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E¢. Band gap, eV
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This article investigates numerically the carrier-phonon interactions in thin gallium arsenide
(GaAs) film structures irradiated by subpicosecond laser pulses to figure out the role of several
recombination processes on the energy transport during laser pulses and to examine the effects
of laser fluences and pulses on non-equilibrium energy transfer characteristics in thin film
structures. The self-consistent hydrodynamic equations derived from the Boltzmann transport
equations are established for carriers and two different types of phonons, i.e., acoustic phonons
and longitudinal optical (LO) phonons. From the results, it is found that the two-peak structure
of carrier temperatures depends mainly on the pulse durations, laser fluences, and nonradiative
recombination processes, two different phonons are in nonequilibrium state within such lagging
times, and this lagging effect can be neglected for longer pulses. Finally, at the initial stage of
laser irradiation, SRH recombination rates increases sufficiently because the abrupt increase in
carrier number density no longer permits Auger recombination to be activated. For thin GaAs
film structures, it is thus seen that Auger recombination is negligible even at high temperature
during laser irradiation.
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Carriers, Nonequilibrium, SRH (Shockely-Read-Hall), Auger Recombination
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t . Time, s
tp . Pulse duration time (full-width at half maxi-

mum), s
T : Temperature, K
U : Internal energy, J/m®
y . Spatial coordinate, m

a1 - One photon band-to-band absorption co-
efficient, 1/m

. The impact ionization rate, 1/s

. Auger recombination coefficient, m%/s

. Thermal conductivity, W/m K

© Wavelength, m

. Reduced Fermi level

. Photon frequency, 1/s

NS YRR O

. Energy relaxation times, s

Subscripts

A  Acoustic phonons

C ! Carriers

O : Longitudinal optical (LO) phonons.

1. Introduction

The ultrashort pulse lasers being of pulses shor-
ter than 10 ps can generate easily very high opti-
cal peak power which is enough for full ioni-
zation of almost any solid matter (Tien et al.,
1998 ; Phinney and Tien, 1998) . Non-equilibrium
and non-thermal characteristics have opened new
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and exciting possibilities in microfabrications,
cellular nanobiosurgery technology, measurement
and microscopy, environmental technology, and
so on (Chlipala et al., 1989). As direct-band-
gap materials, in particular, III-V semiconductors
have received a tremendous amount of interest
from both the microelectrionics industry and aca-
demia in the last decade since the realization of
the promising applications in high-speed elec-
tronic devices, optoelectronics, and next-genera-
tion display technology. The abundant applica-
tions need a better understanding of the energy
transport phenomena during fast laser heating.
In fact, the energy transport mechanism during
laser irradiation can be explained by electron-
hole excitation, photon-carrier-phonon interac-
tions, and recombination processes, as seen in
Fig. 1 (Lee, 2005). First of all, a valence electron
excited by absorbing the photons results in an
electron in the conduction band and a hole in the
valence band. The electron-hole pairs (hereafter
called carriers) in semiconductors transfer their
energies eventually into two different types of
phonons being of optical and acoustic modes in
the lattice. Here, the term “lattice” in crystallog-
raphy means a mathematical abstraction of perio-
dic points in space. Basically, a phonon means the
discrete value or quantum of vibrational energy
due to the particle-wave duality. Since the chem-
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Fig. 1 Schematics of computational domain and mutual interactions among photons, LO phonons, and

acoustic phonons (Lee, 2005)
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ical bonds between atoms in a solid are not rigid
but act like springs, such vibrations are respon-
sible for energy transport in many solids, and
their modes can be either in-phase or out of phase,
representing the acoustic branch and the optical
branch, respectively (Chen, 2004 ; Tien et al., 1998).
Because the energy level of optical phonons is
higher than that of acoustic phonons, they can
interact with electromagnetic waves more easily.
It is clear that the group velocity of the optical
branch is close to zero or negligible compared to
that of the acoustic branch. Intrinsically, the op-
tical phonons are associated with an oscillating
dipole that scatters radiation, and they scatter and
emit acoustic phonons, which are responsible for
lattice heat conduction. Moreover, the optical
branch influences some of the optical properties
of a crystal in real phenomena. At this moment, it
should be noted that the recombination process
depends substantially on band structures and it
becomes very crucial in energy transport mechan-
ism. The recombination process indicates the
carrier loss owing to the process in which the free
electrons are captured by ionized donors and lose
their energy in the nonradiative and radiative
ways (Pierret, 1983). In direct-band-gap materi-
als such as GaAs, GaSb, and InAs, three recom-
bination mechanisms are involved (Agrawal and
Dutta, 1993): (1) Radiative recombination in which
the excited electron and hole recombine and emit
a photon, (2) Shockley-Read-Hall (SRH) non-
radiative recombination or thermal recombina-
tion 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. There have been
a number of studies reported that resort mainly to
hydrodynamic equations to model electron and
phonon transport in practical engineering use
(Qiu and Tien, 1994 ; Lee et al., 2003) . However,
most of these works did not examine close inter-
actions between longitudinal optical (LO) pho-
nons and acoustic phonons, and they were based
on the assumption that the lattice is a single ther-
modynamic system. This assumption is not valid
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generally because there is clearly nonequilibrium
energy transport process between two phonons
during very short but finite time scale. The effi-
cient way has been introduced to represent the
primary path of energy transport by first scat-
tering between carriers and LO phonons and then
LO phonons to the acoustic phonons (Tien et al.,
1998). Because this approach deals with three
different temperatures of carriers, LO phonons,
and acoustic phonons, it can be hereafter referred
to as the three-temperature model. Of course, this
model has been taken in studying thermal non-
equilibrium in submicron silicon MOSFETs and
GaAs MESFETs (Majumdar et al., 1995a; 1995b).
However, there are insufficient works that use the
three-temperature model for simulating laser-sol-
id interactions. To date, Lee (2005) investigated
the heat transfer characteristics in silicon micro-
structures irradiated by ultrafast pulse lasers.

By using the three temperature model, the present
study thus conducts the extensive simulation for
estimation of time and spatial temperature distri-
butions of carriers, LO phonons, and acoustic
phonons to investigate their interactions and en-
ergy transports in direct bandgap energy materials
during subpicosecond pulse laser irradiation. In
particular, the role of recombination process on
energy transport mechanism is discussed in detail
and the influence of laser fluences and pulse
widths on nonequilibrium heat transfer are ex-
amined.

2. Governing Equations and
Computational Details

The consistent numerical model should be de-
rived to describe the nonequilibrium between car-
riers and two different types of phonon. The car-
rier number density is determined from the con-
servation equation as follows :

ONc :LI

ot T —RR(N¢) +6(Te) Ne (1)

I 0.939]};1—13) - (_ /ym dz)ﬁp(_mgn) o)
0

In Eq. (1), the first term on the right-hand side
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represents the absorption source term that corre-
sponds to direct transition that excites an electron
to the conduction band and creates an electron-
hole pair. The final term indicates the carrier
generation rate owing to impact ionization pro-
cess. The second term means the recombination
process associated with heating and destruction
processes in carrier number density. Unlike in-
direct-band-gap materials such as Ge and Si,
direct-band-gap material such as GaAs, there are
three well-known recombination mechanisms
(Agrawal and Dutta, 1993).

RR<NC) :7’er0+ (7rad+ ')’SRH)N(?‘ (3>
+7auger C

where Ysr, Yrada, Ysew, and Yauger denote the em-
pirical coefficients via surface recombination, ra-
diative recombination, SRH recombination, and
Auger recombination, respectively. For GaAs, at
room temperature, the Auger process is not the
dominant recombination mechanism even when
high concentrations of electrons and holes, whereas
radiative recombination dominates in the bulk
and surface recombination velocities tend to be
quite high. Since radiation recombination does
not contribute directly to heating, surface recom-
bination becomes important in heating materials
even at room temperature. Since the present study
deals with rapid heating process by ultrafast puls-
ed lasers, however, the surface recombination process
is ignored in the present calculation. Since the size
of laser beam is large compared to the laser pene-
tration depth, in addition, the short-pulse laser
heating of materials can be modeled as one-di-
mensional. As indicated by Tien et al.(1998) and
Lee (2005), in most of previous work the lattice
has been assumed to be a single thermodynamic
system. Because the time scales for carrier-optical
phonon (typically 100fs) and phonon-phonon
(10 ps) interactions are different by two orders of
magnitude, however, this assumption cannot be
justified. That is why the present study uses the
three-temperature model for GaAs microstruc-
tures. The energy conservation equations for car-
riers, LO phonons, and acoustic phonons can be
expressed as separately (Tien et al., 1998):
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where, Uo=CoTo, Us=CaTs, and Uc=CcTc+
NcE¢ where Eg is the bandgap energy of mate-
rial. In addition, the relaxation time scales for
energy transfer such as rc_o, 7c—a, and 7po—4 can be
rigorously expressed in terms of temperature, fre-
quency, and other factors. Since accurate estima-
tion of these relaxation times is very complicated,
those relaxation times are assumed to be constant
values from the literature in the present study for
simplicity of calculation. For instance, the energy
relaxation time between carriers and LO phonons,
Tc—o, is equal to 0.1 ps (Collins and Yu, 1984).
While the relaxation time between the LO pho-
nons and the acoustic phonons, 7o—4, is reported
to have a rather wide range (Lugli et al., 1989),
the present study chooses 10 ps for the calcula-
tion. Since optical phonons have negligible group
velocity and cannot contribute to lattice heat con-
duction, on the other hand, there is no heat dif-
fusion term in the right-hand side of Eq. (5). The
optical phonons scatter and emit acoustic pho-
nons, which are responsible for the lattice heat
conduction, as indicated previously. The impor-
tant role of optical phonons is to provide the
efficient intermediate path for heat transfer from
energy source due to photon absorption to energy
sink (acoustic phonons). This energy cascade de-
pends highly on relaxation times as well as heat
capacities of carriers, LO phonons, and acoustic
phonons. The physical properties of GaAs taken
from open literature (Tien et al., 1998 ; Pierret,
1983 ; Agrawal and Dutta, 1993 ; Kittel, 1986 ;
Meyer et al., 1980) are listed in Table 1. The recom-
bination rates for different processes are taken
from the literature (Kittel, 1986 ; Seeger, 1991).
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Table 1 Physical properties of a GaAs layer

Properties Expressions
Ce 3Ncks
9.17 X 10°—4.40 X 10* (6p/ Ta) -,
Ca where =344 K for GaAs
(Kittel, 1986 ; Majumdar et al., 1995b)
0z \*  exp(6e/To)
6.86 X 10% <4> N STy
C s To/ [exp(6s/To) —1]?
0 where Gp=hv/Kz~429 K for GaAs,
(Kittel, 1986 ; Majumdar et al., 1995b)
Tc 4E2(776>
oo T o) a0 ~20
ke BOC qz 2(77c> 0(770> I_Toz(m)
(Pierret, 1983)
k 5.44X10%/ Tx*
4 (Meyer et al., 1980)
Te-4~0.5 ps (Majumdar et al., 1995b)
Te-0X0.1 ps
T (Collins and Yu, 1984)
To-a=x 10 ps
(Ferry, 1991 ; von der Linde et al., 1980)
R 0.3~0.33 (Meyer et al., 1980)
_ 5.405X107* T}
Eq 1519 Ta+204
(Agrawal and Dutta, 1993)

The radiative recombination coefficient of GaAs
is expressed as

yrad< TA) =7.21X 10_16
-32 (7
X (Eg(Ta) /Egref)2< 3€6> @

In addition, the empirical coefficients for SRH re-
combination and Auger recombination for GaAs
are taken 107 m?/s and 107* m®/s, respectively
(Seeger, 1991).

The finite difference method with the fully
implicit scheme was used for discretizing the set
of governing equations. The initial time was set to
tmie = —Stp for all cases. Initially, the carrier and
the lattice temperatures are maintained at 300 K,
and the number density is 10® m™ (Pierret, 1983).
As seen in Fig. 1, the von Neumann boundary
conditions using the zero gradient at y=0 and
y=L are used in this work 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 sur-
faces of the GaAs film may be negligible (Lee et
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al., 2003). The final solutions are obtained when
the relative deviation of each temperature is less
than 107 and the residuals from energy equations
are less than 107 likewise. For 530 nm radiation,
all simulations are performed for film thickness
L =10 gm. The present work examines the sensi-
tivities of time step and mesh size on the final solu-
tions. For instance, as seen in Fig. 2, the grid
number of 500 (uniform grids), which corre-
sponds 20 nm, is used in all calculations through
grid-independent tests.

3. Results and Discussion

For various laser fluences at a fixed pulse,
i.e., 10 ps, Fig. 3 illustrates in-situ estimations of
carrier temperatures and two different phonon
temperatures at the film surface with respect to
time normalized by the pulse duration. As one
might expect, the carrier temperature increases
rapidly compared to the temperatures of LO pho-
nons and acoustic phonons. The nonequilibrium
takes place due to the difference between energy
relaxation times and laser pulse durations. Under
nonequilibrium state, the carriers do not lose
their energy to the lattice phonons within a cer-
tain time period, remain quite energetic, and ap-
proach their maximum values. It is interesting to
note an existence of two-peak structure in the
carrier temperature. The second peak increases
with laser fluence, whereas the first peak is inde-
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pendent of laser fluence. The first peak occurs
in the early stage of laser exposure because car-
rier heat capacity is several orders of magnitude
smaller than phonon heat capacities (regime 1).
Meanwhile, the presence of second peak is clearly
because of non-radiative recombination process
that heats the plasma (regime 2). In Fig. 3(b)
showing time evolution of LO and acoustic pho-
non temperatures, the nonequilibrium between
two phonons is observed during the finite time,
and its extent increases with laser fluence. This
confirms that the assumption of single thermody-
namic system is no longer valid for ultra-short
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Fig. 3 The temporal distributions of (a) carrier tem-
peratures and (b) two different phonon tem-
peratures for different laser fluences at fp=
10 ps
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pulse laser heating problems. This nonequili-
brium would be mainly because of the difference
of scattering times between two different phonons.

Figure 4 shows the influence of pulse duration
on three different temperatures when J=10mJ/
cm? In the regime 1, the transient behavior of
carrier depends on pulse duration because under
same laser fluence, laser energy deposited on ma-
terials is more intense as pulse width decreases.
Hence, the peak value of carrier temperature in-
creases with decreasing laser pulse duration. It is
noted that for £p=100 ps, two phonon tempera-
tures are nearly in equilibrium state as seen in
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Fig. 4 The temporal distributions of (a) carrier tem-
peratures and (b) two different phonon tem-
peratures for various laser pulses at /=10
mJ/cm?
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Fig. 4(b) because of pulse duration much longer
than relaxation times. In this case, thermal equi-
librium assumption would be reasonable. How-
ever, for subpicosecond pulse lasers, nonequili-
brium between two phonons should be consi-
dered. It is thus found from the results that the
energy transport in GaAs film structure irradiat-
ed by picosecond pulse lasers is achieved by the
following mechanism : At the early stage of laser
exposure, the carrier energy first increases sub-
stantially because the carrier heat capacity is smaller
than those of two phonons. After the finite time
period, they lose their energy to phonons through
emitting LO and acoustic phonons, and nonequi-
librium causes energy transport, consequently. As
seen in Fig. 4(b), the time when LO phonon
temperature starts to increase is slightly faster
than that when acoustic phonon does. This time
lag is not only because the specific heat of LO
phonons is a bit smaller than that of acoustic
phonons as indicated by Lee (2005), but because
there is the finite relaxation time between two
phonons as shown in Table 1. For longer pulse
durations, the time lag is not observed because of
thermal equilibrium state between two phonons.
In addition, at very short time duration, the ener-
gy transport from carriers to LO phonons is
dominant in causing nonequilibrium. It leads to
the rapid increase in LO phonon temperatures. In
GaAs or other III-V materials, even stronger
coupling to electron-hole pairs is present due to
the polar interactions and it makes LO phonons
emitted more efficiently. Since optical phonon en-
ergies are higher than those of acoustic phonons,
optical phonon emission is a faster and more effi-
cient way to transfer energy. Figure 5 represents
the spatial temperature distributions of LO and
acoustic phonons at {=0ps when laser energy
peaks. The maximum diffusion depth is estimated
about 0.5 gm when all temperatures are in equi-
librium. It is clearly observed that as laser pulse
increases, temperature difference between two pho-
nons decreases. It means that two phonons are in
equilibrium state.

As indicated previously, the recombination
process that takes place is very important in
energy transport in GaAs materials. To inves-
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vestigate the influence of recombination, it is nec-
essary to examine the role of recombination pro-
cess on carrier number density. Three different
processes such as radiative recombination, SRH
recombination, and Auger recombination are in-
vestigated in the present study under same irra-
diation conditions, i.e., /=10 mJ/cm? and =10
ps. For doing this, this study deals with four
cases : In case 1, all recombination processes are
included. In case 2, Auger recombination process
is only considered. In case 3, two processes such
as Auger and SRH recombination are only in-
volved. In case 4, Auger and radiative recom-
bination processes are used for calculation. As
seen in Fig. 6(a), cases 1 and 3 show similar ten-
dency but cases 2 and 4 represent quite different
patterns in regime 2 where recombination effects
are dominant as discussed previously. Here, what
cases 2 and 4 predict lower carrier temperatures
near the region 2 is because the extent of reduc-
tion in carrier number density via recombination
process is underpredicted. In regime 2, the carrier
temperature again rises near {=0, at which the
number density increases and recombination pro-
cess converts carrier ionization energy into kinetic
energy at a sufficiently large rate to again cause
the carrier temperature to increase (Driel, 1987).
This means that the energy released by the recom-
bination is transferred to the surviving carriers.
Although the carrier temperature falls again once
the carrier number density begins to decrease, there
remains a significant difference between carrier
and lattice temperatures for long times relatively
due to on-going recombination processes. There-
fore, the SRH recombination, one of non-radia-
tive recombination processes, plays an important
role in decreasing carrier number density. Ac-
cording to previous works (Lee et al., 2003 ; Pierret,
1983), Auger recombination 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 et
al.(1980) suggested that as temperature increases,
Auger recombination becomes dominant as in
the other materials. However, their suggestion is
perhaps not valid for ultrafast laser heating in

GaAs materials. Figure 7 represents various re-
combination rates during laser irradiation and it
can support some results discussed previously. In
fact, it turns out that SRH recombination rates
have already increased considerably, compared to
those of other processes at the initial stage of laser
irradiation. It is true that Auger recombination
becomes an important process when carrier num-
ber density is very high (Pierret, 1983). When
carrier number density is reduced due to SRH
recombination initially, however, Auger recom-
bination process becomes minor process. Besides,
even radiative recombination rate is higher than
Auger recombination rate. It is thus found that
SRH recombination is the dominant process which
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should be considered for dealing with the direct
bandgap materials, whereas Auger recombination
can be neglected even at high temperature. This
result is very consistent with that of Zhang et al.
(2002). Furthermore, Fig. 8 depicts the spatial
distribution of various recombination rates. As
y increases, the difference among recombination
rates increases. Thus, it is concluded that Auger
recombination is obviously negligible compar-
ed to two other recombination processes. Those
facts confirms that the presence of second peak as
found in Figs. 3 and 4 is mainly caused by the
SRH recombination process.
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4. Conclusions

The present study reports numerically the micro-
scale heat transfer characteristics in GaAs thin
film irradiated by picosecond pulse lasers. The
three temperature model for GaAs is presented
to examine the interactions among photons, car-
riers, LO phonons, and acoustic phonons. This
article also discusses the influence of pulse dura-
tion and laser fluence on heat transfer as well as
the role of recombination on the variation of car-
rier number density. The following conclusions
can be drawn. First, the nonequilibrium among
carriers, LO phonons, and acoustic phonons is
present 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 recombination as well as
difference of heat capacities. Second, it turns out
that the three-temperature model used is appro-
priate because LO phonons and acoustic phonons
are in nonequilibrium state within such lagging
times. For longer pulses, this lagging effect even-
tually disappears. Finally, at the initial stage of
laser irradiation, SRH recombination rates have
already increased sufficiently, compared to those
of other processes. This is because initially abrupt
increase in carrier number density no longer per-
mits Auger recombination to be activated. Fur-
thermore, it is found that Auger recombination
can be neglected even at high temperature for
ultrafast laser heating problem in GaAs thin film
structures.
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