rear surface 
cannot cause significant interference in the field, as shown 
in Fig. 2(b). The interference seen in the pulse profile in Fig. 
2(a) manifests in the electron and lattice dynamics as well, 
ultimately affecting the damage threshold.  

The intensity distribution has peaks and dips as shown in 
Fig. 2(a).  A preferential excitation inside silicon is expected 
depending on the thickness (d) because the intensity's peak 

position depends on d. When d is around the multiple of 97 
nm (d ~ N×97 nm), constructive interference at the surface 
may occur. In contrast, destructive interference occurs when 
d deviates by a quarter of the wavelength from it, i.e., N× 
97+46.5 nm, because the free end reflection occurs at the 
rear-surface. 

 
Fig. 3 (a) Variation of total energy with film depth at the last time 
step for d = 0.585-2.985 µm and fluence 0.01 J/cm2 and (b) Varia-
tion in the position of maximum energy around the front surface 
with thickness, the fluence is fixed at 0.01 J/cm2. 

 

 
Fig. 4 Spatial variation of absorbed energy density at the last time 
step for different incident fluence and film thickness 0.48 µm. 
 

Figure 3(a) shows the absorbed energy density as a func-
tion of depth for different d. We set the incident fluence at 
0.01 J/cm2. There are many peaks inside the silicon film, 
which is consistent with the peaks of field intensity. The 
transmitted field is intense around the surface, while the 
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reflected field becomes weaker as d increases. As a conse-
quence, the most intense absorption occurs around the front-
surface, and excitation inside the film is saturated as d in-
creases. However, as we can see in Fig. 3(a), the interference 
at the front surface depends on the thickness. At the rear sur-
face, the interference is always constructive. Figure 3(b) 
shows the highest energy absorption position inside the film 
as a function of d with the incident fluence of 0.01 J/cm2. 
The peak position shows oscillations with an amplitude of 
100 nm, due to the interference point being changed by d. 
This result indicates that thermal damage inside the material 
occurs with a thin-film target and the damage position de-
pends on the thickness. 

The damage position also depends on the peak intensity 
of the incident laser pulse. Figure 4 shows the intensity de-
pendence of the absorbed energy distribution. As the laser 
fluence increases, the absorption at the surface is dominant 
because two-photon absorption becomes the dominant pro-
cess. The intense two-photon absorption occurring at the sur-
face weakens the transmitted field. As a consequence, the 
interference effect inside the material becomes a minor ef-
fect. 

Fig. 5 Calculated thresholds for electron emission (e-emission) 
(FEE), partial thermal melting (FTM) and complete thermal melting 
(FTM+L) for d varying from 0.01-10 µm.  

In our previous work, we compared the calculated thresholds 
for possible damage mechanisms [15,16] and compared 
them with the experimental damage thresholds [2-4,21,28]. 
Depending on different definitions of damage in experi-
ments, the damage thresholds resembled calculated thresh-
olds for different processes.  The definition of damage often 
depends on the purpose of the experiments, i.e., to avoid or 
to cause structural modifications. The experimental thresh-
old determined by considering zero damage probability [4] 
coincided with the calculated thresholds for thermal melting 
(FTM) and electron-emission (e-emission) (FEE) [15]. How-
ever, in ablation experiments, the damage threshold is deter-
mined by comparing the diameter of the damaged area with 
incident pulse intensity, i.e., the damage probability is 100% 
[2,28]. This threshold coincided with the bond-breaking 
threshold in the 3TM study [16]. 

3.1 Thermal melting and e-emission 
Figure 5 shows the calculated threshold FTM, FTM+L, and 

FEE as a function of d at the front surface. Here, FTM+L is 

the threshold for thermal melting, including latent heat. FEE 
is calculated as the incident fluence when the average kinetic 
energy of the electron reaches the work function of silicon 
(4.65 eV). FTM and FTM+L are calculated as the incident flu-
ence when the melting of the lattice starts and when total 
latent heat is transferred to the lattice [29], respectively. Ac-
cording to our previous work, FTM and FTM+L coincide with 
the damage thresholds reported by Allenspacher et al. [4] be-
low the pulse duration of 1 ps. The relation of each threshold 
is always FTM+L > FTM > FEE, which is consistent with our 
previous work for bulk silicon with a pulse duration of 70 fs. 

Fig. 6 Comparison of the calculated threshold with varying film 
thickness on the front surface, inside the film and rear surface for 
(a) partial melting (FTM) and (b) complete thermal melting (FTM+L).

All thresholds show oscillation with a period of ~100 nm,
which indicates that constructive and destructive interfer-
ence at the front surface affects the damage threshold signif-
icantly. The oscillation of thresholds appears up to d = 1.5 
µm, which is much smaller than the penetration depth for 
775 nm (~10 µm). Since two-photon absorption is the dom-
inant process, the effective penetration depth is significantly 
reduced for the case of intense laser pulse. All thresholds are 
independent of d above 1.5 µm, which indicates that we can 
treat the silicon film thicker than 1.5 µm as a bulk system. 

Figures 6(a)-(b) show the calculated FTM and FTM+L for 
the surfaces and inside the film at the depth of peak dynam-
ics as shown in Fig. 3(b).  The thresholds for the rear-surface 
and inside the film are lower than those for the front surface 
at small d. As the thickness d increases, thresholds for the 
rear-surface and inside the film increase because of the 
longer optical path length and non-linear photo-absorption 
at the surface.  

The thresholds at the rear surface show oscillation in Fig. 
6. Since we always observe a constructive interference on
the rear surface as shown in Fig.3(a), these results are con-
troversial at the first glance. The oscillation at rear surface
may be a result of interference between three components:
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transmitted field, field reflected from the rear surface, and 
field reflected from the front of the film. Since the reflected 
field from the front surface is small, the oscillation of thresh-
olds at rear surface is weaker than that of the front. 

The critical thickness (CT), where the damage at the 
front-surface occurs first, is an important evaluation index 
for laser processing. The CTs are 0.51 µm and 0.195 µm for 
FTM, and FTM+L respectively, inside the film.  As the incident 
laser field increases, the two-photon absorption at the front 
surface increases, which reduces the transmitted field inten-
sity.  As a consequence, the CTs decrease as the damage 
threshold increases. 
 
3.2  Breaking of bonds 

The bond-breaking threshold FBB, is important to under-
stand the laser processing. The comparison of calculated 
thresholds with ablation experiments in the previous work 
has shown that FBB is closest to the 100% damage thresholds 
for silicon [15,16]. The bond-breaking energy (2.3 eV/atom) 
of silicon is half of the cohesive energy (4.63 eV/atom) [30]. 
We define the FBB as the fluence at which the absorbed en-
ergy density is equal to the bond-breaking energy. 

 

 
 
Fig. 7 film thickness dependence of FBB at front and rear surfaces.  

 
Since FBB corresponds to the photo-chemical process, 

threshold fluence is much higher than other photo-thermal 
thresholds, FTM and FTM+L. With such intense cases, the ex-
citation inside silicon is not significant. The constructive in-
terference at the rear-surface may still play an important role 
when the thickness is smaller than the wavelength (< 100 
nm). Figure 7 shows the FBB on the front- and rear-surface 
as a function of d. FBB at the front-surface also shows that 
the oscillations have a period of ~100 nm, up to 1.5 µm. As 
we expected, the CT is the smallest (~ 0.086 µm) as com-
pared to other thresholds. Thus, damage on the rear surface 
is possible for very thin films with thicknesses of the order 
of several tens of nanometers. It should be noted that the 
thermal process may occur inside, besides the ablation on 
the surface. 
 
4.  Conclusion 

We studied the film thickness dependence of laser exci-
tation of silicon thin films using 3TM. We found that the 
interference of the laser field inside the film plays an im-
portant role at relatively lower fluence which induces only 
thermal processes. The constructive interference at the front- 

and rear-surfaces reduces the damage threshold.  When the 
destructive interference occurs at the front-surface, thermal 
damage inside of thin film is dominant with a thickness of 
0.2-0.5 µm. The damage threshold with the photo-chemical 
process by bond-breaking at the rear-surface is lower than 
that for the front surface when the thickness is smaller than 
0.1 µm. This result indicates that the damaged area could 
change drastically due to interference of the laser field in the 
material. The interference effect can be seen up to 1.5 µm, 
which is much smaller than the penetration depth of silicon 
at 775 nm, ~10 µm because of the two-photon absorption on 
the surface. 
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