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Abstract
The ultrafast dynamic process in semiconductor Ge irradiated by the femtosecond laser pulses is numerically simulated

on the basis of van Driel system. It is found that with the increase of depth, the carrier density and lattice temperature

decrease, while the carrier temperature first increases and then drops. The laser fluence has a great influence on the

ultrafast dynamical process in Ge. As the laser fluence remains a constant value, though the overall evolution of the

carrier density and lattice temperature is almost independent of pulse duration and laser intensity, increasing the laser

intensity will be more effective than increasing the pulse duration in the generation of carriers. Irradiating the Ge sample

by the femtosecond double pulses, the ultrafast dynamical process of semiconductor can be affected by the temporal

interval between the double pulses.
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1. Introduction

The interaction between ultrashort laser pulses and semi-

conductor materials has been the hot topic in the past two

decades and it has been well investigated both experimen-

tally[1–6] and theoretically[6–11]. Since the ultrashort laser

pulses cause minimal collateral damage to the surrounding

material, it can find extensive applications in micromachin-

ing, nanostructuring, etc.[12–14].

Presently, the mechanism of momentum and energy re-

laxation, carrier–carrier scattering, valley–valley scattering,

optical phonon scattering and the microscopic process dur-

ing carrier diffusion have been investigated[15–17]. As the

semiconductor is irradiated by ultrashort laser pulses, if the

photon energy is larger than the band gap of semiconductor,

the electrons within the absorption depth will transit from

the valence band to the conduction band through the multi-

photon absorption process, generating holes in the valence

band at the same time. These non-equilibrium carriers

(electron–hole pairs) will couple with the lattice system

temporally and spatially, and finally most of their energy is

transferred to the lattice; as a result, the system regains ther-

mal equilibrium by assigning the heat between the carriers

and lattices[1, 3]. This is an ultrafast process which occurs in
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several picoseconds. The smaller the size of semiconductor

device, the shorter its response time is; therefore, it is

crucial to have a clear understanding for the dynamical

energy transfer process occurred inside the semiconductor

devices over an ultrashort time. Generally, much attention

has been paid to the understanding of the dynamics of the

non-equilibrium carriers, and it is commonly believed that

non-equilibrium phonon effects can affect the release and

delivery of the hot carriers[18, 19]. In practice, the number

of non-equilibrium phonons has been measured through the

Raman scattering method, demonstrating the existence of

non-equilibrium phonons generated by hot carriers[20–24].

Hu et al. used the van Driel system[23–25] to study the

change of carrier concentration, lattice temperature with the

pulse duration, and found that carrier density and lattice

temperature at the surface of semiconductor rise with the

increase of pulse duration, which is in good agreement with

the experimental results[17, 26]. However, the dynamical

process inside the semiconductor is less investigated[27], and

it will be investigated in present work.

In this paper, the ultrafast dynamical process of semicon-

ductor Ge irradiated by the femtosecond laser pulses is sim-

ulated by solving density-dependent two temperature model

(DDTTM) proposed by van Driel[23–25]. The influence of

pulse duration, intensity and fluence on the time evolution of

carrier density and lattice temperature at the different depths
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in Ge is investigated. To further investigate the effect of

pulse duration on the ultrafast dynamical process of Ge, the

femtosecond double-pulse technique is adopted in the end.

2. Theoretical model

The ultrafast dynamical process of semiconductor can be

simulated by numerically solving the DDTTM[23–25] or the

multiple rate equation (MRE)[28]. In our work, we just carry

out the simulation via the DDTTM model. This model

involves four coupled differential equations for the space-

time evolution of carrier (hole–electron pairs) density N
and the temperature of electron (Te), hole (Th) and lattice

(Tl ). Assuming that the particles are in local thermodynamic

equilibrium, the carrier and thermal transport, N , Te, Th and

Tl is given by the following equations[24, 25]:

∂ N
∂t
= −∇ · J + G + RA, (1)

CL
∂Tl

∂t
= −∇ ·Wl + Le + Lh, (2)

∂Ue

∂t
= −∇ ·We + Se − Le − Le→h, (3)

∂Uh

∂t
= −∇ ·Wh + Sh − Lh − Le→h, (4)

where RA is the net recombination rate which is given by

−γ N 3 with Auger recombination coefficient γ , G accounts

for the carrier generation rate and J refers to the particle

current. Se and Sh represents the energy source terms for

electrons and holes. Le, Lh and Le→h are the energy transfer

terms between electrons and phonons, holes and phonons,

and electrons and holes. Ue and Uh are the fluence for

electrons and holes, and We, Wh and Wl are the energy

currents for electrons, holes and the lattice, respectively. Cl
is the lattice thermal conductivity.

Equations (1)–(4) are four coupled 1D differential equa-

tions. The spot of laser beam on samples is around 30 μm

in diameter, while the carrier diffusion length (∼0.1 μm)

is much less than the size of the laser spot within the

picosecond time domain. As a result, the carriers will diffuse

mainly into bulk because of the large vertical carrier density

gradient. For this reason, 1D model is enough to describe the

interaction between femtosecond laser pulse and Ge. In the

following part, we use the variable z to denote the thickness

direction.

The particle current J in Equation (1) can be calculated as:

J = −D
[
∇N + N

kB Teh
∇Eg + N

Teh
(∇Te +∇Th)

]
, (5)

where Eg is the energy band gap of Ge, kB is the Boltzmann

constant and D is the ambipolar diffusion coefficient which

Table 1. Parameters of Ge at temperature of 300 K[24].

Parameter Value

Density ρ 5.32 g/cm3

Lattice thermal conductivity kl 0.6 W/(cm · K)

Lattice specific heat Cl 1.7 J/(K · cm3)

Auger recombination rate γ 2× 10−31 cm6/s

Band gap Eg 0.664 eV

Electron effective mass ṁe 0.22 m0

Hole effective mass ṁh 0.34 m0

Electron mobility μe 3800 cm3/(V · s)
Hole mobility μh 1800 cm3/(V · s)
Electron diffusivity D0

e 103 cm2/s

Hole diffusivity D0
h 54 cm2/s

Absorption coefficient α (620 nm) 1.9× 105 cm−1

Reflectivity R (620 nm) 0.5

Electron optical deformation d0
e 6.4× 10−4 erg/cm

Hole optical deformation d0
h 14.0× 10−4 erg/cm

is associated with carrier temperature[23–25]:

D = D0
e D0

h

{
Te + Th

D0
h Te + D0

e Th

}
, (6)

where D0
e ∝ T 1/2

e and D0
h ∝ T 1/2

h are the Maxwell–

Boltzmann electron and hole diffusion constants appropriate

for the ambient temperature. The carrier generation rate

under the action of a Gaussian laser pulse is given as

G(z, t) = (1− R)α I0(t)e−αz

�ω0
, (7)

where R is the optical reflectivity, I0(t) = I0e−4 ln 2(t/τ)2

refers to the laser intensity, and τ denotes the pulse duration.

In our simulation, the wavelength of the laser pulse used to

irradiate sample is λ = 620 nm; since the photon energy �ω0

(2 eV) is much larger than the band gap energy of Ge, the

electron can transit from the valence band to the conduction

band by absorbing only one photon. For this reason, multi-

photon absorption process can be ignored. α is the one

photon absorption coefficient. It should be noted that R and

α are density-dependent[27, 29, 30]; therefore, to model the

dynamical process of Ge irradiated by the femtosecond laser

more accurately, R and α should be dynamic. However, for

the convenience of research, we just consider them as con-

stant values (see Table 1), which can qualitatively describe

the interaction between femtosecond laser and Ge. Using

conservation of energy and momentum in the absorption

process, the energy generation ratio for electrons Se and

holes Sh can be calculated from G(z, t):

Se(z, t) = ṁh

ṁh + ṁe
G(z, t) · (�ω0 − Eg), (8)

Sh(z, t) = ṁe

ṁh + ṁe
G(z, t) · (�ω0 − Eg), (9)
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Figure 1. Time-space evolution of (a) N , (b) Te , (c) Th and (d) Tl in Ge irradiated by laser pulse whose duration, wavelength and fluence are 100 fs, 620 nm

and 0.1 mJ/cm2, respectively.

where ṁe and ṁh are the effective masses of electron and

holes.

The energy current for electrons, holes and lattice system

is given by:

We = J [Ec + 2K B Te] − κe∇Te, (10)

Wh = J [Ev + 2K B Th] − κh∇Th, (11)

Wl = −κl∇Tl , (12)

where Ec and Ev are potential energies of conduction band

and valence band; κe, κh and κl are the thermal conductivity

coefficients for electrons, holes and lattice phonons, respec-

tively. After photo-excitation, electrons and holes possess

kinetic energy. The total fluence of the electrons Ue and

holes Uh are functions of carrier density N and Te, Th , which

can be calculated according to the following expressions:

Ue = N Ec + 3
2 NkB Te, (13)

Uh = N Ec + 3
2 NkB Th . (14)

For the sake of simplicity, here we just present the main

content of the DDTTM; for more detailed information,

please refer to Ref. [23–25].

From the above descriptions, we know that Equations

(1)–(4) are four coupled nonlinear diffusion equations, and

quantities N , Te, Th and Tl are all functions of each other. To

numerically solve these equations, good numerical schemes

are needed. It is known that finite-difference methods

is among the most effective ones to solve the nonlinear

differential equations[31]. The finite-difference methods can

be divided into several kinds, including implicit and explicit

difference scheme, and Crank–Nicholson scheme. Consider-

ing comprehensively the computational speed, accuracy and

stability of different schemes, in our simulation the code is

written by the combination of implicit and explicit difference

scheme. The diffusion terms, i.e., ∂2 N/∂z2 and ∂2T/∂z2,.

must be processed by the implicit difference scheme, while

the other terms, such as ∂ N/∂z, ∂ N/∂t , ∂T/∂z and ∂T/∂z,

must be processed by the explicit difference scheme.

3. Results and discussion

The semiconductor Ge at the room temperature (300 K) is

taken as the computational example, and the ultrafast dynam-

ical process under femtosecond laser pulses is investigated.

The initial carrier density is selected as N0
∼= 1012 cm−3.

Figure 1 shows the change of N , Te , Th and Tl in Ge with

time and depth. For the femtosecond laser used, its central

wavelength, duration and fluence are 620 nm, 100 fs and

0.1 mJ/cm2, respectively. Since the photon energy is larger

than the band gap of Ge, the electron will be excited from

the valence band to conduction band when the Ge sample is
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Figure 2. Time evolution of (a) N , (b) Tl (c) Te and (d) Th in Ge at different depths.

irradiated by the laser pulse, and holes with the same quantity

will be generated at the same time, thereby generating a great

number of carrier pairs. On the other hand, the electron in

the conduction band will recombine with the hole via the

Auger recombination whose rate RA depends on N 3. As N
reaches the critical value, the carrier pairs recombined will

be more than those generated, resulting in the decrease of

N . Therefore, with the increase of time, N first increases

and then drops. In addition, N decreases greatly with the

increase of depth, as shown in Figure 1(a). It can be seen

from Figures 1(b) and (c) that the temporal behavior of

carrier temperature Tc is same as that of N ; however, with the

increase of depth, Tc also increases first and then decreases.

As is shown in Figure 1(d), Tl increases with time slowly and

decreases with increasing depth. What is more, Tl change in

a small scope, and we can see from the figure that Tl stays at

302.5 K at the surface of Ge, which changes as less as 2.5 K.

To make a more clear comprehension of the above phe-

nomena, in Figure 2, we present the temporal evolution

of N , Te, Th and Tl in Ge for several specific depths

selected from Figure 1. It can be seen from the solid black

curves in Figure 2 that a great number of carrier pairs are

generated at the surface of Ge under femtosecond laser

irradiation, and the temperature of these carriers rises by

absorbing plenty of energy. The electron will recombine

with hole via the Auger recombination and simultaneously

transfer the energy and momentum to another electron (hole)

nearby, which is a nonradiative process. Consequently,

the electron (hole) nearby is excited to the higher states

inside the conduction (valence) band[32–35]. As a result, the

electron (hole) temperature increases[33, 34]. The electrons

with enough kinetic energy can knock the electrons in the

valence band and promote them to higher states in the

conduction band, creating new electron–hole pairs, which is

the impact ionization process[36–38]. It will repeat the above

process until the thermal equilibrium is reached. Moreover,

part of energy is transferred from the carrier to the lattice via

the electron–phonon interaction in this process, increasing

Tl , as shown in Figure 2(b); however, the mean kinetic

energy of carrier is always higher than that of the lattice,

and we can know from Ek ∝ kB T that Te and Th are always

higher than Tl . Whereas, with the increase of depth and time,

the temperature difference between the carrier and lattice

decreases and finally a thermal equilibrium is reached. After

undergoing such a time-space evolution process, the energy

is finally transferred to the interior of Ge.

The laser pulse can penetrate into the interior of semicon-

ductor, and for Ge, the skin depth (i.e., penetration depth)

is δ = 1/α ≈ 50 nm. Along with the increase in depth,

the energy penetrated decreases exponentially. Though

energy can be transferred to the interior of Ge via the

Auger recombination and impact ionization, it still decreases

greatly; therefore, fewer carrier pairs can be generated at

a deeper place, as shown in Figure 2(a). As fewer carrier

pairs are generated, the energy transferred from the carrier

to the lattice via the electron–phonon interaction decreases

correspondingly, leading to the decrease of TL with increas-

ing depth, as shown in Figure 2(b). During the Auger
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Figure 3. Time-space evolution of the value of Th/Te . The pulse duration

and fluence is 100 fs, and 0.1 mJ/cm2, respectively.

recombination, a three-body interaction occurs: two carriers

recombine and a third carrier takes up the recombination

energy. The Auger recombination makes N lower, and

increases the kinetic energy of new-generated carriers at

the same time. As a result, energy will be accumulated

at the interior of Ge, resulting in the increase of Te and

Th with increasing depth, and here we name it ‘energy

accumulation effect’. However, part of carriers’ kinetic

energy is transferred to lattice simultaneously. As it reaches

a certain depth, the energy accumulated by the carrier pairs

becomes less than that transferred from the carrier pairs to

the lattice, lowering carrier temperature Tc. Therefore, with

the increase of depth, Tc first increases and then decreases,

as shown in Figure 2(c) and (d).

It can be also seen from Figures 2(c) and (d) that there

is a great difference between the temporal behaviors of Te
and Th . In Figure 3, we present time-space evolution of

Th/Te. From the figure we can see that both the temporal

and spatial behaviors of Te and Th show difference during the

energy transport in semiconductor. In order to analyze the

energy transfer between electron and hole more distinctly,

we select from Figures 1(b) and (c) the spatial evolution

of Te and Th in Ge at −0.21, 0.0, 0.2, 1.0, 2.5 and 8.0 ps,

as shown in Figure 4. Irradiated by the femtosecond laser,

Figure 4. Spatial evolution of Te , Th and Th/Te (right axis) at (a) 0.21, (b) 0, (c) 0.2, (d) 1.0, (e) 2.5 and (f) 8.0 ps.
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Figure 5. Time evolution of (a, c, e) N (b, d, f) Tl in Ge irradiated by laser pulses (a,b) with different durations and same intensity I0 (798 MW/cm2); (c, d)

with different durations and same fluence (0.1 mJ/cm2) and (e,f) with different energy densities and same duration (100 fs).

both Te and Th increase rapidly and at t = −0.21 ps, they

reach their maxima at the surface of Ge, which are 6157

and 3961 K (see the solid black curves in Figures 2(c) and

(d)). Since the effective mass of electron is smaller than

that of hole, from requirements of momentum and energy

conservation, the kinetic energy of hole generated Eh
k will

be smaller than that of the corresponding electron Ee
k , and

the relation between them is Eh
k /Ee

k = ṁe/ṁh . Therefore,

Te is higher than Th and thus Th/Te is much lower than 1

at some depths, which can be clearly seen from the dash-

dotted blue curves in Figure 4. Due to the accumulation of

carriers’ kinetic energy, the carrier temperature at the interior

is higher than that at the surface, as shown in Figures 4(b)

and (c). At t = 0.2 ps, the laser irradiation terminates, at

the surface of Ge, Te and Th begin to decrease, while at the

interior, the difference between the maximum values of Te
and Th becomes smaller, as shown in Figure 4(c). However,

beyond the depth corresponding to maximum value, with the

increase of depth, Th decays more obviously than Te, and

thus the value of Th/Te decreases much, as shown by the

green areas in the Figures 4(b–e), indicating that the energy

can be transferred to electron at deeper place at the same

moment. These green areas correspond to the low Th/Te
values in Figure 3. What is more, Figures 2(c), (d) show that

the Te increases earlier than Th , indicating that the electron

plays a more significant role than hole in the energy transport

in semiconductor. As time evolves, Te and Th gradually

tend to be the same at different depths [Figures 4(d–f)] and

become nearly the same after 7 ps; consequently, the thermal

equilibrium between electron and hole is reached eventually,

as shown in Figures 3 and 4(f).

For the temporally Gaussian type laser pulse used, its flu-

ence F is related to duration τ through F = √π/2τ I0. For

this reason, the ultrafast dynamical process in semiconductor

may be affected by three factors: laser fluence F , pulse

duration τ and intensity I0. In the following, in the case that

the value of one factor is fixed, the influence of the other two

factors on N and Tl at the surface of Ge will be investigated.

Figures 5(a) and (b) shows the time evolution of N and Tl
in Ge irradiated by the laser pulses whose durations are 50,

70, 100 and 150 fs, respectively. The intensity is fixed as

I0 = 798 MW/cm2. It can be seen from the figure that

both N and Tl increase with the increase of pulse duration,

which can be attributed to the fact that as the pulse duration

is larger, more energy is involved in the interaction between

the laser pulses and semiconductor; therefore, more carrier

pairs can be generated. Consequently, more carrier’s kinetic

energy can be transferred to lattice via the electron–phonon

interaction, thereby increasing its temperature. Figures 5(c)

and (d) shows the temporal evolution of N and Tl in Ge
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irradiated by the femtosecond laser pulses whose durations

are same as those in Figures 5(a) and (b), and the fluence

is fixed as F = 0.1 mJ/cm2 (in this case, I0 is in inverse

proportion to τ ). From the figure we can see that the

temporal behaviors of N and Tl are almost independent of

the incident pulse duration as well as the laser intensity.

However, we can see from the insert in Figure 5(c) that along

with the increase of the incident pulse duration, the instant at

which the carrier pairs are generated is put ahead, making

Tl begin to rise in advance (see the insert in Figure 5(d)),

while the maximum value of N decreases and appears later.

The above discussions indicate that the evolution of N and Tl
can be determined by laser fluence, namely the total energy.

To further verify this conclusion, we present in Figures 5(e)

and (f) the temporal behaviors of N and Tl in Ge irradiated

by the laser pulses whose fluences are 0.05, 0.10, 0.30 and

1.00 mJ/cm, and the duration is fixed as 100 fs. It can be

seen from the figure that along with the increase of laser

fluence, both N and Tl increase greatly.

In practice, in Figures 5(a) and (b), the fluence is also

increased as the pulse duration increases, which is in a way

similar to the case in Figures 5(e) and (f). Therefore, there

are two ways to increase the laser fluence; path A: increasing

intensity in the case of fixed pulse duration, and path B:

increasing pulse duration in the case of fixed intensity.

However, we can seen from the insert in Figure 5(c) that

as the fluence is fixed, the maximum value of N (Nmax)

decreases with increasing pulse duration. To clearly show

this phenomenon, we present in Figure 6 the variation of

Nmax with laser fluence which is increased by the two ways.

In path A, the pulse duration is fixed as 50 fs and the

intensity is increased from I0 = 798 MW/cm2 to I0 =
7980 MW/cm2, while in path B, the intensity is fixed as

I0 = 798 MW/cm2 and the pulse duration is increased from

50 to 500 fs. It can be seen from the figure that Nmax in

the case of path A is larger than that in the case of path B.

This phenomenon is caused by the fact that even at the same

fluence, as the pulse duration is longer, part of the energy has

already transferred to the interior of the semiconductor when

the peak of the pulse irradiates it, and the decrease in energy

at the surface will result in the generation of less carriers.

From the above study we know that when the carrier

density N reaches the maximum, it will take a relatively

long time (several picoseconds) to decrease to a relatively

low value. If an addition femtosecond pulse is imposed

on the semiconductor shortly after N begins to decrease,

can the ultrafast dynamical process of semiconductor be

affected? In the following, we impose another pulse with

same intensity (I0 = 798 MW/cm2) but different duration

on the semiconductor so as to study the temporal evolution

of N and Tl at the surface of Ge, and the temporal interval

between the two pulses is 100 fs, as shown in Figures 7(a)

and (b). It can be seen from figure that compared with the

case of single pulse (solid black curves), under the irradiation

of femtosecond double pulses, N and Tl in Ge increase

Figure 6. Variation of the maximum value of N with increasing fluence.

The fluence is increased by the two ways: path A (increasing intensity in the

case of fixed pulse duration) and path B (increasing pulse duration in the

case of fixed intensity).

significantly, and the longer the second pulse, the higher

the values of N and Tl are. This phenomenon is caused

by the fact that N and Tl in Ge have not changed much

when the second pulse is added, in which case the energy

accumulation effect still plays the dominant role; the longer

the second pulse, the more the energy will be accumulated,

as a result, more carrier pairs can be generated and thus

more energy can be transferred to the lattice via the electron–

phonon interaction. In addition, the time interval between

the double pulses can also influence the evolution of N
and Tl . If the interval is relative large, say ΔT = 400 fs,

before the second pulse is imposed, N has already decreased

much [dash-dotted blue curve in Figure 7(c)] and plenty

of energy has been transferred to the lattice; consequently,

Nmax becomes smaller than that as the interval is smaller,

say ΔT = 50 fs [solid black curve in Figure 7(c)] and the

increase tendency of Tl becomes weaker. However, since

the total energy of the double pulses is independent of the

time interval between them, the temporal behaviors of N
and Tl tend to be same in all cases eventually, as shown in

Figures 7(c) and (d).

4. Conclusion

In this paper, taken the semiconductor Ge as the research

object, we simulate the energy transport process at the

surface and interior of Ge which interacts with the fem-

tosecond laser pulses. By investigating the evolution of

carrier density, carrier and lattice temperature, it is found

that as the depth increases, the carrier density and lattice

temperature decrease, while the carrier temperature first

increases and then decreases, and this can be attributed to
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Figure 7. Time evolution of (a) N and (b) Tl in Ge irradiated by double pulses, where the interval between them is 100 fs, the duration of the first pulse is

50 fs and that of the second one is 50, 70 and 100 fs, respectively; time evolution of (c) N and (d) Tl in Ge irradiated by the double pulses, where the duration

of them are both 50 fs, and the interval between them is 50, 100, 200 and 400 fs, respectively.

the competition between energy accumulation effect and

energy transfer from carrier to lattice via the electron–

phonon interaction. The energy can be transferred to the

interior of semiconductor via the Auger recombination and

impact ionization. The ultrafast dynamical process in Ge

is greatly affected by the laser fluence, while in the case of

fixed fluence, the overall evolution of the carrier density and

lattice temperature is nearly independent of pulse duration

and laser intensity. However, increasing the laser intensity

will be more effective than increasing the pulse duration in

the generation of carriers. In the end, irradiating the Ge

sample by femtosecond double pulses, it is found that the

ultrafast dynamical process of semiconductor can be affected

by the time interval of the double pulses.
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