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A generalized nonlocal energy-balance equation for excited carriers and phonons is established for studying
the laser cooling of a lattice of a wide-band-gap semiconductor such as AlN using a He-Ne laser through a
three-photon nonlinear excitation process. The power-exchange densities of the system are calculated and
compared for different strengths of the excitation field. When the power-exchange density is positive, it implies
laser cooling of the lattice. The effects of initial lattice temperature and field-frequency detuning on the
laser-cooling phenomenon under the three-photon nonlinear excitation process are described. The power-
exchange densities are compared for both laser cooling and heating using linear and nonlinear excitations. We
find that the linear excitation seems more favorable than the nonlinear excitation for laser cooling. However,
the resonant three-photon nonlinear absorption will allow us the use of a common He-Ne laser for laser cooling
of the lattice in AlN, rather than a more expensive ultraviolet laser.
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I. INTRODUCTION

Laser cooling of the lattice in solids and semiconductors
is a topic of intense, ongoing theoretical and experimental
investigationf1–5g. The best semiconductor materials and
the optimal conditions for achieving laser cooling are still to
be determined. In a previous paperf6g, we established a non-
local theory on a microscopic level which provided an evo-
lution equation for the lattice temperature by including dy-
namical effects. This theory established the criteria for the
occurrence and efficiency of laser cooling of a semiconduc-
tor lattice and gave important qualitative predictions. It was
found that semiconductors with a large band gap are ex-
pected to achieve a high laser-cooling efficiency due to their
short radiative decay timef7g. However, the frequency of the
laser field required to produce a linear excitation of electrons
and holes falls into the ultraviolet regime. There are very few
available laser sources in this frequency range. If a nonlinear
excitation scheme could be used, e.g., resonant three-photon
nonlinear absorptionf8g, the frequency of a pump laser
would then fall into the range of the He-Ne laserswith pho-
ton energy of 1.96 eVd.

We are aware of the fact that multiphoton absorption in
bulk semiconductors with photon energy smaller than the
band gap is generally a weak process and difficult to observe.
However, it is still observable experimentallyf9g for two-
photon absorption in GaAs quantum wires. In addition, there
have been a lot of theoretical studies that referred to the
effect of multiphoton absorption in semiconductors on the
second-f10g and third-order susceptibilityf11g.

The nonlinear excitation laser-cooling process of interest
in this paper is as follows. The application of a strong laser
field first excites electrons from the valence band edge to the
conduction band edge via resonant three-photon nonlinear
absorption, producing cold conduction electrons and valence
holes in a bulk semiconductor. Within several hundred fem-
toseconds following the initial photoexcitation, ultrafast
carrier-carrier scattering and carrier-phonon scattering modi-

fied by the strong laser field will heat the cold excited carri-
ers by taking thermal energy from the latticef12g. As a re-
sult, a quasiequilibrium Fermi-Dirac distribution of carriers
is established in about 0.1 ps, with a carrier temperature de-
termined by the intensity and frequency of the excitation
field, as well as by the initial lattice temperaturef13g. After a
few tens of nanoseconds, radiative recombination of the ex-
cited carriers beginsf7g. Due to ultrafast carrier-phonon scat-
tering following the nonlinear excitation, spontaneous pho-
tons with energies higher than the input energy of the three
pump photons can be emitted, allowing the lattice to cool.

The conservation of the total energy of carriers, phonons,
and spontaneous photons is assumed due to ultrafast carrier
scattering with phonons. It forms the basis of our application
of the energy-balance equation to electrons and holes in this
paper. However, the energy of the phonon system interacting
with carriers due to vibration of the thermally isolated lattice
cannot be balanced by thermal radiation from the surround-
ings. As a result, the lattice temperature drops with time due
to transferring of net energy to electrons and holes. At the
same time, the energy-balance equation at a reduced lattice
temperature quickly drives the carrier temperature to a new,
lower quasiequilibrium value.

Using a generalized nonlocal energy-balance equation for
the excited carriers, we study the possibility for the laser
cooling of the lattice of a wide-band-gap semiconductor such
as AlN using photons from a He-Ne laser through the above
nonlinear excitation process. In this work, we further inves-
tigate the conditions for laser cooling of the lattice by explor-
ing the effect of nonlinear excitation on the laser cooling and
comparing it with the case for linear laser cooling. From our
comparison, we find that the linear excitation scheme seems
more favorable for laser cooling of the lattice. However, pho-
ton sources with ultraviolet frequencies are required to excite
carriers in the linear excitation case while a He-Ne laser can
be used for the nonlinear excitation case. The advantage of
using nonlinear excitation is that it allows us to use a differ-
ent range of photon energies for achieving laser cooling of
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the lattice of a wide-band-gap semiconductor although it is
not as efficient as laser cooling using single-photon excita-
tion.

The organization of this paper is as follows. In Sec. II we
establish our model and theory. Numerical results and dis-
cussions are presented in Sec. III for photoexcited carrier
concentrations and power-exchange densities of carriers with
phonons and photons for the linear and nonlinear excitation
cases. The paper is briefly concluded in Sec. IV.

II. MODEL AND THEORY

Our laser-cooling model consists of three successive
steps. First, a cold electron is pumped coherently by a laser
beam from the top of the valence band to the bottom of the
conduction band. Next, the induced carriers are heated to
higher energy levels via intraband inelastic phonon scatter-
ing. The carrier distributions change from coherent ones to
quasiequilibrium ones, while the photoexcited carrier density
is kept constant. Lastly, the hot electron spontaneously de-
cays to give rise to a photon, thus subtracting from the ma-
terial a power amount larger than that gained by the pump
process.

After electrons are excited by an external electromagnetic
field from a lower valence band to an upper conduction band
in a semiconductor, ultrafast intraband electron-electron,
electron-phonon, and electron-impurity scattering will redis-
tribute the electrons within the conduction band giving rise
to a quasiequilibrium Fermi-Dirac distribution in the conduc-
tion band with an electron temperatureTe different from the
lattice temperatureTL. For a wide-band-gap semiconductor
such as AlNswith a bandgap 6.3 eVd, we need to use two- or
three-photon nonlinear absorption processes for the creation
of photoexcited electrons and holes if we are limited to the
use of visible lasersswith photon energies ranging from
1.6 to 3.1 eVd. In the presence of three-photon nonlinear la-
ser absorption, we use a perturbative density-matrix theory
f8,14g and keep only the resonant three-photon nonlinear ab-
sorption. This gives rise to the excited carrier concentration
for coherent three-photon excitation as a result of a pertur-
bative treatment of the steady-state density-matrix theory due
to the balance between the optical gain and the optical ab-
sorption in the absence of carrier scattering and photolumi-
nescence, as is the case in the first stepf8,14g

ne = nh =
1

4p2S2m

"2 D3/2E
0

`

dxÎx

3H1 −
ux + EG − 3"Vpu

fsx + EG − 3"Vpd2 + 4D0
2sxdg1/2J , s1d

wherex="2k2/2m, k is the wave number of carriers,na is the
concentration of electronssa=ed or holessa=hd, EG is the
band gap of the host semiconductor,Vp is the angular fre-
quency of the excitation field, and 1/m=1/me

* +1/mh
* with

me
* smh

*d being the effective mass of electronssholesd. The
field-broadening effect in Eq.s1d is found to bef8g

D0
2sxd =

4DR
6

fsEG + xd2 − "2Vp
2g2 , s2d

and 2DR is the Rabi splitting which is given byf15g

DR
2 =

e2Ep
2

2m0Vp
2Sm0

me
* − 1D EGsEG + d0d

2sEG + 2d0/3d
, s3d

whereEp is the amplitude of the excitation field,d0 is the
spin-orbit splitting of the semiconductor, andm0 is the free-
electron mass. For medium- to wide-band-gap semiconduc-
tors at low temperatures and low carrier concentrations, ther-
mal excitation of carriers, impact ionization, and Auger
recombination can be neglected due to the large band gap.
Moreover, due to ultrafast electron-electron and electron-
phonon scattering, the distributions of carriersfk

e,h are as-
sumed to be Fermi-Dirac functions for electrons and holes,
respectively. The exciton effect has been ignored because the
exciton binding energys"2/2maB

2dexps−2LehaBd is small
compared to the thermal energy due to screening by photo-
excited carriersf16g, whereaB=4pe0er"

2/me2 is the effec-
tive Bohr radius and 1/Leh is the Thomas-Fermi screening
length f17,18g with Leh

2 =4Îme
*mh

*s3p2ned1/3/pmaB.
In general, the power gain by electrons from the absorp-

tion of the excitation field cannot be balanced by the power
loss due to spontaneous photon emission. As a result, elec-
trons either take energy from or give energy to phonons
through inelastic scattering, depending on the sign of the
difference between the electron temperature and the lattice
temperature. The electron temperature can be determined by
a generalized nonlocal energy-balance equation for any
given lattice temperature. Electron-phonon scattering greatly
contributes to the nonlocal energy-balance equation.

The formula for the photoluminescence power in the third
step can be derived from a standard many-body theoryfsee
f19g and Refs.f22,23g thereing. The power-density loss due
to spontaneous photon emission isf16,19,20g

Wsp=
Îere

2

2p3"2m0e0c
3Sm0

me
* − 1DEGsEG + d0d

EG + 2d0/3

3E
0

`

dk k2SEG +
"2k2

2m
D2

fk
efk

h, s4d

whereer is the average dielectric constant of the host semi-
conductor. It is clear from Eq.s4d that the greater the band
gap or the higher the carrier temperature, the stronger the
power-loss density will be.

The formula for the absorption power in the third step can
be derived from a perturbative linear-response theoryf7,8g
by inserting an interband transition energy. In this way, the
expression for the stimulated-transition rate changes to that
for the power-density gain. The power-density gain due to
three-photon nonlinear excitation by a spatially uniform elec-
tromagnetic field for 3"VpùEG."Vp is f7,8,16g
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Wab=
2

p2"
E

0

`

dk k2D1
2skdSEG +

"2k2

2m
D

3
g0s1 − fk

e − fk
hd

g0
2 + sEG + "2k2/2m − 3"Vpd2 , s5d

wheref8g

D1
2skd =

2DR
4

sEG + "2k2/2md2 − "2Vp
2 , s6d

andg0 is the homogeneous level broadening due to the finite
lifetime of quasiparticles.

Equations1d above describes the first step of a coherent
three-photon laser pumping with nonequilibrium distribu-
tions of electrons and holes in the absence of carrier scatter-
ing and photoluminescence. It is a result of the balance be-
tween the optical gain and the optical absorption. There is no
homogeneous level broadening from electron scattering in
this case. On the other hand, Eq.s5d describes the third step,
during which a nonlinear optical absorption process occurs
with quasiequilibrium distributions of electrons and holes in
the presence of ultrafast carrier scattering. In this case, there

is a homogeneous level broadening due to the quasiparticle
lifetime from the Coulomb scattering of carriers. It is seen
from Eq.s6d that the greater the excitation-field amplitude is,
the higher the power-gain density will be. For simplicity, we
do not include recapture of photons of photoluminescence
here by assuming a unit escape probability. We would like to
point out that the carrier-phonon system cannot be simply
treated as a blackbody system because of the existence of net
energy exchange between carrier and phonons when the car-
rier and lattice temperatures are different. As a result, the
Einstein relation between optical absorption and spontaneous
emission f21,22g cannot be applied in this situation even
though the Fermi-Dirac and Bose-Einstein functions are as-
sumed for carriers and phonons, respectively.

The formula for the energy exchange in the third step
between carriers and phonons and between carriers and im-
purities by including the assisted photon absorption can be
obtained from the balance equationfseef23g and Ref.f14g
thereing. By keeping only the leading order interaction be-
tween electrons and phonons or impurities, we get the
power-exchange densityWex

a for impurities, phonons, and
assisted photon emission or absorptionf23,24g:

Wex
a =

ni

2p3E
0

`

dq q2uUimp
a sqdu2 o

n=−`

` FJnS eqEp

Î2ma
* Vp

2DG2

nVpE
0

`

dk k2sfk
a − f ukW+qW u

a ddsEukW+qW u
a − Ek

a − n"Vpd

−
V
p3o

l
E

0

`

dq q2uCql
a u2 o

n=−`

` FJnS eqEp

Î2ma
* Vp

2DG2

svql − nVpdFN0S"vql

kBTL
D − N0S"vql − n"Vp

kBTa
DG

3E
0

`

dk k2sfk
a − f ukW+qW u

a ddsEukW+qW u
a − Ek

a + "vql − n"Vpd, s7d

wherea=e sa=hd for electronssholesd, V is the sample vol-
ume, Ek

a="2k2/2ma
* is the kinetic energy,TL is the lattice

temperature, andTe sThd is the electronsholed temperature.
In Eq. s7d, the higher-order vertex correction from the ladder
diagrams to the density-density correlation function has been
neglected at high electron temperatures. Moreover, unpolar-
ized incident light is assumed,N0sxd=fexpsxd−1g−1 is the
Bose-Einstein function,n is an integer,Jnsxd is thenth-order
Bessel function,"vql is the phonon energy for phonon wave
number q and model, ni is the impurity concentration,
Uimp

a sqd=e2/ fe0ersq2+La
2dg is the electron-impurity interac-

tion, 1/La is the Thomas-Fermi screening lengthf17,18g,
and uCql

a u2 is the carrier-phonon coupling strength. For polar
semiconductors, such as AlxGa1−xN, there exist both acoustic
and optical phonon modes. For optical phonon modes, only
the longitudinal-optical phonon mode can strongly couple to
electrons and the coupling strength can be obtained from the
Fröhlich electron-phonon coupling modelf17,18g. For
acoustic phonon scattering, on the other hand, we use the
deformation-potential approximationf17,18g. It is clear from

Eq. s7d that the carrier energy loss or gain from phonons
under an excitation field depends on whether the carrier tem-
perature is higher or lower than the lattice temperature, re-
spectively.

In order to cool the lattice, the power gain of carriers due
to the excitation field must be smaller than the power loss
due to spontaneous photon emission. This requires a weak
excitation fieldEp and a large band gapEG. As a result of
weak excitation, the concentration of conduction electrons is
very low. The carriers gain power from the excitation field
but lose power through the spontaneous photon emission. In
addition, they exchange power with phonons and assisted
photons. Thus energy conservation in steady state requires
f6g

Wab− Wsp+ Wex
e + Wex

h = 0. s8d

The detailed balance between strongly interacting electrons
and holes for any given lattice temperature gives rise to a
uniform carrier temperaturesTe=Thd f25g.
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The previous local energy-balance equation is a rate-type
equationf22,26g. It neglects the change of the carrier distri-
bution when the temperature of the system is lowered. On
the other hand, our generalized nonlocal energy-balance
equation for linear excitation has included the dynamical
change of the carrier distributions when the temperature of
the system decreases with timef6g. The solution of a gener-
alized nonlocal energy-balance equation provides the carrier
temperature for any given lattice temperatureTL. Equation
s8d implies that the larger the value ofuWab−Wspu, the
greater the deviation ofTe will be from TL.

Electrons stay in a quasiequilibrium state withTe due to
pair scattering. The electron temperature is affected by the
electron-phonon scattering. Although the phonons also stay
in a quasiequilibrium state, the phonon temperatureTL di-
rectly evolves with time due to an imbalance between the
power loss to electrons and holes and the power gain from
any thermal sourcessuch as the background thermal radia-
tiond. As a result, the average phonon energy varies with
time. This gives rise tof6g

"2

8p2kBTL
2SdTL

dt
Do

l
E

0

qD
l

dq q2vq,l
2 sinh−2S "vql

2kBTL
D

=
sAs

V sTB
4 − TL

4d − sWex
e + Wex

h d

=
sAs

V sTB
4 − TL

4d − sWsp− Wabd, s9d

whereqD
l is the Debye wave number for phonons in thel

mode, s=p2kB
4 /60"3c2 is the Stefan-Boltzmann constant,

and As is the surface area of the sample. We assumeTL
=T0 at t=0; T0 is the initial temperature of equilibrium
phonons, andTB is the environmental temperature which ap-
proachesT0 for band-edge excitation with very weak field.
The first term on the right-hand side of Eq.s9d is much
smaller than the second term even whenTL ÞTB. The rate of
reduction ofTL is determined byWex

e +Wex
h , which decreases

with decreasingTL, and the temperature differenceTL −Te.
Moreover, the dependence ofEG on TL will be neglected for
wide-band-gap semiconductors such as AlxGa1−xN. From Eq.
s9d we know that the laser cooling of the lattice implies
Wex

e +Wex
h .0. This requiresWsp−Wab.0 in steady state.

This can be satisfied only for largeEG and weakEp.
In this paper, we only provide the formulas for the laser

cooling of the lattice of a semiconductor in the case of three-
photon nonlinear excitation. The related expressions for the
case of linear excitation can be found in our previous work
f6g.

III. NUMERICAL RESULTS AND DISCUSSION

In this paper, we consider the semiconductor AlxGa1−xN
for our numerical calculations, wherex is the percentage of
Al in the alloy. For AlN, we choose the following param-
eters:EG=6.2 eV,me

* /m0=0.4, mh
* /m0=3.53, d0=0.019 eV.

The static dielectric constant ises=8.5. The high-frequency
dielectric constant ise`=4.77. The LO phonon energy is

"vLO=99.2 meV. The ion mass density isr=3.23 g/cm3.
The deformation-potential coefficient isD=−9.5 eV and the
piezoelectric constant ish14=6.93107 V/cm. The transverse
sound velocity isct=3.73105 cm/s and the longitudinal
sound velocity isc,=9.123105 cm/s. The Debye wave
number isqD

l =s48p2d1/3/a0 with a0=3.57Å, ni =1010 cm−3,
er=ses+e`d /2, the sample is assumed to be cubic with an
edge size of 1 cm, andg0=" /t with t=0.1 ps. The other
parameters, such asEp, 3"Vp−EG, andT0, will be given in
the figure captions.

Figure 1 displays the calculated excited carrier concentra-
tion ne=nh for AlN as a function of the excitation-field
strengthEp. From the figure we observe that there exists a
saturation of carrier concentration whenEp is really large for
both linearsdashed curved and three-photon nonlinearssolid
curved excitation. However, there exists a threshold value for
Ep for three-photon nonlinear excitation. This is attributed to
the energy-dependent broadening effect in Eq.s1d whose
broadening expression is given explicitly in Eq.s2d.

Figure 2 presents the calculated excited carrier concentra-
tion ne=nh for AlN as a function of the field-frequency de-
tuning "V−EG for linear sV=Vp and dashed curved and
three-photon nonlinearsV=3Vp and solid curved. From the
figure, we easily find that the excitation efficiency is higher
for linear excitation withEp=10 V/cm compared to that of
three-photon nonlinear excitation withEp=500 kV/cm. For
both cases, there exists a relationshipne=nh~Î"V−EG.

Figure 3 shows the calculated power-exchange density
Wex=Wex

e +Wex
h for AlN with three-photon nonlinear excita-

tion as a function of timet for three values ofEp
=50 V/cm sdashed curve with upper and right scalesd,
80 V/cm ssolid curved, and 95 V/cmsdash-dotted curved.
Here, 3"Vp−EG=10 meV and T0=300 K. When Ep
=50 V/cm, positiveWex implies the laser cooling of the
lattice. However, the change ofWex is very slow for this case

FIG. 1. Calculated excited carrier densityne=nh for AlN as a
function of amplitude of excitation fieldEp for three-photon nonlin-
earssolid curve with upper and left scalesd and linearsdashed curve
with lower and left scalesd excitation. Here,"V−EG=10 meV with
V=3Vp for three-photon nonlinear excitation andV=Vp for linear
excitation. The other parameters are given in the text.
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slarger time scaled. When Ep is increased to 80 V/cm, we
find that the laser cooling of the lattice significantly de-
creases with time. WhenEp is further increased to 95 V/cm,
a negativeWex implies the laser heating of the lattice. But
the change ofWex is still small.

Figure 4 demonstrates the calculated power-exchange
densityWex=Wex

e +Wex
h for AlN with three-photon nonlinear

excitation andEp=80 V/cm as a function of timet for three
different cases. The first case corresponds to 3Vp−EG
=10 meV andT0=300 K ssolid curve with lower and left
scalesd. The second case corresponds to 3Vp−EG=20 meV
andT0=300 K sdashed curved. The third case corresponds to
3Vp−EG=10 meV andT0=77 K sdash-dotted curved. When
the field-frequency detuning 3"Vp−EG is increased from
10 to 20 meVscomparing case 1 with case 2d, the positive

Wex increases due to higher excited carrier concentration.
When the initial lattice temperatureT0 decreases from
300 to 77 K scomparing case 1 with case 3d, the positive
Wex is reduced.

Figure 5 exhibits the calculated power-exchange density
Wex=Wex

e +Wex
h for AlN with linear excitation, "Vp

=10 meV, andT0=300 K as a function of timet for two
values ofEp=25 V/cm sdashed curve with upper scaled and
90 V/cm ssolid curve with lower scaled. Wex for the case of
linear excitation is two orders of magnitude larger thanWex
for the case of three-photon nonlinear excitation. Moreover,
the change ofWex with time for linear excitation is three

FIG. 2. Calculated excited carrier densityne=nh for AlN as a
function of detuning of excitation-field frequency"V−EG for
three-photon nonlinearssolid curved and linearsdashed curved ex-
citation. Here,Ep=10 V/cm, V=Vp for linear excitation, andEp

=500 kV/cm, V=3Vp for three-photon nonlinear excitation. The
other parameters are given in the text.

FIG. 3. Calculated power-exchange densityWex=Wex
e +Wex

h

=Wsp−Wab for AlN as a function of timet with three-photon non-
linear excitation, 3"Vp−EG=10 meV andT0=300 K for three dif-
ferent cases. These cases includeEp=50 V/cm sdashed curve with
upper and right scalesd; Ep=80 V/cm ssolid curve with lower and
left scalesd; and Ep=95 V/cm sdash-dotted curve with lower and
left scalesd. The other parameters are given in the text.

FIG. 4. Calculated power-exchange densityWex=Wex
e +Wex

h

=Wsp−Wab for AlN as a function of timet with three-photon non-
linear excitation andEp=80 V/cm for three different cases. These
cases include 3"Vp−EG=10 meV andT0=300 K ssolid curve with
lower and left scalesd; 3"Vp−EG=20 meV andT0=300 K sdashed
curve with upper and right scalesd; and 3"Vp−EG=10 meV and
T0=77 K sdash-dotted curve with upper and right scalesd. The other
parameters are given in the text.

FIG. 5. Calculated power-exchange densityWex=Wex
e +Wex

h

=Wsp−Wab for AlN as a function of timet with linear excitation,
"Vp−EG=10 meV, andT0=300 K for two different cases. These
two cases includeEp=25 V/cm sdashed curve with upper and left
scalesd; andEp=90 V/cm ssolid curve with lower and left scalesd.
The other parameters are given in the text.
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orders of magnitude faster than that for three-photon nonlin-
ear excitation. WhenEp increases from 25 to 90 V/cm, the
laser cooling of the lattice changes to laser heating. Finally,
by comparing Fig. 5 with Fig. 3, we find that the curvature of
the cooling curves shows opposite signs. This implies that
the reduction of the power-exchange density for laser cooling
of the lattice is sublinear in linear excitation, but it is super-
linear in three-photon nonlinear excitation. Unfortunately, we
have to use laser fields with ultraviolet frequencies to excite
carriers in the linear excitation case.

IV. CONCLUSIONS

By using a generalized nonlocal energy-balance equation
for excited carriers and phonons, we have demonstrated laser

cooling of the lattice of the wide-band-gap semiconductor
AlN using a He-Ne laser through three-photon nonlinear ex-
citation process. We have compared the power-exchange
densities of the system, which produce laser cooling of the
lattice when they are positive, with different strengths of the
laser field. We have also studied the effects of initial lattice
temperature and field-frequency detuning on the laser cool-
ing of the lattice. Finally, we have compared the power-
exchange densities for both laser cooling and heating in lin-
ear excitation and three-photon nonlinear excitation. Our
calculation has shown that linear excitation seems more fa-
vorable than three-photon nonlinear excitation for laser cool-
ing of the lattice of a wide-band-gap semiconductor. How-
ever, resonant three-photon nonlinear absorption allows us to
use a He-Ne laser for laser cooling of the lattice of AlN.
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