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Many-body effects on optical carrier cooling in intrinsic semiconductors
at low lattice temperatures

Danhong Huang and P. M. Alsing
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Based on the coupled density and energy balance equations, a dynamical model is proposed for exploring
many-body effects on optical carrier cooling (not lattice cooling) in steady state in comparison with the earlier
findings of current-driven carrier cooling in doped semiconductors [X. L. Lei and C. S. Ting, Phys. Rev. B 32,
1112 (1985)] and tunneling-driven carrier cooling through discrete levels of a quantum dot [H. L. Edwards er
al., Phys. Rev. B 52, 5714 (1995)]. This dynamical carrier-cooling process is mediated by a photoinduced
nonthermal electron-hole composite plasma in an intrinsic semiconductor under a thermal contact with a
low-temperature external heat bath, which is a generalization of the previous theory for a thermal electron-hole
plasma [H. Haug and S. Schmitt-Rink, J. Opt. Soc. Am. B 2, 1135 (1985)]. The important roles played by the
many-body effects such as band-gap renormalization, screening, and excitonic interaction are fully included
and analyzed by calculating the optical-absorption coefficient, spontaneous emission spectrum, and thermal-
energy exchange through carrier-phonon scattering. Both the optical carrier cooling and heating are found with
increasing pump-laser intensity when the laser photon energy is set below and above the band gap of an
intrinsic semiconductor. In addition, the switching from carrier cooling to carrier heating is predicted when the

frequency detuning of a pump laser changes from below the band gap to above the band gap.

DOI: 10.1103/PhysRevB.78.035206

I. INTRODUCTION

It is well known that the optical properties of an atomic
vapor are essentially determined by the properties of a single
atom in the linear-response regime,' i.e., a single-particle
problem. However, the photoexcited electrons and holes in-
side an undoped semiconductor are quasiparticles moving
freely throughout the whole crystal in the absence of lattice
vibrations and structural defects. Therefore, the long-range
characteristics of the Coulomb interaction between charged
particles lead to a genuine many-body problem to determine
optical properties of a semiconductor. The strong Coulomb
interaction between electrons or between holes forces these
charged quasiparticles to constitute a plasma, while the
strong Coulomb interaction between an electron and a hole
forces the pair to form an exciton. The many-body effects
cause laser-intensity (or charge density which is proportional
to the laser intensity) dependence of the optical spectra for
semiconductors in the linear-response regime, i.e., the band-
edge optical nonlinearity.>~*

When an n-doped semiconductor is under a bias field be-
tween two electrodes, free electrons in the semiconductor
undergo a center-of-mass motion with a drift velocity.? In
this situation, free electrons reach a quasiequilibrium state
with a resulting electron temperature due to an ultrafast rela-
tive scattering motion of electrons with themselves, with lat-
tice ions and impurities. However, this electronic system
usually does not stay in a thermal equilibrium with the lattice
that has a different constant heat-bath temperature. There-
fore, it is possible for drifting electrons to transfer their ther-
mal energy to the lattice even when they are at a lower tem-
perature than that of the lattice due to reduced phonon energy
induced by a Doppler shift.> As a result, electrical carrier
cooling in steady state under a bias field is expected.

Another proposed approach for electrical carrier cooling
involves using a tunneling band structure in quantum dots,

1098-0121/2008/78(3)/035206(8)

PACS number(s): 73.21.Fg, 78.40.Fy, 78.55.Cr

in which hot electrons above the electron Fermi energy (or
hot holes below the hole Fermi energy) are extracted using
selective resonant tunneling through a discrete energy level
of a quantum dot. This tunneling process modifies the qua-
siequilibrium carrier distribution function, leading to a sharp-
ened step feature in a distribution (a downward step at the
Fermi energy) with a lower temperature.

On the other hand, when an undoped semiconductor is
subjected to a strong optical pumping, photogenerated
electron-hole (e-h) plasmas are usually not in thermal equi-
librium with a lattice having a fixed heat-bath temperature.
This issue has not been addressed in the previous research, >4
although it may be crucial for studying the saturation of op-
tical absorption in undoped semiconductors under strong op-
tical pumping. When an absorption saturation is reached in a
steady state, there still exists an energy imbalance between
the optically absorbed power and the power loss due to spon-
taneous emission of photons. Therefore, a dynamical energy
equation is required to describe this energy imbalance and
the compensation from the thermal exchange between
phonons and photoexcited carriers.” As a result, optical car-
rier cooling is expected in steady state with a pump laser if
the optically absorbed power becomes smaller than the spon-
taneous power loss, which is different from the lattice cool-
ing in semiconductors by photoluminescence. This turns out
to be the microscopic origin for laser cooling of a lattice in
thermally isolated semiconductors’~'? if the heating to the
lattice such as Auger recombination'' can be controlled in
the system.

Carrier cooling and lattice cooling are physically differ-
ent, although they may possess some mathematical similari-
ties. The latter is a net cooling with a thermal isolation of the
whole system from its environment, while the former is only
a partial cooling of a system with a lower carrier temperature
than the lattice temperature set by the thermal contact to an
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external heat bath. In addition, the very difficult lattice cool-
ing in semiconductors, if it exists, could be observed from
the shift of the photoluminescence peak, while the easy car-
rier cooling can be directly verified by the delicate tempera-
ture dependence of the resonant tunneling current. Concep-
tually, slow lattice cooling with quasiequilibrium distri-
butions of carriers and phonons, as well as an adiabatic
variation of the lattice temperature, requires different carrier
and lattice temperatures so that the thermal exchange be-
tween carriers and phonons becomes possible. Therefore, the
basic assumption of equal temperatures in the papers by
Rupper et al.'? and by Sheik-Bahae et al.' for both carriers
and phonons cannot be applied to quasiequilibrium distribu-
tions of carriers and phonons.

In this paper, we will introduce the coupled dynamical
density and energy balance equations to search appropriate
laser photon energies and intensities for demonstrating the
steady-state optical carrier cooling mediated by nonthermal
electron-hole plasmas in an intrinsic semiconductor with a
fixed lattice temperature set by an external heat bath. We will
include many-body effects such as band-gap renormaliza-
tion, screening, and excitonic interaction in calculating the
optical-absorption coefficient, spontaneous-emission spec-
trum, and thermal-energy exchange through carrier-phonon
scattering. By adjusting the laser photon energy above (be-
low) the band-gap energy of an intrinsic semiconductor, we
look for optical carrier heating (cooling) in the system. In
addition, by sweeping the frequency detuning of a pump la-
ser with respect to the band-gap energy, we expect to see a
switching from optical carrier cooling to carrier heating.

The outline of this paper is as follows. In Sec. II, by
employing the coupled dynamical density and energy bal-
ance equations, we present our model and theory to explore
many-body effects on optical carrier cooling mediated by a
nonthermal e-h composite plasma in intrinsic semiconduc-
tors. In Sec. III, we display and discuss numerical results for
the optical carrier cooling as function of the laser intensity
and photon energy, demonstrating the important role played
by the many-body effect in the process of optical carrier
cooling. A brief conclusion is given in Sec. IV with a remark.

II. MODEL AND THEORY

The ultrafast intraband electron-electron (hole-hole) scat-
tering in an electron (hole) plasma ensures all electrons
(holes) in a quasiequilibrium state with a time-dependent
electron (hole) temperature T,(¢) [T},(z)] through an ultrafast
thermalization process.'* Furthermore, the strong interband
Coulomb interaction between the electron and hole plasmas
locks their temperatures to the same value T,=T,=T), (Ref.
15). The lattice system is assumed in thermal contact with an
external heat bath at a fixed temperature 7. As a result, the
phonons with a different temperature usually do not reach a
thermal equilibrium with the charged carriers in the plasma.’

A. Dynamical density equation

The relative importance of various scattering processes in
an undoped semiconductor depends on the type of materials
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and the quality of material growth. For commonly used III-V
materials such as GaAs, the growth processes are usually
highly controlled, such that the density of crystal defects is
low enough to become negligible. In this paper, we only
consider the intrinsic properties of semiconductors for pos-
sible optical carrier cooling, i.e., T, <T;. Therefore, a defect-
free crystal is assumed for the host semiconductor to be con-
sidered. Based on the conservation of number of electrons N,
and holes N, per unit volume, the dynamical density equa-
tion that describes the temporal changes of the density N,
=N,=N,, of photoexcited carriers in intrinsic (defect-free and
undoped) semiconductors under a spatially homogeneous la-
ser illumination can be written as?

ﬂ — Babs(QL)IO -R

. 1
dt hQ, P m

Here, (), in Eq. (1) is the energy of incident photons, I is
the energy flux of the incident laser beam, By, ({);) is the
linear optical-absorption coefficient of the semiconductor,
and R, is the total rate of spontaneous emission of photons
per unit volume. The three-body Auger recombination of ex-
cited e-h pairs,!' which is proportional to the cube of N,, has
been neglected in Eq. (1) for low densities N, and low laser
intensity I,. The steady-state solution of Eq. (1) predicts a
saturation of the optical absorption? at early times when car-
riers are assumed to be in a thermal equilibrium with
phonons, i.e., T.=T;. This equation can also be regarded as a
generalization of the ABC rate model'® in the absence of
Shockley-Reed-Hall nonradiative recombination'® and Auger
recombination for defect-free semiconductors under low I,.
For the temporal dependence, we assume that the incident
field is turned on at time t=0. As a result, the initial condi-
tion for Eq. (1) is simply N.(0)=0, where we have neglected
the small intrinsic carrier density given by n;= \s’%
Xexp(~Eg/2kgT,) with p.=2(mkgT./27h%)>** and p,
=2(mpkgT./27h*)>* due to N.>n; at low temperatures.
Here, mZ and mz are the effective masses of electrons and
holes, respectively, and E; is the bare band-gap energy of the
host semiconductor in the absence of photoexcited carriers.
We will look for the steady-state solution of Eq. (1) in this

paper.
1. Absorption coefficient

The frequency-dependent absorption coefficient in Eq. (1)
is given by!”

—
w\€,

Buns(@) = Bih () + By (w) = mla(w)],  (2)

n(w)c
where €, is the dielectric constant of the host semiconductor
and a;(w)=a?(w)+a*(w) is the total Lorentz function'” in-
cluding contributions from both the e-4 plasmas (denoted by
the superscript pl), as well as from the excitons (denoted by
the superscript ex). Here, the scaled refractive-index function
in Eq. (2) is

(@) = {1 + Relay()]
V2

+ {1 +Re[ay(0)]}* + {Im[a ()} (3)
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The Lorentz function for the photoexcited e-h plasmas in
the long-wavelength limit is calculated as>'3

0O? 262 (©
1 _ pl _ 2r 2r1 _
)= fo dk K{r (k) L1 - £,(6)
— £(0] Ek) + B, (k) (4)

[i(w+iy) > = [E (k) + E,(k) ]

where 7y, is the homogeneous level broadening due to the
finite lifetime of quasiparticles, k is the wave number of pho-
toexcited carriers, and the plasma frequency of the e-h com-
posite plasma in the first term of Eq. (4) is defined as

2 2
szNce (L*_FL)ENc_e’ (5)

p! M
€0€p mpy €o€pihr

where u, is the reduced e-h mass. In addition, the interband
dipole-moment matrix element in the second term of Eq. (4)
is

B w

=6 — "
(B 4u, (Eg+ 12K 1241,)°

(6)

The kinetic energy E;(k) of quasiparticles for i=e or h, ini-
tially introduced in Eq. (4), in the screened Hartree-Fock
approximation is calculated as*

Eg 12>

Ei k = + -
(&) 2 2m;

i

&2 1
fark’k’2 (k)f d6sin 6
4772606b ! K-k’

02
"l
X{l w§<|/€—1€'|)}’ v

where |[k—k'|=Vk2+k'2=2kk' cos 6, 6 is the angle between k

and k', and the renormalized energy gap in Eq. (6) is given
by EG—E (0)+E,(0). The last term in Eq. (7) includes the
change in the exchange energy due to screening w (q)
=0 1(l+q2/ q>)+(hq?/4p,)? and the static screenmg length
l/qS in the Thomas-Fermi limit is given by!”

> dksz,(k)[l 0] (8

ﬂ'zfofka ci=e,h

The result in Eq. (7) includes the many-body energy renor-
malization effect, i.e., the reduction of the band-gap energy
E; with increasing carrier density or with decreasing carrier
temperature. The distributions of photoexcited carriers, ini-
tially introduced in Eq. (4), are given by the following Fermi
functions for i=e and h:

- {exp[Ex:)T M,}H} | o
B¢
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where u, and w,;, are the chemical potentials of electrons and
holes. For given N, and T, at each moment, the chemical
potential w; of carriers with i=e and h is the root of the
following equation:

?f dk k{exp(%
0 Bt ¢
In Eq. (4), we show the Lorentz function for the photoex-

cited e-h plasmas. The Lorentz function for the s-type bound
excitons is calculated as*

-1
>+ 1} ~N.=0. (10)

2e*h?
af(w) = - = IPVCIZE

77’"050 bdB

|: (EG + En)n :|

1 _fe(o) _fh(o)
[h(w+iy)]? - (E;+E,)*

(11)

where my, is the free-electron mass, 7, is the dephasing rate
of excitons, n=1,2,--- is the radial quantum number of
s-type bound excitons, E,<<0 is the binding energy, and ap
=4meye,h’/ w,e? is the effective Bohr radius. The interband-
transition matrix element |P,.|* in Eq. (11) for excitons is
given by

(12)

Moreover, we define 7, in Eq. (11) as the ratio given by
. X 0)?
L

where the exciton eigenfunctions ¢;(r) and eigenenergies E,,
in Eq. (11) are the solutions of the following Schrédinger
equation for a screened exciton:

1d| Ldy () } 2#{ &2 ]
—_— —_ E _ X
r2 dr[r dr + h2 nt 477€0€brexp( qsr) ¢n (I")

=0. (14)

(13)

¢ X(r) in Eq. (13) denotes the bare exciton elgenfunctlon
with the binding energy —E/n* where Ez=H> /2,u,a3 In ad-
dition, ¢;*(r) is also the solution of the above Schrodinger
equation with ¢,=0. The solution of Eq. (14) includes the
many-body screening effect, i.e., E, and 7, depend on ¢, and
decrease with increasing carrier density or carrier tempera-
ture. A more extensive treatment of nonlocal excitons has
been proposed by Rupper et al.'?

2. Spontaneous emission

The strong interaction of e-h plasmas with both incident
and emitted photons forces the photon and charged carrier
systems to stay in a thermal-equilibrium state, i.e., the same
temperature for both photons and plasmas. In addition, we
know that the radiative lifetime of photoexcited carriers in
the host semiconductor is known to be on the order of 1-10
ns. If we work on a time scale slower than the radiative
lifetime such as in a steady state, the statistics of the emitted
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photons will obey the Bose-Einstein distribution at each mo-
ment with the same temperature as that of the carriers.?

Based on the assumption that charged carriers and pho-
tons have equal temperature T, the total rate of spontaneous
emission per unit volume, RSP=R£’£,+R§; in Eq. (1), can be
related to the absorption coefficient B,,,(w) through the so-
called Kubo-Martin-Schwinger (KMS) relation.'*~?2 Our cal-
culation includes the level broadening, which generalizes the
KMS relation, and leads to??

1/2 2ﬁ2

S ) EE | P
P 7T4C3m(2)€06ba3 | VC| 2 (EG+E11)2 } ww (w) ( v ) nO)+N,E,

ﬁz 72
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12 2 o
'Rfl = (L)f dw o’n(0)0(ho - E;)
P\ mPlee/ ),

haw—-E,(0) o
XJ déf (ho— f)fh@)f dk 12| rye(k)[?
0

E;,(0)
h2ye
e~ E-E (0P + 1> HlE- EJ(O P + 72y}
(15)

hw—E,(0)-\E,

déf (hw - §)f,,()

" ho- - E,(0) = N E,J* + %y, 2}{[5 Ey(0) = NE P + 529

where 6(x) is the step function, N,=u,/mj, N,=u,/m,, and
A.+N,=1. It is obvious from Egs. (15) and (16) that R,
will be enhanced if N, increases since it is proportional to
Sefn Rgp could also be enhanced if E; becomes large since it
is proportional to o’ or E3

B. Dynamical energy balance equation

It is known that the intraband carrier-carrier scattering
time is on the order of 100 fs, which is much faster than the
radiative lifetime of charged carriers. Therefore, the thermal-
ization of hot carriers can be approximately regarded as an
adiabatic process compared to the slow radiative-decay pro-
cess, i.e., the total energy of charged particles remains con-
served at each moment. Based on the conservation of total
energy of charged particles, the dynamical energy equation
for the e-h plasmas can be written as’’

ar,
Co— = Buns(Q)1p —

dt Wsp(Tc) + th(Tm TL) s (17)

where the heat capacity of e-h plasmas is given by

2
Co=5 nlkg Eh dkkE(k)[E(k) w01 = fi(k)].

(18)

We have introduced in Eq. (17) the power-loss density W,
= Wpl + VV“’; due to the spontaneous emission of photons. Wpﬁ)
and )/Ve in Eq. (17) are calculated by inserting the factor fio
into Eqs (15) and (16), respectively.

When both the defect and the Auger recombinations are
neglected, the steady-state power condition can only be sat-
isfied by including the thermal exchange between carriers
and phonons as shown in Eq. (17). However, this important
thermal exchange term has been dropped in the papers by
Rupper et al.'? and by Sheik-Bahae et al.'> when they used
equal carrier and lattice temperature.

(16)

The initial condition for Eq. (17) is simply 7,.(0)=T7,. In
this paper, we will look for the steady-state solution of Eq.
(17). Compared to the previous theory”? at earlier times, we
have employed the generalized KMS relation in the calcula-
tions of V\/p1 and W,. Because of the different lattice tem-
perature T, and carrler temperature 7, there exists a thermal
energy exchange between phonons and charged carriers in
the system, which is represented by the last term on the
right-hand side of Eq. (17) and is calculated by using the
energy-dissipation theorem as’

ﬁwLO ﬁw]_o
th( TL) 113 |:nph< kBTL ) - nph( kBTc

9m * m
X J q’dq|C, 10l f dk k* f d@sin 6
0 0 0

x 25 [fillk + gl = fi0TAE(K + g)

i=e,h

1

1
D>

43
\=La.TA T7CY

[ ool ) -l )
X dxx’|C npl — | —ny| ——
0 en e kgTy oh kgT,

X rdk kzrdosin 0>, [flk+ql) - f:(k)]
0 0

i=e,h
X AE(|k+q|) - Ei(k) +x], (19)

where |k+q|=(k*+¢*+2kq cos )" and the photon-assisted
phonon-scattering process’ is neglected for low I,. In Eq.
(19), we assume the Bose function 7,,(x)=1/[exp(x)-1] for
the phonon distribution, 7w, is the phonon energy for the
wave number g and mode N, and |C,,[* represents the
carrier-phonon coupling matrix element. For polar semicon-
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ductors such as GaAs, there exist both acoustic and optical
phonon modes.” For optical phonon modes, only the
longitudinal-optical phonon mode strongly couples to the
charged carriers. Here, we set A\=LO, LA, and TA represent-
ing longitudinal-optical, longitudinal-acoustic, and trans-
verse-acoustic phonons, respectively. In addition, we get
w,=c\g for N=LA and TA by applying the Debye model**
for low-energy acoustic phonons and set x=%c¢,q in the sec-
ond term of Eq. (19). Using the Frohlich model,* we find the
coupling matrix element between the charged carriers and
the LO phonons in Eq. (19)

2
|Cq,Lo|2=<m>(i— l)e—, (20)

2 Neo &) ald®+q)

where iw| g is the energy of LO phonons and €, (¢,) is the
high-frequency (static) dielectric constant of the host semi-
conductor. For the acoustic-phonon scattering in Eq. (19), on
the other hand, we use the deformation-potential approxi-
mation.>* This yields

hq 9 q2 2
C 2 = D2 + — ]’l 2 ( ’
ICara ( 2POCLA> { 324 (et ¢’ +4q;

21)

f 13 2 )\?
) L) e
2pgcra/ 329 q t4q;

|Cq,TA|2 = (

where ¢, and cp, are the sound velocities of LA and TA
phonons, pg is the ion mass density of the host semiconduc-
tor, D is the deformation-potential coefficient, and /4, is the
piezoelectric constant. In our calculations, we rewrite Eq.
(21) using g=x/fic; 5 for N=LA and Eq. (22) using ¢
=x/ficpy for A\=TA corresponding to the notation in the sec-
ond term of Eq. (19). In addition, we have introduced in Eq.
(19) the Debye frequency w)=(67>N,)"3c, for acoustic
phonons and the maximum momentum transfer #%gq,,
=\4u,hw, for optical phonons, where N, is the atom num-
ber density. The screening effect on the carrier-phonon scat-
tering is included in Egs. (20)—(22) in the Thomas-Fermi
limit. When 7,.>T;, we find W,(T,,T;) <0 from Eq. (19),
indicating the loss of thermal energy from hot charged carri-
ers to cool phonons. For a fixed lattice temperature 7}, the
carrier temperature 7,(z) can be found from Eq. (17) at each
time ¢. In this situation, optical carrier cooling (heating) us-
ing nonthermal e-h plasmas corresponds to T,.<T; (T,
>T,) for fixed T; (Ref. 9).

Using the relation between W, and Ry, and the steady-
state condition of Eq. (1), we can combine the first two terms
on the right-hand side of Eq. (17) into one term

- dRsp(w)
Babs(QL)IO - Wsp(Tc) = j dw|: —:| (ﬁQL - ﬁw)
0

dw
(23)

Here, the positive dRsp(w)/dw represents the emission spec-
trum as a function of the energy #w of emitted photons.
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FIG. 1. (Color online) Schematic for the shift of exciton emis-
sion peak [solid (blue) curves in the upper panel] in the low-density
regime and the shift of e-7 plasma emission peak [solid (blue)
curves at the conduction-band edge denoted by rectangular (cyan)
blocks in the lower panel] in the high-density regime with increas-
ing laser intensity I, [horizontal (green) dashed arrows]. In the up-
per panel, the binding energy of unscreened excitons is —Ep/n” with
n=1,2,---, while the binding energy of screened excitons is de-
noted by E,. In addition, ); [upward (brown) arrow] is the fixed
laser photon energy. In the lower panel, the unrenormalized
conduction-band edge is E., while the renormalized conduction-
band edge is denoted by E.. As explained in the text, a very weak
switching from carrier heating to carrier cooling is expected by
increasing I, when N.. is low in the upper panel, while an opposite
strong switching is expected when N, is high in the lower panel.

In general, the emission spectrum will contain two peaks
located at Aw=E;+E, (E,=0) for excitons and hw=E_ for
e-h plasmas. Therefore, if the laser photon energy #{); is
below the emission-peak energy, we expect to see an optical
carrier cooling in the system. If the laser photon energy is
above the emission-peak energy, on the other hand, we will
get an optical carrier heating. As a result, by moving A{);
downward across E;+E,, we expect to see the crossover
from optical carrier heating to optical carrier cooling, as il-
lustrated in the upper panel of Fig. 1, if the exciton emission
dominates when I is low and increases. This is because the
exciton binding energy E, decreases with [, or N, in nonsat-
urated absorption regime due to a many-body screening ef-
fect. In addition, by moving ), upward across E, we will
find the change from optical carrier cooling to optical carrier
heating, as shown in the lower panel of Fig. 1, if the plasma
emission dominates when /; is high and increases. This is
because the band-gap reduction E;— E; increases with 1, due
to the many-body energy renormalization effect. In reality,
however, the optical carrier cooling at low [ is too weak to
be seen since the emission peak in dR,(w)/dw becomes
negligible at very low N.,.

III. NUMERICAL RESULTS AND DISCUSSIONS

In our numerical calculations, we have chosen GaAs as
the host semiconductor. The parameters for this host material
are listed as follows: m,=0.067 mgy, m;=0.62 m,, Eg
=1.519-5.405 X 1074[T2/(T;+204)](eV-K™!),  €=13.18,
€.,=10.89, ¢,=(e+€,)/2, hwp=36.25 meV, for
=33.29 meV, ¢ 4=5.14 X 10° cm/s, cra=3.04X10° cm/s,
po=5.3 g/ecm?®, D=-93 eV, hy,=12X%10" V/ecm, N,
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FIG. 2. (Color online) Absorption spectrum By, (w) [in (a) with
a unit of 10* cm™'] and spontaneous-emission spectrum
dRy,(w)/dw [in (b) with an arbitrary unit (a.u.)] as functions of the
photon energy 7w with respect to Eg. Here, the dashed (blue)
curves correspond to a lower laser intensity I,=10"3 W/cm? (N,
=3.41%10 ¢m™), while the solid (red) curves are associated
with a higher laser intensity J,=10> W/cm? (N.=9.55
X 10" cm™3). The label “X0.001” in (b) indicates that the peak of
the dashed (blue) curve has been increased by 10° times.

=4.42X10%2 cm™, fiyy=fy)=0.05E3=0.27 meV, and T,
=4 K. The above expression for E; reflects the fact of the
reduction of the bare band-gap energy with increasing lattice
temperature. The other adjustable parameters such as /;, and
7Q); will be directly given on the figures.

We present in Fig. 2 the calculated steady-state absorption
coefficient B, (w) from Eq. (2) [in (a)], as well as the emis-
sion spectrum dR,(w)/dw from Egs. (15) and (16) [in (b)] as
a function of the probe photon energy Aiw—E; at iQ); —E;
=-3.8 meV for [,=10" W/cm? (blue curves) and I,
=10> W/cm? (red curves), respectively. From Fig. 2(a) at
I,=10" W/cm?, we see a very strong absorption peak from
the n=1 exciton state below the conduction-band edge, as
predicted by Eq. (11), in addition to another two weak ab-
sorption peaks from n=2 and n=3 exciton states. However,
the step feature in B,,(w) due to absorption by e-h plasmas,
as predicted by Eq. (4), at the conduction-band edge is al-
most unresolved in this case. When the incident laser inten-
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FIG. 3. (Color online) Ratio of the calculated carrier tempera-
ture T, to the fixed lattice temperature T} [squares (blue) curve and
in a left scale] and the calculated density of photocarriers [triangles
(red) curve and in a right scale with a unit of 10" ¢cm™] as func-
tions of the laser intensity I, (with a unit of kW/cm?) at 7, =4 K
for 4Q); —E;=-3.8 meV.

sity I is high, a large density of photoexcited carriers effec-
tively screens the exciton attractive interaction, as predicted
in Eq. (14) with a large value for g,. As a result, the exciton
binding energy becomes negligibly small. At the same time,
the ratio of the dipole moments for interband transitions in
Eq. (13) is also greatly suppressed. These two factors com-
bined together are responsible for the disappearance of the
exciton absorption peaks at I,=10> W/cm?. In this case,
however, the step feature in B,,(w) at the conduction-band
edge is enhanced due to the suppressed background from the
exciton absorption peaks. The exciton and plasma effects can
also be seen from the emission spectrum in Fig. 2(b). For
I,=10"3 W/cm?, a weak emission peak occurs below the
conduction-band edge for the n=1 exciton state, which is
replaced by a strong peak from the e-h plasmas at the
conduction-band edge when I,=10° W/cm?. Moreover, the
peak value in dR,(w)/dw is found to decrease with 7.

Figure 3 displays the calculated steady-state carrier tem-
perature T,/T; (blue curve) and density N, of photoexcited
carriers (red curve) as functions of the incident laser intensity
Iy for hQ);—E;=-3.8 meV. In this case, the laser pumping
is set under the conduction-band edge since #{); <E, and
the exciton effect is negligible for the values of I, in the
shown range. When I, is increased above 2 kW/cm?, we
find that N, determined from Eq. (1) becomes nearly inde-
pendent of I, due to saturated optical absorption.> At the
same time, however, T,/T; determined from Eq. (17) still
drops as I, increases, indicating optical carrier cooling due to
T./T; <1 in contrast to electrical carrier cooling.’ The in-
creasing N, with I will shrink the band gap from E; to Ej;
determined by Eq. (7), where the renormalized conduction-
band edge E(; roughly labels the peak energy in emission
spectrum dR,(w)/dw. It is evident that T,/ T, will eventually
increase with I, due to optical carrier heating after passing
through a minimum, as predicted by Eqs. (17) and (23), simi-
lar to electrical carrier heating.’

We show in Fig. 4 the calculated steady-state carrier tem-
perature T./T; (blue curve) and peak energy fiw,—Eg of
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FIG. 4. (Color online) Ratio of the calculated carrier tempera-
ture 7T, to the fixed lattice temperature 7} [squares (blue) curve and
in a left scale] and the peak energy fiwy—Eg of emission spectrum
with respect to the bare band-gap energy E; [triangles (red) curve
and in a right scale with a unit of meV] as functions of the laser
intensity I, (with a unit of W/cm? and a logarithmic scale) at T}
=4 K for hQ);—E5=-3.8 meV.

photoluminescence (red curve) as functions of the incident
laser intensity I, for 2{);—E;=5 meV (the laser pumping
energy is set above the conduction-band edge due to A},
—E;>0). When I, is increased up to 1 W/cm?, the exciton
effect dominates in this range of I,. Therefore, iw,—Eg
shifts up from —4.4 to —3.2 meV due to the screening effect
on the exciton binding energy. When I is increased from
10 W/cm?, the emission process will be dominated by e-h
plasmas. In this case, fiwy,— E scales with the Fermi edge of
e-h plasmas, which moves up in energy with N, or equiva-
lently with I,. When I, changes between 1 and 10 W/cm?,
the emission process switches from exciton dominance to
e-h plasma dominance in this crossover region. Correspond-
ingly, T,/ T; remains unity before the e-h plasma dominance
begins. However, T,./T; increases dramatically with [, once
the emission process is dominated by e-h plasmas, indicating
a strong optical carrier heating in the system.

Figure 5 exhibits the calculated steady-state temperature
difference T.—T; (blue curve) and density N, of photoex-
cited carriers (red curve) as functions of the frequency de-
tuning %), —E; of a pump laser at Iy=5 kW/cm?. For such
a large value of [, the e-h plasmas fully dominate the optical
process. In the range of #Q);>E;, N, increases with the
frequency detuning in a superlinear dependence since the
Fermi energy is proportional to the frequency detuning due
to suppressed saturation for optical absorption. On the other
hand, in the opposite range of A{); <E, N. decreases with
the frequency detuning due to the enhanced peak value in
dRy,(w)/dw, and it reaches a minimum slightly below the
band gap E;. Moreover, T, increases with the frequency de-
tuning from below 7} in the range of #(Q);—E;<0 when
7Q); approaches the emission-peak energy around the
conduction-band edge, as can be seen from Eq. (23). Once
hQ; > E is reached, T, is initially locked to 7} and becomes
independent of the frequency detuning due to saturated opti-
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FIG. 5. (Color online) Difference of the calculated carrier tem-
perature 7. and the fixed lattice temperature 7, [squares (blue)
curve and in a left scale with a unit of K] and the calculated density
of photocarriers [triangles (red) curve and in a right scale with a
unit of 10> cm™3] as functions of the detuning of laser photon
energy 1), — E with respect to the bare band-gap energy E (with

a unit of meV) at T, =4 K for I,=5 kW/cm?.

cal absorption. This is followed by a very strong increase in
T, with the frequency detuning due to enhanced optical ab-
sorption after the saturation is suppressed. Finally, the in-
crease in 7, is greatly slowed down due to a reduced peak
value in dR,(w)/dw with increasing T... This demonstrates a
switching from optical carrier cooling to heating when the
frequency detuning of a pump laser sweeps from below the
band gap to above the band gap.

IV. CONCLUSION

In conclusion, we have applied the dynamical density and
energy equations to study the steady-state optical carrier
cooling in intrinsic semiconductors mediated by nonthermal
electron-hole plasmas, where the lattice system is assumed in
thermal contact with an external heat bath. We have included
many-body effects such as Coulomb renormalization of
band-gap energy, screening, and excitonic interaction in the
calculations of optical absorption, spontaneous-emission and
carrier-phonon scattering. We have demonstrated and ex-
plained the many-body effects on optical carrier cooling in
the system at low lattice temperatures and studied the depen-
dence of optical carrier cooling on the pump-laser intensity
and photon energy.

Auger recombination has not been included in our calcu-
lations for low lattice temperatures and low photocarrier den-
sities. We would like to point out that in the current case, the
weak Auger recombination in our system is expected to
cause a slight modification to the steady-state photocarrier
density determined from Eq. (1) and a heating of the lattice
through a multiphonon emission process. The modification
of the photocarrier density will not alter the predicted many-
body effects on optical carrier cooling qualitatively. In addi-
tion, the heat dissipated to the lattice by a left-over high-
energy excited-state carrier in a weak Auger recombination
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process will be completely absorbed by the external heat
bath to maintain a fixed lattice temperature.

With a similar procedure used by Rupper et al.,'> we will
calculate the following ratio to characterize the importance
of the Auger recombination with respect to the radiative re-
combination, which is given by

C(DN} (300 K) ( 300 )] i
SON = B exp|:2.24 1—T(K) N.(em™),

where C(300 K)=4X 107" c¢m®/s is the room-temperature

PHYSICAL REVIEW B 78, 035206 (2008)

Auger-recombination coefficient and B(T) is the radiative-
recombination coefficient at the temperature 7. Using T
=10 K, N,=10"® cm™>, and B(10 K)=3X10™* cm’/s, we
find [C(10 K)N,./B(10 K)]<1, which justifies neglecting
the Auger recombination in this paper.
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