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Abstract We describe the application of the nonequilibrium statistical
operator (NSO) method to the study of the irreversible thermodynamics
and optical responses of semiconductors probed by ultrafast laser
spectroscopy.

1. INTRODUCTION

Presently two important new problems in the physics of semi-
conductors can be recognized: they are the questions related to the
behaviour of semiconductors (a) on very short spatial and temporal
scales (sub-micrometer and sub-picosecond), and, (b) on the presence
of large electric fields or intense electromagnetic radiation. Under
these conditions the familiar concepts of semiconductor physics are no
longer applicable and improvements in theory and experimentation are
necessary. The potential payoff of these kind of studies is high not
only for their relevance to the understanding and development of semi-
conductor devices, but also for their bearing upon other areas ofphys-
ics, chemistry, and biology.

In the first case, ultrasmall electronic research requires to
deal with size-related effects in transport and optoelectronic proper-
ties. The new problems that arise are those related to the physical,
chemical, and metallurgical properties in these highly constrained
geometrical structures in simple or layered semiconductors systems.
Further, besides the interest in the reduction of size and weight, high

operational speeds are seeked. Hence, the study of transport and other
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properties on smaller and smaller time-scales become quite relevant and,
for this purpose, ultrafast laser spectroscopy (UFLS) is a powerful
tool. Finally, functioning of semiconductor devices often occur in far-
-from-equilibrium conditions. This is case (b), the object of discussion
in the present article, which belongs to the subject of nonequilibrium
statistical mechanics and thermodynamics, a discipline whose general
aspects have been discussed in a previous article" .

The studies of the physical properties of condensed matter sys-
tems is based on experiments whose interpretation depends on a i-esponse
function theory?. For systems slightly deviated from equilibriuri exact
closed expressions for the response functions to external stimuli and
transport coefficients can be obtained in the form of correlation func-
tions in equilibrium. This is Kubo's transport theory and the linear and
nonlinear response function theories around equitibrium?®. For systems
strongly departed from equilibrium theory is not so well developsd as it
is for systems near equilibrium. Pump-probe experiments in optics is an
instance where far-from-equilibrium situations arise. This area of re-
search has shown rapid and notable improvements as a result of technical
advances which allow to produce high levels of photoexcitation in matter
and to obtain ultra-fast time-resolved spectra. These experiments are
providing a better understanding of nonequilibrium processes in physical,
chemical, and biological systems*.

Ultrafast time-resolved laser spectroscopy is a technique suf-
ficiently refined today to be used with confidence for the investigation
of very rapid microscopic mechanisms in the biological and pkysical
realms. Picosecond and femtosecond laser spectroscopy constitute an ex-
tremely useful experimental tool to probe nonlinear irreversible pro-
cesses in matter, allowing for the study of the statistical thermodyn-
amic evolution of many-particle systems in the trillionth of second time
-scale. Clearly, this call for a parallel development of theories ap-
propriate for the treatment of many-body systems far from equilibrium.
Such theories should make it possible to determine the detailed time-
-evolution of the irreversible processes that take place in the system
while it is probed. This is a quite attractive and actual problem connec-

ted with the nonequilibrium nonlinear statistical mechanics and thermo-

43



Revista Brasileira de Fisica, Vol. 16, n? 1, 1986

dynamics of dynamic processess. Also, studies in ultrafast laser spec-
troscopy seem to appropriately fit with Kubo's statement that ''statisti-
cal mechanics of nonlinear nonequilibrium phenomena is just in its in-
fancy |and| further progress can only be hoped by close cooperation with
experiment''®,

An scheme to deal with response functions in far-from- equilib-
rium systems can be built on the basis of the nonequilibrium statistical
operator (NSO) method described in a previous article', heretofore re-
ferred to as |. In next section we briefly outline that scheme, which
rests on the calculation of correlation functions of dynamical operators
with averages taken over the nonequilibrium statistical ensemble. The
calculations can also be performed in terms of appropriate nonequilib-
rium thermodynamic Green functions. However, because the system s
strongly departed from equilibrium the calculation is not closed at this
level: the equation for the response function is coupled to the set of
nonlinear transport equafions which describe the evolution of the macro-
scopic state of the system. The time-resolved response function theory
we obtain allows to interpret experimental data and derive information
on the nonequilibrium macroscopic state of the system on the time scale
limited by the time-resolution of the detection equipment in a given ex-
periment. W also describe the application of the theoretical technique
to the study of ultrafast relaxation processes in highly photoexcited
semiconductors probed by ultrafast laser spectroscopy, and we summarize

some results.

2. ULTRAFAST RELAXATION KINETICS IN SEMICONDUCTORS

For systems slightly deviated from equilibrium exact closed ex-
pressions for their response function to mechanical perturbations can be
obtained in the form of correlation functions in equilibrium?. A prac-
tical way to calculate them is the double-time thermodynamic Green func-
tion formalism of Bogoliubov and Tyablikov, described in an already
classic paper by Zubarev 7, The actual calculation may be difficult for
the case of interacting many-body systems but it is formally closed at

this level. However, measurements can be performed on systems strongly
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departed from equilibrium, when the responses of the system depend on
their instantaneous and local nonequilibrium state. This is the case of
highly excited semiconductors when spectra obtained by means ofultrafast
laser spectroscopy (UFLS) depend on the characteristics of the nonequi-
librium distributions of elementary excitations during the lapse of ins-
trumental time resolution.

Hence, the usual response function theory needs be replaced by
another capable to incorporate these features. A natural generalization
rests on the use of the usual scattering theory in conjunction with the
nonequilibriurn statistical operator rnethod described in I.

The calculation is not difficult®, and for an scattering event,
involving the energy transfer #Aw, the rate of transition probability at

time t is given by

w(w]¢) =-;-;3 Jt dt' e-iw(tl-t)Tr{RT(t'-t)R(O)pE(t)} +C.C., ()
where we have assumed adiabatic application of the perturbation in the
remote past and Zubarev's NSO has been used (Cf. 1). Near equilibrium
conditions, when pe(t) can be taken as the canonical distribution, eq.
(1) goes over the well known results for the temperature-dependent rate
of transition probability®. R(¢) is the scattering operator defined by

%+

R(t) = i(t) [] + T‘ﬁ J-w dt' R(t') ’e-iwt'J. , (2)

where the interaction potential between the system and the probe is 7(%)

exp(-Zwt), and all operators are given in the Heisenberg representation

of the unperturbed system.

To calculate the correlation function in eq. (1) one may resort

to the use of nonequilibrium thermodynamic retarded Green functions®,

Gn('r;f:) = - 20(-~1) Tr{l}i(r),Bjn o (8)} (3)

where 8 is Heaviside's step function and n = + or - stands for anticom-
mutator or commutator of operators A4 and B respectively.
Using the Fourier transform in T of the Green functions, eq.(1)

can be rewritten as
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wlwlt) = - & nic (wtis|t) + ¢_(w+is|t)} , (4)
A2 +
where (s =+ +0)
G (w+is|t) —f dt (-i)e(-T)Tr{[R+(T) Rl p (“:,-)}e"i(w"'is)T i (5)
n T e 2T ’nTe

eq. (4) is a form of the fluctuatlon-dissipation theorem inthe framework
of the NSO-method for systems not necessarily near equilibrium. The

equation of motion for the Green function G is

+ . 4 + + .
Mw «R ;le+zs>>n =~ 5 Tri[R ,R]n 0 (1)} + < [R ,H];R]w+1,s;t>>n ; (6)

where we have introduced the notation

Gn(w-l-is [ t) = «4;B|u+is;t > (7)

Differently to the case of experiments performed near equilib-

rium, the equation of motion for the Green function is not closed in

itself but it is coupled to the set of nonlinear transport equations

which describe the nonequilibrium macroscopic state of the system, i.e.
eqs. (39) in 1,

e - I SLION (8)

Here @1(%), @2(%),.. ., Qn(t) are the set of n variables which describe
the macroscopic state of the system on the time-scale determined by the
experimental conditions. On the right hand side of eq. (8) we have the
series expansion in collision operators of increasing order in the in-
teraction strengths described in I.

Alternatively it is possible to write equations of evolution
for the set of intensive variables F.(£), 4=1,2,...,, thermodynamically

J
conjugated to the Q's in the sense of eqgs. (36) in I:
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d d_ 3(¢) yo_ ) 4 =
d o) = -4 - F,(t) =
at %3 dt SFJ. t 2.2_.] apj(t) BFl(t) & "L
n d
- - z ng(t) = Fz(t) ) (9)

=1

where

Cjk(t) = (Pj;Pglt) = Tr{Pj ?Qpcg(t)} )

with AP =P - Tr {Ppcg(t)} ;
1
5 - { du U500 uS(2,0)

0

and peg is the coarse-grained statistical operator (eq. (12) in ), S
is the coarse-grained entropy operator {eq. (13) in I), and P3. are the
set of dynamical quantities whose average values over the nonequilibrium
ensemble are the macrovariables QJ.(t) {eq. (3) in 1). Thus, using egs.
(8) and {9) we find

d A

& 5 = - ILZ] o Cﬁ(t)"ék)(t) (10)

The advantage of writting equations for the intensive non-
equilibrium variables Fj(t) is that the NSO and pcg depend explicitly
on them and only implicitly on macrovariables Qj(t) through  the non-
equilibrium equations of state [eqs. (36) in I].

Let us now consider explicitly the case of highly excited plas-
mas in semiconductors (HEPS). Plasma in a semiconductor is the fluid of
conduction electrons and/or holes generated by illumination or doping,
moving in the positive background of the lattice. There are quite in-
teresting physical systems, among other reasons, because of the flexi-~
bility in the choice of a number of parameters such as Fermi energy,
plasma frequency, energy dispersion relations, cyclotron frequency, dif-
ferent types of carriers and effective masses, etc.!?, In this plasma
in solid state the presence of the lattice introduce notable differences

in comparison with a gaseous plasma. Typically it produces a background
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dielectric constant of the order of 10, and exciton effective masses one
tenth the value of the free electron mass. Thus, the characteristics
units for length and energy, the Bohr radius and the Rydberg, becomes
the excitonic radius, rx, and excitonic Rydberg, Ryx, which are roughly
100 times larger and a hundreth time smaller than the corresponding
atomic units respectively. Hence, metallic densities, i.e. intercarrier
spacing, rs, measured in units of rx, in the range 1 to 5 arises at
quite accessible laboratory conditions for concentrations of roughty 108
carriers per cm® 1.

in fig. 1 we depict the situation to be expected in a typical
pump-probe experiment. |t describes a sample consisting of a direct- gap
polar semiconductor where a concentration n of electron-hole pairs is
generated by a pulse of intense laser light. Direct absorption of one

photon occurs if ﬁwﬁ > E_., where w_ is the laser frequency and EG the

semiconductor energy gap.GExcitatioany means of nonlinear effects such
as two-photon absorption or second harmonic generation, ( FZwL < EG but
Z?Zwl_ > EG) allows for bulk excitation with a good degree of homogeneity.
The sample is illuminated by a second laser (probe) of weak intensity, so
as to avoid noticeable modification of the nonequilibrium state of the
system produced by the intense pulse from the pumping laser, and an op-
tical response is recorded. Measurements of luminescence do not require
a laser probe.

On absorption of the pumping laser light electrons rmake tran-
sitions from the valence band to the conduction band. These carriers
(electrons and holes) with a concentration n are initially narrowly dis-
tributed around the energy levels centered on, say, €% in the conduction
band and Sh io the valence band, with ee-eh = Fw, (or Zhwr'). Nexf they
are rapidly redistributed in energy space due to the strong long-range
Coulomb interaction among them®?2,

The subsequent state of this double Fermi liquid depends on the
vglues of the concentration n and its instantaneous effective temperature
Tc(t) .The latter is a measure of the kinetic energy of the carriers, i.e.
at each time t the difference between the excess energy per pair received
from the laser pump and the energy lost in relaxation processes. Let us

assume that the conditions are such that a fluid of electrons and holes
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Fig.1 - Schernatic description of a pump-probe optical experiment per-
formed on a semiconductor sample. The different channels involving en-
ergy transfer are indicated.

is formed instead of the exciton gas, i.e. that the system is on the
metallic side of Mott transition (n > nM(T;)). This occurs typically

=% and larger'?®,

for values of n of the order of 10'® cm

A HEPS has been created and to describe its macroscopic state
it is a prerequisite to define a basis set of macrovariables. ¢ have
discussed this question in I and we choose a set of variables to which
we have a direct or indirect access in the measurement procedure res-
tricted by the experimental set up. In figure 1 the main energy relax-
ation channels between the sample subsystems and between these and ex-
ternal reservoirs (thermostat and pumping laser) are indicated. Since
the recorded spectra is averaged over the finite volume observed by the
spectrograph there is no experimental access to the local hydrodynamic

properties of the HEPS. Thus, inspection of figure 1 suggests tliat to
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describe the nonequilibriumthernodynamc state of the HEPS an appro-
priate set of nmacrovariables is

Qi
Q2
@s:
Qy:
Qs:
Q:

The energy of carriers, E,(t) = TriH p (¢)},

The energy of LO phonons, E q(t) = Tr{HLope(t)},

The energy of TO phonons, ETO(t) = T"{HTope(t)}’

The energy of A (acoustic) phonons, E,(t) = Trif o _(£)1,
The concentrat ion of el ectrons, n(t) = Tr{Nepe(t)},

The concentration of holes, n(t) = Tr{Nh ps(t)}.

The different dynamcal quantities whose average over the non-

equi | i briumensenbl e define variables Qare

Py

P,

: The carriers ham| toni an, Hc,

: The LO phonons hani | t oni an, Hos
: The T0-phonons hani | toni an, Hpa s
: The A-phonons ham 1tonian, 4 ,

: The nunber operator for electrons, ¥,

:" The nunber operator for holes, ¥,.

Finally the set of intensive variables thernodynamcally con-

jugated to the macrovariabl es above in the sence of egs. (27) in i is

F

F

Fy

Ty

Fs

50

2 -

- The reciprocal effective tenperature of carriers, Ba(t) = l/kT;(t),

The reciprocal effective tenperature of L6 phonons, SLO(t) =
= l/k Tzo(t),

: The reciprocal effective tenperature of TO phonons, STo(t)=
= 11k %, (¢),

: The reciprocal effective tenperature of A phonons, BA(t)=l/k Tz(t),

: The quasi-chenical potent ial of electrons, - Bc(t)ue(t),

: The quasi-chemcal potential of holes, - Sc(t)uh(t).
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Concentration n{t) and quasi-chemical potentialsare connected,
once the internal thermalization of carriers has occurred, by the re-

lations
n(t) = ng(0)F, ,[B (0w (8)] =np(e)F, ,[B (e, (2)] , ()

whe're
ni(t) = 2[2mn krx(2) /72)%/2 (12)

and F are Fermi functionsof index half!*; aiseorh.

W recall that eq. (11) remains valid as long as the instrumen-
tal resolution time is larger than the relaxation time of carriers
towards a state of internal thermalization, which is typically a frac-
tion of psicosecondlz.

The semiconducting sample is an open system in contact withthe
external reservoirs composed of the laser and the thermal bath. W as-
sume that they are ideal reservoirs, i.e. their macroscopic states do
not change as a result of the interactions with the sample. The laser
is characterized by the intensity and frequency of the radiation field
and the thermal bath by a constant temperature T3. Then, we write

(t) (0) x o, (8) , (13)

p =
C,cq °R,cg g

where pc,cg is the coarse-grained statistical operator of the closed
system of sample and reservoirs, pR_cg(O) is the steady-state statisti-
cal distribution of the reservoirs, and pcg(t) the coarse-grained
statistical operator of the open system under experimentation. According
to the formalism of I, and for the set of macrovariables we have chosen

for the description of the macrostate of the HESP, pcg(t) is given by
0og(t) = expl-0(£)-8,(£) (A _-u, (&)W -w, (t)m, ] -

- BLo(t)Hr (t)Hfa-BA(t)HA} (14)

0"Bro
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The nonequi | i bri umt her modynam ¢ evol ution of the HEPS can now
be obtai ned by sol ving the nonlinear transport equations (8) for the
macrovari abl es or the correspondi ng equations (9) for the thernodynam c
Lagrange parameters. W solve them in the quasi-linear relaxation ap-
proximation (Cf. 1), for situations encountered in several experinents
reported in the iiterature’®. In the quasi-linear relaxation approxi-
mati on the scattering operators are cast in the form of i nstantaneous
Bol t zmann-1i ke collision terns. They have the formthat would be ob-
tained using Born-approximation in perturbation theory but with the
equilibriumdistributions replaced by those characterized byt he thermo-
dynam c paraneters F already listed®. The approxi mate nonl inear trans-
port equations:

E(t) = dt [E L) +E, p8) + B, 0(2) + B, (2) + EC’A(t)] (15)

where the different terns on the right hand side are the contributions
to the rate of variation of the carrier energy due to interactions wth
the laser source, radiative reconbination, and interactions with longi-
tudinal-optical (LO , transverse-optica (TQ, and acoustic (A  phonon
fields, respectively. The five terns are

Z B, (8) = Zﬁt% |0 (&) [, D—f;(t)—f;(t)] 8 (e + EZ - n)  (16a)
ZT;EC,R(?) - Zlq P& (e; f% 26 (e5 +e “Fieq) (16b)
B, ) = izi, 0 (,q) |* (€%+q-eg){vg(t)fz(t)D-fzag(t)] -

- D+vg(t)] [l—f;(t)]f;w(t)}é(e -ez-hwz;) (16¢)

In above equations a = e or h, y = 1o, 0, Or 4,
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f;(t) = {explB, () [ef-u ()]} + 1177, (172)
V(t) = {exp[sy(t)sz] D R (17b)
q
and the matrix elements are
- yme®# E
P& 12 = —— G+ D) (18a)
Ve, ecq e h
2 e% hw
0D 12 = e - ) (18b)

where we have used the RPA dielectric function

e(g,t) = 1 + la2(t1/a°) (19)

'af%(t)

2 Yre?
(t) = —
% €0 OEZ 3e

o
k
The time dependence of the dielectric function is a result of its de-
pendente on the instantaneous macroscopic state of the gystem. EG is
the forbidden energy gap, €y and € the static and high frequency di-
electric constants, Yro the dispersionless frequency of L0 phonons,
and ¥V the active volume of the sample. €§ = EG + (Ezkz/Zme), e}'t -
= szz/zmh are the energy dispersion relations for electrons ~ and

holes with effective masses m, and my, respectively.

Moreover,
E /3
0,7 12 70,0
IUT (%’q) l = W >
0
E? Aq
llfi(z"z;) IZ = —é'!'g"— s
2p Vs

where p is the density of the material, s the speed of sound, a Debye

Q
dispersionless frequency of TO phonons, and EY o the strengths of

model was used to dercribe the A phonons (then wi = 3q), Wy, ir the
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the deformation potential interactions.
The rate of carriers energy variation due to interaction with
a laser source of frequency wr and flux intensity IL(t), eq. (16a), is

written in the form

ioc,(wL)IL(t) h - f‘e(t)—fh(t)] (20a)
d -
Iz Ec’L(t) =
() 2(2) [ -F)-)]  (200)

where @1 and ¢z are the absorption coefficients of one and two photons
respectively; QL ineq. (16a) is wL or 20JL for the two cases (20a) and
(200}, and is the corresponding matrix element. In the calculations
we use the experimental values of the absorption coefficients FinaIIy,
fe and . are Fermi distributions with energies e " = (m /me h) (71»
where m; = me + mh , and for temperature T*(t) and chernical potentlals
V. (8) and (%),
We also have

%ELo(t) =" %EE(: 2o(® +§ZZEEL0 48 (21)
wiere
» Oy - e
L w4 4 , (22)
3_ Fr0,4 = g Lo 70,4

is the rate of energy transfer of LO to A phonons due to anharmonic

processes: T is a phenomenological relaxation time, and VLO(t,T*) =
-1

= {exp[BA(t)hu)iO] -

4
For the rate of variation of energy of TO and 4 phononswefind

%ETOH;) =" 'fZEEc mo(?) + %EETO 2@ (23)
WO - VP, )

(t) = g Fw g g , (24)
q 70,A

d
at ETO,A
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d d d d d
T A = - F B 4B - Froa'® - 3 Fro,a(D) g Ba 5
(25)
Vi) - v (z,)

d q q
E, () =-n 26
at A,B() ,z) 8q - (26)
q 4,B

where B refers to the thermal bath at temperature T,. Eq.(26) accounts
for heat diffusion from the A-phonon system to the thermal bath, and we
have introduced in it a phenomenological relaxation time for heat dif-
fusion which depends on the diffusion coefficient and the dimensions of
the surface of the active volume of the sample, and it should be esti-
mated for each case when performing specific numerical calculations. The
other phenomenological relaxation times, TLOA and TTO,A’Can be evalu-
ated from line-widths of Raman lines.
The rate of change of the carriers density is
d

_d 1 d .
FE @) =g )], + ﬁ—wL’aEEe,L(“ (27)

where

dong(8)] = - & L |0F (%4 |2 f;<t)f;<t)a<ez+e,’j-zeq) (28)

To obtain the intensive nonequilibrium thermodynamic parameters F., egs.
{15), (21), (23), (25) and (27) must be complemented with eq. (113), and

d . -
Tz B, (8) = (B H |0)B +(H 50 |t) (u,B,) + (H ;N ) (w8 ),
(29a)
d - - . ;
= E’Lo(t) = (HLO,HTO(t)GTO R (29b)
d g (t) = -(a__;H {t)é (28¢)
dt "T0 T0’"ro!* Ppg ¢
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dt E,(t) == (H:#, )8, (29d)

d

L) = -(N"‘;Hc!'t)éc + 5% B (29e)

where we have introduced the correlation matrix C¢(t) with elements

(B sH, 1) = ] ()7 f%(t) D-£4()] (30a)
ok k

(Hpy ol ) =§ Al (t) [~ vLo (£)] (30b)

(Hpg3Fpo 12) = ;ﬁzw;o vf’(t) [r-v?(t)} (30¢)

q

(B,38,10) = 3 (hsq)® vi(®) [1 -vi(®)] (304)
q q g

(w30, |2) -3 @) D= fHe)] (30e)

H W, |t) = (030 [¢)= ey e £ (1= )] (30f)

and all cross correlaticn functions other than (30f) are nuil.

W apply next these results to the case of GaAs samples receiv-
ing a laser pulse with a gaussian time-profile of length tL’
intensity IL and frequency wr . The system of equations for the five

peak flux

thermodynamic variables, Bc’ 10 BTO’ 8, and n, given by egs. (29)
together with equations (15), (21), (23), /625), and (27) are solved com-
putationally. This can be done once initial conditions are defined. First
we choose an initial time, ¢ = %,, taken such that the laser illumi~-
nation has produced a concentration of carriers of roughly 5x101% pairs
per cubic centimeter, thus ensuring that the system is on the metaliic
side of Mott transition. The initial value of the effective temperature

of A phonons is taken equal! to the bath ternperature since trancgference
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of energy from the overheated carriers and optical phonons begins to be
relevant in the scale of tens of picosecond to nanosecond. To presentno
experiment has been performed giving the initial values of thc effec-
tive temperatures in the early stages of the relaxation processes.
Therefore we have proceeded making a rough estimative of the number of
optical phonons fLO and fTO produced by collision with carriers up to

the initial time £,. Next T*(¢,) is defined by
3k 7, (¢ ) = a QL-EG] - fLOEwLO-fTOEwTO ,

where on the left side we wrote the average classic thermal energy per
electron-hole pair, and on the right side we wrote the difference be-
tween the energy pumped by the laser and the energy lost to the optical

- * .
phonon system. TLO.TO(t") follow from the relation

_,equil, _
(20)) -vig10 (o) = From0 P(ta) Veeqy

*
V10,70 20,70
which is the number of ZO or TO phonons in excess of equilibriumatt=t,.

The value of n(£,) is given by
(FLQ)L)_I al(wL)fL (or (7’1(»1.,)“1 qz(mL)fz ,

where EL is the integrated flux intensity of the Gaussian pulse up to i:o.

The values of the parameters and of the initial conditions used
in the calculation for two different cases, are given in table 1.

The two cases roughly correspond to the experimental conditions
of the experiments of references (15 a and b) respectively. In figures
2 and 3 we show the evolution of the effective temperatures of carriers,
and L0 and T0 phonons. Figures 4 and 5 show the evolution of the quasi-
-chemical potentials for electrons.and for holes. The zero in the scale
of time indicates the time at which the pulse intensity is e-1 the peak
value.

Inspection of these curves and of the values of the rates of
relaxation energies between subsystems (not shown here) lead us to sum-
marize the behaviour of highly photoexcited semiconductors as follows:
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Table 1 = initial Conditions and Parameters Used in the Numerical

culations

Case 1

Case 2

3

n(0) 5x10%¢ cm™3 5.5x10%% ¢cm”
T,(0) 9608°K 406°K

7o (0) 300°K 30°K

T (0) 300°k 26°k
7,(0)=T 300°K 16%K

t 1 ps .5 ps

I | b.6x10'% eV cm Zps? 1.9%10'% eV cm Zps
W 6.1x10'5 7} 2.5x101% 57}
o, () 9.8x10% cm ' 5.3x10° cem
70, 30 ps 60 ps

TTO, 30 ps 60 ps
Ta,B 4,6x10° ps 46 ps

1.
ture urtil it nearly equals the effective temperature of the

phonons .

Phere occurs a very rapid decrease of the carriers effective tempera-

2. At intermediate to high reservois temperatures (T, X 77°K) the

fective temperature of the opticai phonons

above T,. At low temperatures (T, £ 20°K) T,

from the equilibrium value T,.

3. After roughly five picoseconds the LO-phonons, TO-phonons and
riers systems are nearly mutually thermalized. From then on the

subsystems proceed to final thermal equiiibrium with the

increases

only siightly
. 41
and TTO increase rapidly
car-
three

Cal-

optical

thermal path
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EFFECTIVE TEMPERATURES (K]

TIME (ps)

Fig.3 - Time-evolution of the effective temperature of car-
riers, T;, LO phonons, T%*., and T0 phonons, T; ,calculated
in the conditions of the experiment of referentd (15b).
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at a much slower pace, governed by the mechani smdescribed in 5 bel ow
toget her with heat diffusion.

4. The rate of energy relaxation of carriers to the optical-phonon sys-
temis, during and immediately after the application of the laser pulse,
roughly a factor 100 larger than the rate of relaxation to A phonons,
5. The rate of energy transfer fromoptical phonons to A phonons via
anharmoni ¢ interaction is roughly one order of magnitude greater than
the one resulting fromcol lisions of carriers and A phonons. Thus, this
mechani smis the relevant one to lead the systemtowards final equilib-
-rium in a nanosecond tine scal e.

6. The acousti c-phonons ef fective tenperature renains practically equal
to the thermal bath tenperature. The A phonons are siightly heated in
case 1 when the excitation of the laser light is high(providing an ex-
cess of 2.5 ev per electron-hole pair).

7. 'The curves for the quasi-chemical potentiails show the expected be-
haviour: they begin with values characteristic of a classical systenand
then, as % decreases tend to the expected quantumval ues for given n.
8. The long near plateaux in the graph of T’é vs t experinentally ob-
served can then be adscribed to the interplay of the effects described
in 3 and 5.

These concl usions apply to any polar direct-gap sem conductors
under excitations of picosecond duration and energy transfer of the
order of up to afewjoules per cubic centinmeter. (ptical saturation
does not allow to punp larger anounts of energy to obtain carrier con-
centrations above roughly 102° carriers/cni. This situation is altered
in the case of indirect-gap seniconductors, e.g. Si, Ge, when carrier
concentration of 102! cm ° and up can result. Then 1laser-anneal ing
processes are possible and an intense heating of the whole lattice
oceurs?. This may also be the case in polar direct-gap sem conductors
under continuous i tlumnation or under the action of long pul ses (nano-
second duration). In such conditions the steady-state ef fect ive tem-
perature of A phonons increases smoothly with increasing |laser power,
but a pronounced enhancenent is expected near a critical value of the
intensity of the laser radiation leading the systemto nelting con-

ditions!®,
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't is worth mentioning that it has been suggested the possi-
bility that a kind of condensation phenomena may take place before
melting”. Such transformation of the excess energy into an ordered
structure may occur in far-from-equilibrium conditions governed by non-
linear transport equations like egs. (29). A few theoretical examples of
these kind in semiconductor physics are found in the literature: forma-

. . 20
203' Bose-like condensation of LO phonons b, Bose-

. . . . . . 20
-like condensation of exmtonszoc, and spatial ordering in HEPS d. At
this point the method of | makes contact with Prigogine's concept of

dissipative structures in far-from-equil ibrium systems??!.

tion of superlattice

In conclusion we may say that techniques of ultrafast laser
light spectroscopy in conjunction with statistical mechanics methods,
which yield nontinear transport equations for the description cif the
kinetic and relaxation processes in nonequilibrium physical systems,
provide a powerful tool for the study of picosecond responses in semi-
conductor systems.

The situation at present calls for additional concerted exper-
imental and theoretical work to obtain a more general and comprehensive
pieture of the behaviour of semiconductor systems during ultra-short
time <ntervals. For that purpose it would be of interest to have
measurements of optical and transport properties of semiconductors under
a variety of experimental situations.

Finally we comment that UFLS with a companion theoretical non-
linear nonequilibrium statistical thermodynamics can apply to a wide
range of problems in Physics, Chemistry and Biology. The kind of stud-
ies we have described here are quite worthwhile to pursue because they
provide a manegeable problem with easily repetitive experimental con-
ditions and, thus, can be used to test techniques and procedures useful
for the study of dynamical systems at a more complex level, e.g. bio-

logical systems.
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Resumo

£ descrita a aplicagcdo do método do operador estatistico de ndo

-equilibrio ao estudo da termodinamica irreversivel e as respostas pti-
cas de semicondutores polares de gap direto en experimentos de espectros-
copia laser ultra-réapida.



