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Three Temperature Model for Nonequilibrium Energy Transfer
in Semiconductor Films Irradiated with Short Pulse Lasers
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This article investigates numerically carrier-phonon interaction and nonequilibrium energy transfer in direct and indirect bandgap
semiconductors during sub-picosecond pulse laser irradiation and also examines the recombination effects on energy transport from the
microscopic viewpoint. In addition, the influence of laser fluence and pulse duration is studied by using the self-consistent three-temperature
model, which involves carriers, longitudinal optical phonons, and acoustic phonons. It is found that a substantial non-equilibrium state exists
between carriers and phonons during short pulse laser irradiation because of time scale difference between the relaxation time and the pulse
duration. It is clear that the two-peak structure in carrier temperature exists and it depends mainly on laser pulses, fluences, and recombination
processes. During laser irradiation, in particular, the Auger recombination for Si becomes dominant due to the increase in the carrier number
density, whereas for GaAs, the Auger recombination process can be ignored due to an abrupt increase in SRH recombination rates at the initial

stages of laser exposure. [doi:10.2320/matertrans.47.2835]
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1. Introduction

Even if conventional lasers, diamond saws, and water jets
are used commercially as a variety of cutting and machining
utilities, none of them can achieve the precision of the
ultrafast pulse laser machine tool. The ultrashort pulse lasers
being of pulsed shorter than typically 10ps can generate
easily very high optical peak power which is enough for full
ionization of almost any solid matter,"” and their non-
equilibrium characteristics opened news and interesting
possibilities in microfabrications, cellular nanobiosurgery
technology, thin film characteristics measurement, environ-
mental technology, and so on.¥ Nonequilibrium between
electron-hole pairs (hereafter called carriers) in semiconduc-
tors and phonons is already significant on the picosecond
time order, in which the carrier temperature can be much
higher than the lattice temperature, and its energy transport
have been very active research topics in the past two decades.

Energy transport during laser irradiation is explained by
electron-hole excitation, photon-carrier-phonon interactions,
and recombination processes, as seen in Fig. 1.9 First, a
valence electron excited by absorbing the photons results in
an electron in the conduction band and a hole in the valence
band. The carriers transfer their energies eventually into two
different types of phonons being of optical and acoustic
modes in the lattice. Because of higher energy levels
compared to acoustic phonons, the optical phonons interact
with electromagnetic waves more easily. It is clear that the
group velocity of optical branch is close to zero or negligible
compared to that of the acoustic branch. The optical phonons
are also associated with an oscillating dipole that scatters
radiation, and they scatter and emit acoustic phonons which
are responsible for lattice heat conduction.

In general, the recombination process depends substan-
tially on band structures as seen in Fig. 2, and it becomes
very crucial in energy transport mechanism. It indicates the
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carrier loss owing to the process which the free electrons are
captured by ionized donors and lose their energy in the
nonradiative and radiative ways.” For indirect bandgap
semiconductors as silicon, the conduction-band minimum
and the valence-band maximum occur at different wave
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numbers, whereas for direct-band-gap semiconductors such
as GaAs, GaSb, and InAs, they take place at the same value of
wave number."%” For silicon, Auger recombination is
known to be a dominant process for very high carrier number
density (typically, Nc > 10" cm=3).% On the other hand, in
direct-band-gap materials such as GaAs, GaSb, and InAs,
three recombination processes are involved:” (1) Radiative
recombination in which the excited electron and hole
recombine and emit a photon, (2) Shockley-Read-Hall
(SRH) nonradiative recombination or thermal recombination
via the recombination center, in which the electron and the
hole recombine and release a phonon to lattice, and (3) Auger
recombination, where the extra energy released by the
electron and hole recombination will be absorbed by another
nearby electron or hole. Most researchers®!%!") simulated the
carrier-phonon interaction for a single thermodynamic
system where longitudinal optical (LO) phonons and acoustic
phonons are in equilibrium state. This assumption is not valid
because there is clearly nonequilibrium energy transport
process between two phonons during very short but finite
time scale. Hence, the present study establishes the three-
temperature model and conducts the extensive simulation to
investigate close interactions among carriers, LO phonons,
and acoustic phonons for Si and GaAs film structures
irradiated by subpicosecond pulse lasers. In particular, the
role of recombination process on energy transport mecha-
nism is discussed and the influence of laser fluence and pulse
duration on nonequilibrium heat transfer is examined.

2. Governing Equations and Computational Details

The consistent numerical equations should be modeled to
demonstrate the energy transport mechanism among carriers,
LO phonons, and acoustic phonons. The carrier number
density equation derived from the conservation equation is as
follows:

3NC O[]I
—— = —¢(N¢) + 8(T)Nc, ey
ot hv
0.939J(1 — R) ' 2.773¢
I=———exp|— [ andz)exp| ——— .2
tp 0 1p

In eq. (1), the first term on the right side represents the
absorption source that corresponds to direct transition that
excites an electron to the conduction band and creates an
electron-hole pair. The last term indicates the carrier
generation due to impact ionization process. The second
term means the recombination process associated with
heating and destruction processes in carrier number density.
The recombination process in semiconductors thin film
structures differs according to the band-gap structures
generally."®” For indirect-band-gap materials, such as Si
and Ge, Auger recombination process is dominant as

follows:*®

B(Nc) = YN, 3)

Unlike indirect-band-gap materials, in direct-band-gap ma-
terials such as GaAs, there are three well-known recombi-
nation mechanisms in ¢(N¢).”

¢(Nc) = ySVNC + (Vrad + VSRH)NE‘ + VaugerNg‘, @
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In eqs. 3) and (4), Vsr, Vrad> Vsre» and Yaug.r denote the
empirical coefficients via surface recombination, SRH
recombination, and Auger recombination, respectively. For
GaAs, at room temperature, the Auger process is not the
dominant recombination mechanism in spite of high con-
centrations of electrons and holes. Auger recombination can
be ignored because SRH recombination rates increase
abruptly at the early time of laser irradiation. Since the size
of laser beam is large compared to the laser penetration
depth, the present equations can be modeled as one-dimen-
sional. In most of previous work,'® the lattice was assumed
to be a single thermodynamic system which cannot be
justified owing to differences between energy relaxation
times between LO phonons and acoustic phonons. Hence,
the present study establishes the three-temperature model
including three energy conservation equations for carriers,
LO phonons, and acoustic phonons as follows:!¥

aU, a oT, 3Nck
= (ke ) = 2R (Te — To)
ot ay ay

2tc_0
3Nckp
- (Tc —Ty) + ol (5)
Tc-A
aU, 3Nckg (Tc — T To — T,
o _ SNck (Tc O_CO 0 A’ ©)
ot 2 Tc-0 To-A
Uy 0 < 0T, 3Nckp (TC — Ty
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Where, UO = CoTo, UA = CATA, and UC = CCTC +NcEg
where E, is the band-gap energy of material. In addition,
Tc—0, Tc—4, and Tp_4 can be rigorously expressed in terms of
temperature, laser frequency, carrier number density, and the
other factors. In fact, the relaxation times are very difficult to
be estimated rigorously. The present study thus assumes that
constant relaxation times are used from the literature for
simplicity of calculation.'>'® Since LO phonons with
negligible group velocity cannot contribute to lattice heat
conduction, there is no heat diffusion term in the right-hand
side of eq. (6). The important role of optical phonons is to
provide the efficient intermediate path for heat transfer from
source due to photon absorption to energy sink. This energy
cascade depends mainly on relaxation times as well as heat
capacities of carriers, LO phonons, and acoustic phonons.
The physical properties of semiconductors taken from open
literatures'->6%12.14-21) are Jisted in Table 1.

The finite difference method with fully implicit scheme is
used for discretizing the set of governing equations, and
numerical accuracy is the second order for spatial and
transient terms. The initial time was set to #;,; = —5t, for all
cases. Initially, the carrier and lattice temperatures are
maintained at 300 K, and the initial carrier number densities
are taken 1.18 x 10'®cm™2 for Si and 2.25 x 10°cm™ for
GaAs.” As depicted in Fig. 1, the von Neumann boundary
conditions with the zero gradient at y = 0 and y = L are used
for temperatures of carrier and two phonons on the basis of
the assumption that during the short period of laser heating,
heat losses from the front and back surfaces are likely
neglected.') Finally, numerical solutions are obtained when
the residuals from energy equations are less than 10~*. For
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Table 1 Physical properties of (a) Si and (b) GaAs.

(a) Silicon

Properties Expressions
Cc 3Nckg.
c, 2.066 x 10° —9.91 x 10%(6p/T4)"**,
where 6p ~ 645 K®
2.49 x 105N0k3<9i>2%m2,
Co To) [exp(6e/To) — 1]
where 0 = hv/kp ~ 731 K®
ke —0.556 + 7.13 x 1073720
ka 1.585 x 10°/T} 519
te-a = o[l + Ne/Neer)*]
T where 79 = 0.5ps and N = 2 X 107720
tc_o ~ 0.1psY and tp_4 =~ 10ps”
a 5.02 x 10° exp(T4/430) for A = 530nm'?
YAuger 3.8 x 107418
R 0.37 +5 x 1073(T4 — 300) for 1 = 530nm'”
E, 1.167 — 0.0258[7,4/300] — 0.0198[ T4 /300]* '¥

(b) Gallium arsenide

Properties Expressions

Ce 3Nckp.
9.17 x 105 — 4.40 x 10*(@p/Tx)"**,

C
A where 6p & 344 K519
0 \? 0p/T,
6.86 x 1028k3<—t> __exp/To)
Co To) lexp(¥g/To) — 1]
where 0 = hv/kp ~ 429 K&1?
Tc 4F (o) 1Y
ke kjoc— [6Fz(m>Fo(m) -—
e FX(ne)
ka 5.44 x 10%/T}219
T Te_a ~ 0.5ps!'? e o 2 0.1ps'? 194 &~ 10ps'?
Vrad 7.21 x 10710 X (Eg/Eg or)*(T4/300) /2620
VSRH> YAuger 10~ and 10~*3, respectively®??
R 0.3-0.33'4
5.405 x 107412
E, 1519 — 252X 0 A
T, +204

A = 530nm, all simulations are performed for a fixed film
thickness of 10 um. Furthermore, the present study examines
the sensitivities of time step and mesh size on the final
solutions as seen in Fig. 3.

3. Results and Discussion

3.1 Thin silicon film structures (indirect-band-gap ma-
terials)

Figure 4 illustrates the time evolution of carrier, LO
phonon, and acoustic phonon temperatures, and carrier
number density for two different fluences when A4 = 530
nm and 7, = 10 ps. The drastic increase in carrier temperature
is observed for pulse lasers of a few picosecond duration,
whereas the temperature rise of acoustic and LO phonons is
relatively small. A substantial nonequilibrium occurs mainly
due to the scale difference between energy relaxation time
and laser pulse duration. In particular, it is interesting to note
the existence of two-peak structure in the carrier temperature
because both the laser pulse and rapid Auger recombination
heat the plasma and dominate as plasma heat sources at
different times during the pulse.®!V It suggests that thermal
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Fig. 3 (a) Influence of the time step on numerical estimation of different
temperature (silicon) and (b) grid independence tests (silicon).

nonequilibrium state are likely able to be controlled by laser
fluence as well as pulse duration time. The carrier temper-
ature again rises near r = 0, at which the carrier number
density increases substantially and Auger recombination
converts carrier ionization energy into kinetic energy at a
sufficiently large rate to again cause the carrier temperature to
increase.¥ From Fig. 4(b), the carrier number density
increases during laser irradiation and its peak increases with
the increase of laser fluence. As the laser intensity increases,
the Auger recombination becomes important during irradi-
ation because this type of recombination becomes dominant
at high carrier concentrations in silicon.’ Once the carrier
number density decreases, the carrier temperature begins
falling but nonequilibrium between carriers and lattice
phonons maintains for long times because of on-going Auger
recombination.'” As time goes, however, all energies are in
equilibrium state as seen in Fig. 4(a). The maximum carrier
temperatures for 50 and 150 mJ/cm? are estimated about
1000 K, which corresponds to about 86 meV which is much
smaller than incident photon energy of about 2.3eV for
A = 530 nm, whereas equilibrium temperatures are observed
at 390 and 600K for J = 50 and 150 mJ/cm?, respectively.
At the early stage of laser exposure, the carrier energy
increases considerably due to carrier heat capacity much
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Fig. 4 (a) The temperature estimation of carriers, LO phonons, acoustic
phonons and (b) transient behaviors of carrier number densities for 50 and
150 mJ/cm? at t, = 10 ps (silicon).

smaller than those of two phonons. After the finite time, they
lose energy to the phonons through emission of LO phonons,
and the temperature difference between carriers and LO
phonons makes it possible to transfer energies to acoustic
phonons which are responsible for heat conduction. From
Fig. 4(a), the time when LO phonon temperature begins to
increase is slightly faster than that when acoustic phonon
does. This time lag is because of a finite scattering rate
between two phonons.

It turns out from Fig. 5 that the peak values of carrier
temperature decreases with the increase of pulse duration. It
leads to the drastic reduction of carrier number density and
the extent of nonequilibrium decreases as pulse duration
increases. The carriers, LO phonons, and acoustic phonons
are in nearly thermal equilibrium. It is because the laser pulse
is much longer than the relaxation times for carrier-phonon
and phonon-phonon scatterings. Also, it is observed from
Figs. 4 and 5 that the laser pulse hardly affects the increase
in lattice temperature, relative to the laser intensity. Besides,
the carrier number density increases with laser fluence and
its decaying rate increases because of the Auger recombina-
tion.
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(silicon).

3.2 Thin gallium arsenide (GaAs) film structures
(direct-band-gap materials)

Figure 6 illustrates in-sifu estimations of carrier temper-
atures and two different phonon temperatures at the film
surface with respect to time normalized by the pulse
duration. The carrier temperature increases rapidly com
pared to the temperatures of LO phonons and acoustic
phonons. Similar to the case of silicon, it is found that a
substantial nonequilibrium among carriers and two phonons
takes place due to the scale difference between energy
relaxation times and laser pulse durations, and a two-peak
structure in carrier temperature exhibits during laser expo-
sure. The first peak occurs in the early stage of laser exposure
because carrier heat capacity is several orders of magnitude
smaller than phonon heat capacities (regime 1). The second
peak appears clearly because of non-radiative recombination
process that heats the plasma (regime 2). As like the case of
silicon, it also confirms that the assumption of single
thermodynamic system is no longer valid for ultra-short
pulse laser heating problems. Compared to the silicon case,
however, somewhat different tendencies can be found in
carrier temperature. It suggests that the first peak value is
higher than the second peak value for silicon, whereas the
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second peak of carrier temperature is rather higher than the
first peak value for GaAs. This is because of different
recombination processes that significantly affect the carrier
number densities. Figure 7 represents the pulse duration
effects on temperatures, and shows the peak value of carrier
temperature increases with the decrease of laser pulse
duration. As explained previously, the nonequilibrium state
exists obviously between LO phonons and acoustics phonons
when the laser pulse is relatively short, whereas when
t, = 100 ps, two phonon temperatures are nearly in equi-
librium state owing to pulse duration much longer than
relaxation times. There is also such a time lag similar to the
silicon case, indicating that the time at which LO phonon
temperature starts to increase is slightly faster than that when
acoustic phonon does. For the pulse duration longer than
energy relaxation time, the time lag will disappear due to
thermal equilibrium state between two phonons. In GaAs or
other III-V materials unlike silicon, even stronger coupling to
electron-hole pairs is present due to the polar interactions and
it makes LO phonons emitted more efficiently. Because LO
phonon energies are higher than those of acoustic phonons,
LO phonon emission is a faster and more efficient way to
transfer energy. Figure 8 represents the spatial temperature
distributions of LO and acoustic phonons at ¢ = 0 ps when
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laser energy peaks. The maximum diffusion depth is
estimated about 0.5 um when all temperatures are in equi-
librium. It is clearly observed that as laser pulse increases,
temperature difference between two phonons decreases. It
means that two phonons are in equilibrium state.

The recombination processes, each of which affects carrier
number density and temperatures in GaAs structures, are very
important for better understanding of energy transfer in
semiconductors. For this reason, the present study deals with
four different cases for the given conditions such as J =
10mJ/cm? and 7, = 10 ps: Case 1 indicates that all recombi-
nation processes are included. For case 2, Auger recombi-
nation is solely considered. Case 3 includes Auger recombi-
nation and SRH recombination. Case 4 discusses the effect of
Auger recombination and radiative recombination. From the
comparison, it is seen in Fig. 9(a) that cases 1 and 3 show
similar tendency but cases 2 and 4 represent quite different
patterns near the regime 2 where recombination becomes
dominant. For cases 2 and 4, the estimation of lower carrier
temperature near the regime 2 results from under-prediction
of the decrease in carrier number density due to the
recombination. It is found from Fig. 9(b) that the SRH
recombination, one of non-radiative recombination process-
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es, plays an important role in decreasing carrier number
density. According to previous works,>!'" Auger recombi-
nation is activated more vigorously when the carrier number
density is very high, whereas the SRH recombination rate in
GaAs event at room temperature is quite high compared to
Auger recombination rate. Meyer and his colleagues sug-
gested that as temperature increases, Auger recombination
becomes dominant as in the other materials.'® However,
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their suggestion would not be justified for short pulse laser
heating in GaAs materials.

Figure 10 represents various recombination rates during
laser irradiation and supports the aforementioned discussion
on carrier number density. The SRH recombination rates
have already increased sufficiently compared to other
recombination rates near the initial stage of laser exposure.
In general, the Auger recombination becomes dominant in
destructing carriers for very high carrier number density.”
Unfortunately, in GaAs materials, the SRH recombination
contributes to destruct energy carriers at the early stage of
laser exposure, leading that the Auger recombination rate is
no longer augmented. Besides, even radiative recombination
rate is somewhat higher than Auger recombination rate. It is
found that the SRH recombination becomes important and it
should be considered for direct-band-gap materials, whereas
Auger recombination can be neglected even at high temper-
ature. This fact is likely consistent with the conclusion of
Zhang and his colleagues.??

4. Conclusions

This article reports numerically the micro heat transfer
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characteristics in thin Si and GaAs film structures heated by
the subpicosecond pulse laser through the three-temperature
model. The role of recombination processes on energy
transfer is discussed, and the influence of laser fluence and
pulse duration are also studied for different types of semi-
conductor materials. The following conclusions can be
drawn.

(1) Tt is confirmed that the nonequilibrium among carriers,
LO phonons, and acoustics phonons exhibits during a
finite time after which all of them are gradually
equilibrated as time goes. A two-peak structure in
carrier temperature can be found, and it occurs due to
the recombination and the difference of heat capacities.
The peak values of carrier temperature decreases with
the increase of pulse duration, resulting in drastic
reduction of carrier number density. In addition, the
laser pulse hardly affects the increase in lattice temper-
ature, relative to the laser intensity.

(2) For longer pulses, this lagging effect eventually
disappears. In this case, a single thermodynamic system
assumption is justified. But, for short pulse laser
heating, the three-temperature model is suitable for
simulating nonequilibrium between LO phonons and
acoustic phonons within a finite time lag.

(3) For indirect-band-gap materials like silicon, the Auger
recombination is a dominant process on carrier number
density. However, in direct-band-gap materials such as
GaAs, the Auger recombination is negligible relative to
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other recombination processes. It is found that the SRH
recombination, one of non-radiative recombination
processes, plays an important role in decreasing carrier
number density, and it is quite high compared to the
Auger recombination rate.
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