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Comparison of laser cooling of the lattice of wide-band-gap semiconductors using nonlinear
or linear optical excitations
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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 AIN 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 AIN, rather than a more expensive ultraviolet laser.
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[. INTRODUCTION fied by the strong laser field will heat the cold excited carri-
ers by taking thermal energy from the latticE?]. As a re-

Laser cooling of the lattice in solids and semiconductorssult, a quasiequilibrium Fermi-Dirac distribution of carriers
is a topic of intense, ongoing theoretical and experimentais established in about 0.1 ps, with a carrier temperature de-
investigation[1-5]. The best semiconductor materials andtermined by the intensity and frequency of the excitation
the optimal conditions for achieving laser cooling are still tofield, as well as by the initial lattice temperatife3]. After a
be determined. In a previous papél, we established a non- few tens of nanoseconds, radiative recombination of the ex-
local theory on a microscopic level which provided an evo-cited carriers begins7]. Due to ultrafast carrier-phonon scat-
lution equation for the lattice temperature by including dy-tering following the nonlinear excitation, spontaneous pho-
namical effects. This theory established the criteria for theons with energies higher than the input energy of the three
occurrence and efficiency of laser cooling of a semiconducpump photons can be emitted, allowing the lattice to cool.
tor lattice and gave important qualitative predictions. It was The conservation of the total energy of carriers, phonons,
found that semiconductors with a large band gap are exand spontaneous photons is assumed due to ultrafast carrier
pected to achieve a high laser-cooling efficiency due to theiscattering with phonons. It forms the basis of our application
short radiative decay timé&]. However, the frequency of the of the energy-balance equation to electrons and holes in this
laser field required to produce a linear excitation of electronpaper. However, the energy of the phonon system interacting
and holes falls into the ultraviolet regime. There are very fewwith carriers due to vibration of the thermally isolated lattice
available laser sources in this frequency range. If a nonlineazannot be balanced by thermal radiation from the surround-
excitation scheme could be used, e.g., resonant three-photargs. As a result, the lattice temperature drops with time due
nonlinear absorptior]8], the frequency of a pump laser to transferring of net energy to electrons and holes. At the
would then fall into the range of the He-Ne lagwith pho-  same time, the energy-balance equation at a reduced lattice
ton energy of 1.96 eV temperature quickly drives the carrier temperature to a new,

We are aware of the fact that multiphoton absorption inlower quasiequilibrium value.
bulk semiconductors with photon energy smaller than the Using a generalized nonlocal energy-balance equation for
band gap is generally a weak process and difficult to observehe excited carriers, we study the possibility for the laser
However, it is still observable experimentall@] for two-  cooling of the lattice of a wide-band-gap semiconductor such
photon absorption in GaAs quantum wires. In addition, thereas AIN using photons from a He-Ne laser through the above
have been a lot of theoretical studies that referred to th@onlinear excitation process. In this work, we further inves-
effect of multiphoton absorption in semiconductors on thetigate the conditions for laser cooling of the lattice by explor-
second{10] and third-order susceptibility11]. ing the effect of nonlinear excitation on the laser cooling and

The nonlinear excitation laser-cooling process of interestomparing it with the case for linear laser cooling. From our
in this paper is as follows. The application of a strong lasercomparison, we find that the linear excitation scheme seems
field first excites electrons from the valence band edge to themore favorable for laser cooling of the lattice. However, pho-
conduction band edge via resonant three-photon nonlinedaon sources with ultraviolet frequencies are required to excite
absorption, producing cold conduction electrons and valencearriers in the linear excitation case while a He-Ne laser can
holes in a bulk semiconductor. Within several hundred fembe used for the nonlinear excitation case. The advantage of
toseconds following the initial photoexcitation, ultrafast using nonlinear excitation is that it allows us to use a differ-
carrier-carrier scattering and carrier-phonon scattering modient range of photon energies for achieving laser cooling of
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the lattice of a wide-band-gap semiconductor although it is 5 4Ag
not as efficient as laser cooling using single-photon excita- Ag(x) = > 2212
tion. [(E+x)° = A)]

The organization of this paper is as follows. In Sec. Il we
establish our model and theory. Numerical results and disand 2 is the Rabi splitting which is given bjL5]
cussions are presented in Sec. lll for photoexcited carrier
concentrations and power-exchange densities of carriers with 262
phonons and photons for the linear and nonlinear excitation A2 = &p
cases. The paper is briefly concluded in Sec. IV. R 2mOQ§

(2)

(@ _ ) Ec(Eg + &) 3
me

2(Eg +28y/3)’

where £, is the amplitude of the excitation field is the
spin-orbit splitting of the semiconductor, ang, is the free-
Our laser-cooling model consists of three successivé&l€ctron mass. For medium- to wide-band-gap semiconduc-

steps. First, a cold electron is pumped coherently by a lasdPrs at low temperatures and low carrier concentrations, ther-
beam from the top of the valence band to the bottom of théh@l excitation of carriers, impact ionization, and Auger
conduction band. Next, the induced carriers are heated tggcombination can be neglected due to the large band gap.
higher energy levels via intraband inelastic phonon scattefMoreover, due to ultrafast electron-electron and electron-
ing. The carrier distributions change from coherent ones t®1onon scattering, the distributions of carriéfs’ are as-
quasiequilibrium ones, while the photoexcited carrier densitypUmed to be Fermi-Dirac functions for electrons and holes,
is kept constant. Lastly, the hot electron spontaneously déeSPectively. The exciton effect has been ignored because the
cays to give rise to a photon, thus subtracting from the ma€Xciton binding energy(h?/2uag)exp(-2Aqap) is small
terial a power amount larger than that gained by the pumgompared to the thermal energy due to screening by photo-
process. excited carrierd16], whereag=4me eh’/ ue? is the effec-

After electrons are excited by an external electromagnetiéve Bohr radius and 1A, is the Thomas-Fermi screening
field from a lower valence band to an upper conduction bandength[17,18 with AZ.=4/mmy(372ne) Y%/ muag.
in a semiconductor, ultrafast intraband electron-electron, In general, the power gain by electrons from the absorp-
electron-phonon, and electron-impurity scattering will redis-tion of the excitation field cannot be balanced by the power
tribute the electrons within the conduction band giving riseloss due to spontaneous photon emission. As a result, elec-
to a quasiequilibrium Fermi-Dirac distribution in the conduc-trons either take energy from or give energy to phonons
tion band with an electron temperatufgdifferent from the  through inelastic scattering, depending on the sign of the
lattice temperaturd,. For a wide-band-gap semiconductor difference between the electron temperature and the lattice
such as AIN(with a bandgap 6.3 eywe need to use two- or temperature. The electron temperature can be determined by
three-photon nonlinear absorption processes for the creatigh generalized nonlocal energy-balance equation for any
of photoexcited electrons and holes if we are limited to thegiven lattice temperature. Electron-phonon scattering greatly
use of visible lasergwith photon energies ranging from contributes to the nonlocal energy-balance equation.
1.6 to 3.1 eV. In the presence of three-photon nonlinear la- The formula for the photoluminescence power in the third
ser absorption, we use a perturbative density-matrix theorgtep can be derived from a standard many-body thfseg
[8,14] and keep only the resonant three-photon nonlinear al-19] and Refs[22,23 therein. The power-density loss due
sorption. This gives rise to the excited carrier concentratiodo spontaneous photon emissior{1$,19,2Q
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-

Il. MODEL AND THEORY

*

Ve e? (mo 1) Ec(Eg + &)

sorption in the absence of carrier scattering and photolumi- P 2% 2moe e\ my, Eg +26y/3
nescence, as is the case in the first $&p4] o 522\ 2
xf dk %(EG+—) f2f, (4)
0 2u
1 2,LL 3/2 [ -
Ne=Nh=——| % dxvx
47\ 4 0 . . . :
wheree, is the average dielectric constant of the host semi-
X+ Eg — 30| conductor. It is clear from Eq4) that the greater the band
1- [(x+Eg - 340 )2+4A§(x)]1’2 Y gap or the higher the carrier temperature, the stronger the
P

power-loss density will be.

The formula for the absorption power in the third step can
wherex=72k?/ 2, k is the wave number of carriens, isthe  be derived from a perturbative linear-response thd@g]
concentration of electrongy=e) or holes(a=h), Eg is the  py inserting an interband transition energy. In this way, the
band gap of the host semiconduct, is thg anngIar fre-  expression for the stimulated-transition rate changes to that
quency of the excitation field, and A#1/m+1/m, with  for the power-density gain. The power-density gain due to
m, (m,) being the effective mass of electroffsoles. The  three-photon nonlinear excitation by a spatially uniform elec-
field-broadening effect in Ed1) is found to bg8] tromagnetic field for 8Q,=E;>%(), is [7,8,14
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2 (* ) 722 is a homogeneous level broadening due to the quasiparticle

Wap= 2 dk RAZ(K)| Eg + En lifetime from the Coulomb scattering of carriers. It is seen

0 from Eq.(6) that the greater the excitation-field amplitude is,

Yo(1 =f5— fE) the higher the power-gain density will be. For simplicity, we
)%Jr (Eg + 12K224 - 3ﬁQp)2, (5) do not include recapture of photons of photoluminescence
here by assuming a unit escape probability. We would like to
where[8] point out that the carrier-phonon system cannot be simply
2A§ treated as a blackbody system because of the existence of net

Ai(k) = (6) energy exchange between carrier and phonons when the car-

21,2 2 202’

(B +A%KT2u)" = A%, rier and lattice temperatures are different. As a result, the
andy, is the homogeneous level broadening due to the finitésinstein relation between optical absorption and spontaneous
lifetime of quasiparticles. emission[21,22 cannot be applied in this situation even

Equation(1) above describes the first step of a coherenthough the Fermi-Dirac and Bose-Einstein functions are as-
three-photon laser pumping with nonequilibrium distribu- sumed for carriers and phonons, respectively.
tions of electrons and holes in the absence of carrier scatter- The formula for the energy exchange in the third step
ing and photoluminescence. It is a result of the balance bésetween carriers and phonons and between carriers and im-
tween the optical gain and the optical absorption. There is npurities by including the assisted photon absorption can be
homogeneous level broadening from electron scattering ibtained from the balance equatifsee[23] and Ref.[14]
this case. On the other hand, EB) describes the third step, thereirnl. By keeping only the leading order interaction be-
during which a nonlinear optical absorption process occuréween electrons and phonons or impurities, we get the
with quasiequilibrium distributions of electrons and holes inpower-exchange densityVg, for impurities, phonons, and
the presence of ultrafast carrier scattering. In this case, the@ssisted photon emission or absorptias,24:

" n; - a °° qu 2 - a a a a
We = 2—7'r3f0 dg of| Uit (@)]? > l3n< P )} npr dk Ie(fg - fieed) O Ejrg — Bk — nfiddy)

n=-o \Em;QS 0
1% F - eq 2 ho hwg, — NHQ
-— dqg ?/C% |2 J(_—p> gy — NQ {N(J&)—N(—‘“—E”
17_3% 0 qq2| q)\| nzz_w|: n \“‘szaﬂg ( [0} p) 0 kBTL 0 kBTa
X J dk Ie(fg - f|‘§+d|)5(E|‘§+q‘ - Ej +fiwg, — NA,), (7)
0

wherea=e (a=h) for electrongholeg, V is the sample vol- Eq. (7) that the carrier energy loss or gain from phonons
ume, Ef=%%k?/2m, is the kinetic energyll, is the lattice under an excitation field depends on whether the carrier tem-
temperature, and, (T}, is the electronthole) temperature. perature is higher or lower than the lattice temperature, re-
In Eq. (7), the higher-order vertex correction from the ladderspectively.

diagrams to the density-density correlation function has been In order to cool the lattice, the power gain of carriers due
neglected at high electron temperatures. Moreover, unpolate the excitation field must be smaller than the power loss
ized incident light is assumedyy(x)=[exp(x)-1]"! is the  due to spontaneous photon emission. This requires a weak
Bose-Einstein functiom is an integer,J(x) is thenth-order ~ excitation field€, and a large band gals. As a result of
Bessel functionfiwg, is the phonon energy for phonon wave weak excitation, the concentration of conduction electrons is
numberq and mode\, n; is the impurity concentration, Very low. The carriers gain power from the excitation field
Uﬁnp(Q):ez/[fofr(q2+Ai)] is the electron-impurity interac- but _I(_)se power through the spontaneous photon emissio_n. In
tion, 1/A, is the Thomas-Fermi screening lendth7,1g,  addition, they exchange power with phonons and assisted
and|CgA|2 is the carrier-phonon coupling strength. For polarPhotons. Thus energy conservation in steady state requires
semiconductors, such as,&a N, there exist both acoustic (6]

and optical phonon modes. For optical phonon modes, only

the longitudinal-optical phonon mode can strongly couple to Wap= Wep* Wex+ ngz 0. (8)
electrons and the coupling strength can be obtained from the

Frohlich electron-phonon coupling modgll7,18. For  The detailed balance between strongly interacting electrons
acoustic phonon scattering, on the other hand, we use thend holes for any given lattice temperature gives rise to a
deformation-potential approximatiqa7,18. It is clear from  uniform carrier temperatur€l,=T,) [25].
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The previous local energy-balance equation is a rate-type g, (kV/cm)
equation[22,26. It neglects the change of the carrier distri- 10° 2?0 490 6?0 8?0 1000
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 8
change of the carrier distributions when the temperature of
the system decreases with tirfe]. The solution of a gener-
alized nonlocal energy-balance equation provides the carrier
temperature for any given lattice temperatdie Equation
(8) implies that the larger the value diVy,—WsJ, the
greater the deviation of, will be from T, .

Electrons stay in a quasiequilibrium state with 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 temperaflredi- o 20 40 60 80 100
rectly evolves with time due to an imbalance between the e, (V/iem)
power loss to electrons and holes and the power gain from
any thermal sourcé¢such as the background thermal radia- FIG. 1. Calculated excited carrier density=n,, for AIN as a
tion). As a result, the average phonon energy varies witlfunction of amplitude of excitation field, for three-photon nonlin-

! Nonlinear, Sth -E; =10 meV
————— Linear, th -E;=10meV

time. This gives rise t¢6] ear(solid curve with upper and left scajesnd linear(dashed curve
) N with lower and left scalgsexcitation. Herefi)—Eg=10 meV with
h (ﬂ)z qu d q2w2 Sinh"2< ﬁng ) Q=3Q,, for three-photon nonlinear excitation af=(), for linear

SWZkBTE dt q ar 2ks T, excitation. The other parameters are given in the text.

= UAS(T‘é ‘Tﬁ) - (WVE+ ng) hw 0=99.2 m.eV. The ipn mass .density i5=3.23 g/cm.

vV The deformation-potential coefficient 3=-9.5 eV and the

oA piezoelectric constant 1s,,=6.9xX 10’ V/cm. The transverse

= S(T‘é —Tﬂ) - (Wsp= Wap, 9 sound velocity isc,=3.7x10° cm/s and the longitudinal

v sound velocity isc,=9.12x 10° cm/s. The Debye wave

e — 2)1/3 i - =100 ;3
whereq) is the Debye wave number for phonons in the number isqp=(487)"%/ag with 2,=3.57A, nj=10° cn™®,

mode, o=72k4/60h3¢2 is the Stefan-Boltzmann constant, &= (€s*€-)/2, the sample is assumed to be cubic with an
and A, is the surface area of the sample. We assdme ©€d9€ size of 1cm, ando=f/7 with 7=0.1 ps. The other
=T, at t=0; T, is the initial temperature of equilibrium Parameters, such a, 3i,~Eg, andT,, will be given in
phonons, and is the environmental temperature which ap- the figure captions. , ,

proachesT, for band-edge excitation with very weak field. Figure 1 displays the calculated excited carrier concentra-
The first term on the right-hand side of E€f) is much tion ne=n, for AIN as a function of the excitation-field
smaller than the second term even whgr# Tg. The rate of strength&,. From the figure we observe that there exists a

reduction ofT, is determined by/® +W" which decreases saturgtion of carrier concentration whégis really_ large for
with decreasiLngT,_, and the tempeératuixe differende - T.. both linear(dashed curveand three-photon nonlineésolid

Moreover, the dependence B on T, will be neglected for curve excitation. However, there exists a threshold value for

: ; &, for three-photon nonlinear excitation. This is attributed to
wide-band-gap semiconductors such agza _,N. From Eq. p . X
(9) we know that the laser cooling of the lattice implies (e €nergy-dependent broadening effect in En. whose

WE +WN >0, This requiresVe,—W,,>0 in steady state. Proadening expression is given explicitly in H).
Th% car?xbe satisfied only for Igr& and weake Figure 2 presents the calculated excited carrier concentra-
o

In this paper, we only provide the formulas for the Iasertion n.=ny for AIN as a function of the field-frequency de-

cooling of the lattice of a semiconductor in the case of three .

tuning AQ-Eg for linear (1=Q, and dashed curyeand
photon nonlinear excitation. The related expressions for thiré€-photon nonlineai)=30, and solid curv From the
case of linear excitation can be found in our previous wor

igure, we easily find that the excitation efficiency is higher

[6]. for linear excitation with€,=10 V/cm compared to that of
three-photon nonlinear excitation witf=500 kV/cm. For
both cases, there exists a relationshjpgn, < VA Q —Eg.

IIl. NUMERICAL RESULTS AND DISCUSSION Figure 3 shows the palculated power—exc;hange dgnsity
We,=WE AW, for AIN with three-photon nonlinear excita-
In this paper, we consider the semiconductofG¥, N tion as a function of timet for three values ofé&,

for our numerical calculations, whereis the percentage of =50 V/cm (dashed curve with upper and right scales

Al in the alloy. For AIN, we choose the following param- 80 V/cm (solid curvg, and 95 V/cm(dash-dotted curvye

eters:Eg=6.2 eV, m,/my=0.4,m, /my=3.53, %,=0.019 eV. Here, 3iQ,~Eg=10meV and T,=300 K. When &,

The static dielectric constant i§=8.5. The high-frequency =50 V/cm, positiveW,, implies the laser cooling of the

dielectric constant is.,=4.77. The LO phonon energy is lattice. However, the change ¥, is very slow for this case
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15 T T T T - Time t ( ms ) -
Nonlinear, ep=500 kV/cm, Q=SQp e .°'° 02 04 06 o8 1'0. 2
————— Linear, e =10 V/cm, Q=Q - E 8
12 P P -9 m
2 X
~— (2]
=
)
5 a
2 @
2 &
2 3,
3 <
g =
o 2
©
.(C) —
& =
)
o 2 1 2 1 2 1 2 1 g gu
0 20 40 60 80 100 o —
Time t (ms
hQ-E, (meV) (ms)
FIG. 4. Calculated power-exchange densuyex:ng+ng

FIG. 2. Calculated excited carrier density=ny, for AIN as a
function of detuning of excitation-field frequenc§Q—-Eg for
three-photon nonlinedisolid curve and linear(dashed curveex-
citation. Here,£,=10V/cm, =0, for linear excitation, andt,
=500 kV/cm,QzSQp for three-photon nonlinear excitation. The
other parameters are given in the text.

=Wep,=Wap for AIN as a function of timet with three-photon non-
linear excitation and,=80 V/cm for three different cases. These
cases include/&),-Eg=10 meV andl,=300 K (solid curve with
lower and left scalgs 37, ~Ez=20 meV andT,=300 K (dashed
curve with upper and right scajgsand 3:Q,—-Eg=10 meV and
To=77 K (dash-dotted curve with upper and right scal@&e other

. . arameters are given in the text.
(larger time scale When &, is increased to 80 V/cm, we P g

find that the laser cooling of the lattice significantly de- . i _ . )
creases with time. Wheé, is further increased to 95 V/cm, Wy mcreas.es_.due to higher excited carrier concentration.
a negativelV, implies the laser heating of the lattice. But YWhen the initial lattice temperaturd, decreases from
the change oV, is still small. 300 Fo 77 K (comparing case 1 with case, 2he positive

Figure 4 demonstrates the calculated power-exchang¥ex s reduced. _
densityWe, =W +W! for AIN with three-photon nonlinear Figure 5 exhibits the calc.ulate_d power-exchange density
excitation and<,=80 V/cm as a function of timefor three KVeX:WSerng for AN with linear excitation, #{,
different cases. The first case corresponds @,3Eg =10 meV, EindTO‘300 K as a function of time for two
=10 meV andT,=300 K (solid curve with lower and left Values 0f&,=25 V/cm (dashed curve with upper scakend
scales. The second case corresponds f8,3Eq=20 mev 20 V/em (solid curve with lower scaje)Ve, for the case of
andT,=300 K (dashed curje The third case corresponds to linear excitation is two orders of magnitude larger thadg,
30,~Eg=10 meV andT,=77 K (dash-dotted curyeWhen for the case of three.—phqton nonl'lnear exc!tat!on. 'Moreover,
the field-frequency detuning#®2,~Eg is increased from the change ofW,, with time for linear excitation is three
10 to 20 meV(comparing case 1 with case, 2he positive

—_ Time t (ps)
Time t (ms) e 0 10 20 30 40 50
o 20 40 60 80 100 & g 06 - T - -
£ 28 : : : : 020 2 = L
€ & 2 Teeal
= o19 & x o4} e ; i
- 018 B S !

x . 3 P T e T i
z o7 8 z 02 AN -]
=y g 2 [ hQ-E =10meV
J 016 g 2 00 T -300K 1
a < ] A
[N 0.15 = [m]

2 .0s0} 30K T N g g -02

s | - —40.14 c

s [ N = 2

g ossf - “Jors = 5 04

§ 0s0E L L L 0.12 5 LE

ﬂo. ’ 0 2 4 6 10 ’ = q;) -0.6 | ! | !

Time t (ms) 8 20 40 60 80 100
Time t (ps)

FIG. 3. Calculated power-exchange dens];lfyexzngﬂ/vgX
=Wesp=Wap for AIN as a function of timet with three-photon non-
linear excitation, 8(Q,—Ez=10 meV andT,=300 K for three dif-
ferent cases. These cases incldide 50 V/cm (dashed curve with
upper and right scal&s€,=80 V/cm (solid curve with lower and
left scale, and £,=95 V/cm (dash-dotted curve with lower and
left scales. The other parameters are given in the text.

FIG. 5. Calculated power-exchange densmjexzng+W2X
=We,=Wayp for AIN as a function of timet with linear excitation,
7Q,—Eg=10 meV, andT;=300 K for two different cases. These
two cases includ€,=25 V/cm (dashed curve with upper and left
scaleg, and £,=90 V/cm (solid curve with lower and left scales
The other parameters are given in the text.
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orders of magnitude faster than that for three-photon nonlineooling of the lattice of the wide-band-gap semiconductor
ear excitation. Wheit, increases from 25 to 90 V/cm, the AIN using a He-Ne laser through three-photon nonlinear ex-
laser cooling of the lattice changes to laser heating. Finallygitation process. We have compared the power-exchange
by comparing Fig. 5 with Fig. 3, we find that the curvature of densities of the system, which produce laser cooling of the
the cooling curves shows opposite signs. This implies thalattice when they are positive, with different strengths of the
the reduction of the power-exchange density for laser coolindaser field. We have also studied the effects of initial lattice
of the lattice is sublinear in linear excitation, but it is super-temperature and field-frequency detuning on the laser cool-
linear in three-photon nonlinear excitation. Unfortunately, weing of the lattice. Finally, we have compared the power-
have to use laser fields with ultraviolet frequencies to exciteexchange densities for both laser cooling and heating in lin-
carriers in the linear excitation case. 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-

By using a generalized nonlocal energy-balance equatioaver, resonant three-photon nonlinear absorption allows us to
for excited carriers and phonons, we have demonstrated lasase a He-Ne laser for laser cooling of the lattice of AIN.

IV. CONCLUSIONS
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