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The dynamics of produced excited carriers under the irradiation of Ge crystal is investigated theoretically by using
femtosecond laser pulse. A two-temperature model combined with the Drude model is also used to study the nonequilib-
rium carrier density, carrier and lattice temperatures, and optical properties of the crystal. The properties of the surface
plasmon wave when excited are also studied. The influences of non-radiation and radiative recombination process on the
photoexcitation of the semiconductor during pulse and the relaxation after the pulse are described in detail. The results
show that the effects of Auger recombination on the nonequilibrium carrier density and optical properties of the crystal and
the properties of the surface plasmon polariton are great, whereas the effect of radiative recombination is extremely small.
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1. Introduction

The ultrafast processes of semiconductors irradiated by a
femtosecond laser have received the attention of scientists/!~7]
because they conduce to the understanding of the light-
semiconductor interaction. Thus it becomes possible to con-
trol the microgeometry of the surface and create the materials
with new physical properties.

The two-temperature model (TTM) is extensively used
to predict the spatiotemporal dynamics of carriers, especially
the temperature dynamics between carrier and lattice, thereby
understanding the dynamics of femtosecond laser-processing

semiconductors. 71!

! One- and two-photon absorption, ion-
ization, and recombination process are considered when the
carrier dynamics is predicted in the TTM. Several recombi-
nations will happen and play important role in the processing
result.

The recombination process is very important for carrier
dynamics and energy transfer in semiconductor materials. For
example, in solar cells, the nonradiative recombination pro-
cess greatly reduces the photogenerated carrier concentration,
resulting in large voltage loss of solar cells. Therefore, the key
to the improving of the open circuit voltage and photoelec-
tric conversion efficiency of the device is to minimize or sup-
press these non-radiative recombination channels.!!>!3] How-
ever, the influence of recombination process on carrier dynam-
ics and energy transfer during fs laser-material interaction is
rarely studied.

Germanium is an important group-IV semiconducting
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material and has high carrier mobility. Due to its small
bandgap energy, Ge can be optically excited with infrared and
near infrared radiation,!'*) which has been widely used in op-
tics and electronics, such as mid-infrared photodetector.“ﬂ

In this study, the ultrafast dynamics of carrier density, car-
rier temperature, and lattice temperature after the femtosec-
ond laser irradiation of the surface of a Ge crystal are stud-
ied using the TTM model. The influences of the non- and ra-
diative recombination process on transient carrier density and
temperature are observed. We find that Auger recombination
greatly affects the nonequilibrium carrier density and tempera-
ture, and electron—phonon scattering plays an important role in
transferring the energy from carrier to lattice. We also study
the influences of Auger and radiative recombination process
on the other optical parameters of the material and the proper-
ties of the surface plasmon polariton (SPP) induced by carrier
excitation. The results indicate that the carrier concentration is
greatly affected by Auger recombination during the femtosec-
ond laser irradiation of the material. By contrast, the effects of
radiative recombination can be neglected.

2. Model

When an fs laser pulse is incident on the Ge surface, the
electrons absorb the laser energy through one-photon absorp-
tion. The excited electrons are thermalized in several tens of
femtoseconds due to the strong electron—electron scattering.
The electron temperature rises rapidly and the lattice remains
cool. The non-equilibrium system composed of hot electrons
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and cold lattice an be described by the TTM.["-° The spa-
tiotemporal dynamics of the carrier density, carrier, and lattice
temperature can be calculated using the TTM.

The two-temperature equations are solved by one-
dimensional finite difference method under the following con-
ditions: the thickness in the Z direction is d = 100 nm, the
direction of the incident light is parallel to the Z direction, the
laser wavelength is 800 nm, and the laser pulse shape is con-
sidered as a Gaussian pulse with a duration of 7, = 50 fs.

2.1. Carrier dynamics

The electrons are excited from the valence band to the
conduction band through one photon absorption in several
femtoseconds when the Ge crystal is irradiated by the fem-
tosecond laser pulse. The two-photon absorption process
can be ignored in this case because the single photon energy
(1.55 eV) is far greater than the band gap of Ge (E, = 0.67 eV)
at room temperature, % and the same number of holes in the
valence band is produced after the electrons have been ex-
cited. Several electron—hole pairs are recombined as the ex-
cited electrons and holes evolve. The process can be divided
into radiative recombination and nonradiative recombination.
An electron and a hole will combine and excess carrier en-
ergy is radiated in the form of a photon during radiative re-
combination. This phenomenon is the inverse of the opti-
cal excitation process. So, the carrier density will decrease.
Non-radiative recombination process includes Auger recom-
bination and carrier—phonon scattering process. During Auger
recombination, an electron and a hole recombine, and the ex-
cess energy excites another electron to the higher conduction
band.!'”) In a carrier—phonon scattering process, the carrier en-
ergy will decrease due to spontaneous phonon emission, which
transfers energy to the lattice. The carriers either in the same
conduction or in the valence band valley transfer to a differ-
ent valley. The carrier—phonon scattering does not change the

(18] Therefore, the radiative and Auger recom-

carrier density.
bination reduce the carrier density but the carrier—phonon scat-
tering does not change the carrier density. The dynamics of the

carrier density can be expressed as follows:
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where N, is the density of free electrons; the first term on the
right-hand side describes the carrier transport caused by diffu-
sion; Dy is the diffusion coefficient; the second term and the
third term refer to the radiative recombination with the coeffi-
cient JR and Auger recombination with the coefficient ya, re-
spectively; the last term refers to the single photon absorption.
a and o are the single photon absorption coefficient and the
energy of the absorbed photons, respectively. The ambipolar

diffusion coefficient Dy can be expressed as follows:[%1%-20]
2kgT,
o= M’ 2)
q (He + tn)

where 1. = 3800 cm?/(V-s) and u;, = 1800 cm?/(V-s) are the
electron and hole mobilities, 2! respectively; kg, T, and ¢
are the Boltzmann constant, electron temperature, and elec-
tron charge, respectively.

Based on the Beer—Lambert law, the laser intensity at dif-

ferent depths can be written as follows:[??!

I(x,t) = ! :RFexp (—/Ox(a—k 9Ne)dx>
P
2
X exp (—2.773<t _t];tp) ) ; 3)
P

where R is the surface reflectivity of Ge, F is the laser fluence,
tp is the laser pulse width, & is the single-photon absorption
coefficient of Ge crystal at 800 nm, 0 is the free carrier ab-
sorption coefficient, and N, is the carrier density.

2.2. Optical properties

The optical properties of Ge, such as complex refrac-
tive index, absorption coefficient, and reflectivity, are derived
from the carrier density through the dielectric permittivity of
laser-excited Ge, which can be described by using the Drude
model.[>3) Further, the other two physics effects are the state
and the band filling and band gap renormalization that should
be considered for the change of the dielectric permittivity of
laser-excited Ge.[2425] Therefore, the dielectric constant of the
excited Ge can be expressed as follows:

E=g—(e—1)Nen/Ne — [0 /(0° +i0/7T)], @

where €, @, 7, and @, are the dielectric constant of the unex-
cited crystal Ge, the angular frequency of the incident light, the
electron collision time, and the plasma frequency, respectively.
The dielectric constant of non-excited Ge at A = 800 nm wave-
length is &€ = 22.08 4-13.03,1%61 and N, = 1.8 x 10?* cm 3 is
the number density of valence electrons of Ge crystal. The
second term on the right-hand side is derived from the state
and the band filling and band gap renormalization. The last
term is from the Drude model. The plasma frequency @, can
be written as!?’]

@p = |/ €*Ne/(€omyme), o)

where €&y, e, me, N, and mj;pl are the permittivity of vacuum,
electron charge, electron mass, carrier density, and the effec-
tive optical mass of carriers, respectively. The real refractive
index n and extinction coefficient k can be given by

n= \/( €2+ e"m+¢e))2, 6)
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k:\/(\/e’2+£”2—e’)/2. (7)

The absorption coefficient & and normal-incidence reflectivity
R can now be written as

a = 4nk/A, (®)
 (n—1)2+K
Rl ®

where A is the light wavelength in the vacuum.

2.3. Carrier temperature

With the laser pulse irradiating the Ge crystal, carriers
are primarily heated through single-photon absorption and free
carrier absorption. Free carriers will lose their energy due
to spontaneous phonon emission in carrier—phonon scattering
process, which transfers energy to the lattice. The Auger re-
combination does not bring additional energy to the free car-
rier system. Thus, the carrier temperature can be expressed as

follows:[7-9-27]
0T, d (0JT; 3N.kp
o (=) - T.—Ti
Ce o @m(m) oy )
+ (0t +NeO)1(x,1), (10)

where T; and 7; are the carrier temperature and lattice tem-
perature, and C, and K, are the carrier heat capacity and con-
ductivity, respectively. The first two terms on the right-hand

side of Eq. (9) are the rate of energy loss due to the ambipo-
lar energy current and the rate of energy exchange between
the carriers and lattice, respectively. The last term denotes the
laser heat source that heats the carrier through one-photon ab-
sorption and free carrier absorption.

2.4. Phonon temperature

The lattice temperature is heated through the carrier-
phonon collision, in which the carrier transfers the energy to
the phonon. The lattice thermal conductivity of semiconduc-
tor material is comparable to the bulk value; therefore, and the
thermal transfer in the lattice should be incorporated into the
heat conduction equation. Thus,

o o (T
Claft = K'l(yfx ((9)6) +

3N:kp
Tep

(Te—T1), an

where Cj and K] are the lattice heat capacity and conductivity,

respectively. [>7]

26.28-32] The spe-

The parameters are listed in Table 1.
cific heat capacity of the free electron is C, = 3kgN.. The
three equations are numerically solved using the finite differ-
ence method. Moreover, the initial Ge carrier density is set to
be 5 x 10'8 cm—3.120] In the theoretical calculation, the laser

pulse has a full width at half maximum of 50 fs.

Table 1. Parameters of Ge crystal at 800-nm light.

Symbol Description Value Ref.
Do/em?-s~! ambipolar diffusion coefficient 2.1x10°T;
}/R/(:m3 571 radiative recombination coefficient 1x107° [28]
j/A/cm(*s’1 Auger recombination coefficient 2x1073! [29]
6/m? free carrier absorption coefficient 5x10722 [30]
Tep/fs electron—phonon relaxation time 300 [31]
C/Jm3.K ! electron heat capacity 3Nckp
G/J-m=3.K~! lattice heat capacity 1.7 x (14 1T;/6000) [32]
Ke/eV-s~l.m~1.K~! electron thermal conductivity —3.58 x 10" +6.49 x 10'°7T; [32]
K/W-m~1.K™! lattice thermal conductivity 675xT~ 1.23 [32]
Tp/fs Drude damping time 1 [30]
My effective optical mass of carriers 0.22 [32]
€ unexcited dielectric constant 22.08+13.03 [26]
EgleV band gap 0.803—-3.9x 107*7 [32]

3. Numerical results and discussion
3.1. Effects of Auger and radiative recombinations

The following three situations are considered to under-
stand the influences of the recombinations: (i) with no Auger
recombination, Y5 = 0; (ii) with no radiative recombination,
W = 0; and (iii) with Auger and radiative recombinations; at
Ya # 0 and R # 0. Figure 1(a) shows the dynamic behav-
iors of the carrier density on the Ge surface irradiated by 50 fs
laser pulse with a laser fluence of 0.1 J/cm? in different situ-

ations. The profile of the incident femtosecond laser pulse is

shown in this figure with a peak of about 242 fs. The high-
density carriers are excited from the valence band to the con-
duction band in all the situations because of the one-photon
absorption. The carrier density reaches its peak value of about
2.62 x 10%2 cm™3 in 252 fs when considering the situation
with the Auger and radiative recombinations. The rapid de-
crease of the carrier density is primarily due to the Auger and
radiative recombination process according to Eq. (1). Simi-
larly, the carrier density reaches a slightly higher peak value
of 2.74 x 10?? cm ™3 in 252 fs for the 9g = O situation. How-
ever, the carrier density is 4.95 X 1022 ¢cm—3 in 257 fs for the
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Ya = 0 situation, which is almost twice as much as that of the
Ya situastion and also that of yr # O situation. This finding
shows that the Auger recombination remarkably increases the
carrier density. Figure 1(b) shows that the carrier temperature
reaches its peak value of 2.65 x 10* in the 9g = 0 situation and
2.62 x 10* Kin the 74 # 0 and % # O situation, respectively.
The tendency of the g = O situation almost coincides with that
in the Yo # O situation and in the R # O situation. However,

Tooor YA=0 (2)
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in the yp = O situation there is observed a much smaller peak
value of approximately 1.28 x 10* K. This result means that
the Auger recombination greatly affects the carrier tempera-
ture in the nonequilibrium state. The comparison among the
results of ya = 0 situation, y5 # O situation, and R # O situa-
tion demonstartes that the transferred energy during the Auger
recombination and the carrier density greatly affect the carrier
temperature in the nonequilibrium state.
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Fig. 1. Time-dependent dynamic behaviors of (a) carrier density and (b) carrier temperature on surface of Ge sample irradiated by 50-fs laser pulse of

F = 0.1 J/cm? for different situations with I, representing laser pulse.
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Fig. 2. Evolutions of (a) lattice temperature, (b) real part, and (c) imaginary part of dielectric constant, and (d) reflectivity on Ge surface, with black

dash line in panel (a) denoting melting temperature.

Figure 2(a) shows the ultrafast dynamic behaviors of the
carrier temperature in different situations. The results show
that the tendencies in different situations are almost the same.

The lattice temperature increases rapidly to 3.7 x 103 K be-

cause of the electron—phonon scattering. The melting temper-
ature of Ge is about 1210 K. The lattice temperature exceeds
the melting point greatly. The equilibrium lattice temperatures
in the Y5 # 0 and 9R # O situations are larger than that in the
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Ya = 0 situation but smaller than that in the 9 = 0 situation.
The results demonstrate that the Auger recombination pro-
motes the heat transfer to the lattice, but radiative recombina-
tion does not because the energy produced during the recom-
bination is radiated through photon emission.!!8] Figure 2(b)
shows the evolution of the real part of the dielectric constant.
The minimum value in the Y5 = O situation is smaller than
that in the ) = 0, ya # 0, and R # O situations, separately
because the electric constant is related to the carrier density
according to Egs. (4) and (5) and the nonequilibrium carrier
density in the ys = O situation is the largest in the three situa-
tions as shown in Fig. 1(a). The same reason for the imaginary
part of the dielectric constant is shown in Fig. 2(c), where the
transient value reaches 48.5 in 257 fs. Figure 2(d) indicates the
dynamic behavior of the reflectivity on the Ge surface. Reflec-
tivity values initially decrease with carrier density increasing
during the pulse duration in the different situations. Then, the
values ascend rapidly to the peaks of 0.91, 0.85, and 0.84 in
the Yo =0, 5)r = 0, and s # 0, and Jr # O situations, re-
spectively. Afterwards, reflectivity values decrease and then
gradually increase to their initial values.

We further assess how irradiation recombination and the
Auger recombination alter carrier density, carrier temperature,
and lattice temperature. The maximum carrier density, car-
rier temperature, and lattice temperature vary at different laser
fluences as presented in Fig. 3. The nonequilibrium carrier
densities in the ya = 0 situation are very different from those
in the ya =0, 1R # 0, and yp # O situations in Fig. 3(a). The
divergence among the 4 = 0 and R # 0, and Yo # O situa-
tions becomes larger with laser fluence increasing. The max-
imum carrier density in the ya = O situation is about twice as
much as that in the )R # 0 and yp # O situations at a laser
fluence of 0.6 J/cm?. This finding indicates that the effect of
Auger recombination on carrier density becomes greater with
fluence increasing. However, the maximum carrier density in
the YR # 0 and ya # O situations is almost equal to those in the
M = O situation for all laser fluences. Figure 3(b) shows that
the Auger recombination greatly changes the maximum carrier
temperature with the increase of laser fluence. The maximum
nonequilibrium carrier temperatures in the yr 7 0 and Y5 # 0
situations are larger than that in the yo = O situation, because
the Auger recombination transfers the energy to the carrier as
shown in the comparison of the cases for y4 = 0, & # 0, and
Ya # O situations in Fig. 1(b). However, the radiative recom-
bination almost does not affect carrier temperature compared
with the Auger recombination. Figure 3(c) shows that the lat-
tice temperatures in all the three situations increase with laser

fluence increasing. No difference among the 4 = 0, 1 # 0,

and Yy, # O situations is observed at low fluence. However, the
difference is enlarged with laser fluence increasing and rises
to 1450 K at 0.6 J/cm?. The lattice temperature in the y5 = 0
situation is smaller than in the Y # 0 and Y4 # O situations as
shown in Fig. 1(b).
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Fig. 3. Laser fluence-dependent (a) maximum carrier density , (b) carrier
temperature, and (c) lattice temperature on surface of a 100-nm-thick Ge
sample heated by 50-fs laser pulse for g = 0, and 5 and R # 0.

3.2. Influence of electron—phonon scattering

The initial transient two-temperature system of hot car-
rier and cold lattice is formed after being irraduated by fs
laser pulse, and the cold lattice thermalizes through electron—

s.133] In order to evaluate the

phonon scattering as time evolve
influence of the electron—phonon scattering, the simulations
are carried out with other two different electron—phonon relax-
ing times. Figure 4 shows the time evolution of electron and
lattice temperature with the three different electron—phonon
relaxation times. The time taken for electrons and the lattice
to reach thermal equilibrium is about 1.6 ps for 7., = 300 fs,
3.0 ps for 7¢p = 500 fs, and 5.0 ps for T, = 800 fs, as shown in
Fig. 4. Once electron-lattice thermal equilibrium is reached,
the calculated maximum surface lattice temperature is about
3600 K for 7, = 300 fs, 3000 K for 7, = 300 fs, and 2400 K
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for T¢p, = 800 fs, separately. The difference in lattice tempera-
ture on the surface is due to the difference in electron—phonon
relax time. More energy will be transferred from the hot elec-
trons to the lattice for small relaxing time. Consequently, the
electron—phonon scattering plays an important role in transfer-
ring the energy from carrier to lattice.
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Fig. 4. Calculated time evolutions of (a) surface electron and (b) lattice tem-
perature for different electron—phonon relaxation times, with black dash line
in panel (b) representing melting temperature.

3.3. Dielectric constant

The optical properties of Ge are determined by the carrier
density through the dielectric permittivity of laser-excited Ge.
Massive carriers are excited when the fs laser irradiates the
surface of Ge crystal, and the dielectric constant can be de-
scribed by using the Drude model.[>>! The other two physical
effects are the state, renormalization, and the band filling and
band gap renormalization which are considered for the change

24.25] 1 order

of the dielectric permittivity of laser-excited Ge.!
to evaluate the two effects, the calculations are performed with
and without considering the state renormalization and the band
filling and band gap renormalization. Figure 5(a) shows the re-
lationship between the two situations. The divergence between
the real parts of dielectric constant under the two situations is
about 1.7 at a carrier density of 1.5 x 10?2 cm 3. Figures 5(b)
and 5(c) show the evolutions of the real and imaginary part of
dielectric constant in the two situations. The results show that
the difference is small in the cases with and without consider-

ing the state renormalization and the band filling and band gap
renormalization.
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Fig. 5. Calculated relationship between (a) carrier density and real part of
dielectric constant, and time evolutions of (b) imaginary part and (c) real
part, with a denoting Drude model, and b referring to Drude model with the

effect of state renormalization and band filling and band gap renormalization
considered.

Real part &’

3.4. SP excitation

Massive carriers can be excited when an fs laser irradi-
ates the crystal, thus leading the optical properties of crystal
to change from semiconductor’s optical properties to metal’s
optical properties. The fs laser beam scattered by surface
nanoparticles gives rise to phase matching to SPPs. These en-
sure that the SPPs can be generated at the interface between
the crystal and medium. The SPPs interfere with the incident
laser beam, causing the optical intensity to be modulated spa-
tially. The spatially varying ablation results in the formation of
periodic surface structures.3*3% The period of the nanostruc-
ture is consistent with the SPP wavelength. The wavelength
can be written as

A= A -Re(v/(E +&0)/(Bea)), (12)

where A = 800 nm is the wavelength of the incident light,
and & = 1 is the dielectric constant of air. The relationship
between SP wavelength and carrier density can be obtained
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through Egs. (4), (5), and (11) as shown in Fig. 6(a). The large
3 is needed for the SP ex-
citation, because the condition of the real part of the dielectric

carrier density of 1.05 x 10%* cm™

constant is below —1. Furthermore, the relationship between
SP wavelength and laser fluence can be obtained and shown
in Fig. 6(b). The SP wavelengths in the three different sit-
uations increase with laser fluence increasing. The final SP
wavelength in the Y4 = 0 situation is quite different from in
the other two situations.
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Fig. 6. SP wavelength versus (a) carrier density and (b) laser fluence.

Other parameters, such as the damping length along the
surface and the decay length away from the surface, are com-
pared except SP wavelength. The SP wave propagation length
L along the surface can be calculated from

LS:(Zw/cIm( (éed)/(§+£d)>) , (13)

where @ is the circular frequency of the incident light.!3”! The
results are shown in Fig. 7(a). The trends in the different situ-
ations are the same according to Fig. 6(b), and the conclusion
can be easily obtained from Eqgs. (11) and (12). The values of
SP wave propagation length L in the different situations range
from about 230 nm to 255 nm. The decay of SP wave away
from the surface of the material can be calculated from

Li=A/(2m)\/€?/(e + &), (14)

where €' is the real part of the dielectric constant of the ex-
cited crystal.”) Figure 7(b) shows that the SP decay lengths
decrease with laser fluence increasing in the three situations.
The decay length of the SP wave decreases from 63 nm to
20 nm for each of the }x = 0, 1R # 0, and Y5 # O situations
and decreases from 62 nm to 10 nm for the ya = O situation
with laser fluence increasing from 0.1 J/cm? to 0.6 J/cm?.
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Fig. 7. SP propagation length (a) parallel and (b) perpendicular to surface
versus laser fluence.

These results show that the three different conditions have
similar tendencies when laser fluence inceases. The excitation
of SP wave is related to carrier density, and the properties of
the SP wavelength in the Y5 = O situation are quite different
from those in the other two situations. These findings demon-
strate that the influences of Auger and radiative recombina-
tions are weak during laser irradiation.

4. Conclusions

The ultrafast dynamic behaviors of carrier density, car-
rier temperature, and lattice temperature after the femtosecond
laser irradiating the surface of a Ge crystal are studied by the
TTM-Drude model. We find that Auger recombination greatly
affects the transient carrier density and temperature, i.e. the
concentration of transient carriers decreases to a half, but the
carrier temperature is doubled due to Auger recombination.
Howeyver, radiation recombination has little effect on carrier
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density or temperature. We also study the influences of the
Auger and radiation recombination process on other optical
parameters of the material andfind that the former greatly in-
fluences the dielectric constant, which is related to the carrier
density. Finally, we study the excited SP and find that Auger
recombination greatly affects the SP properties. Overall, our
results indicate that the carrier concentration and temperature
are greatly affected by Auger recombination during the fem-
tosecond laser reacting with the material. By contrast, the ef-
fect of the radiative recombination can be neglected.
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