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An analytical study of the ultrafast-mobility transient of central-valley nonequilibrium carriers in
a highly photoexcited plasma in semiconductors is presented. General expressions for the mobility
of the photoinjected carriers are derived. Numerical results are obtained in the case of low to
moderately high fields in GaAs. We show that the mobility transient has a structure (maxima and
minima) depending on the degree of photoexcitation and electric field intensity. Three different re-
gimes are present, corresponding to (i) structure without overshoot and an Ohmic steady state, (ii)
structure with overshoot and a non-Ohmic steady state, and (iii) normal evolution and an Ohmic
steady state. A brief discussion of the diffusion coefficient is given.

I. INTRODUCTION

Studies of the optical and transport properties of semi-
conductors under high levels of excitation have shown
novel and quite interesting features, evidenced in
ultrafast-laser-spectroscopy experiments. Notable im-
provements in time-resolved laser spectroscopy have
made it a very useful tool to be used with confidence for
the investigation of very rapid mechanisms and effects in
the biological and physical realms.! These kinds of stud-
ies are of great interest because of the variety of phenom-
ena observed, most of them of relevance in the function-
ing of some semiconductor devices, and also because they
provide an excellent testing ground for theoretical ideas
in the field of many-body systems far from equilibrium.
The question of the influence of very fast relaxation pro-
cesses in highly photoexcited plasma in semiconductors
(HEPS) on their optical properties has been the object of
experimental and theoretical study. In the present paper
we consider how relaxation effects in HEPS affect the ul-
trafast mobility of the nonequilibrium carriers. Several
approaches to the hot-carrier quantum transport are
presently available, and numerical methods, such as the
Monte Carlo computational approach, have shown recent
remarkable improvements.2 However, analytical
methods for studying the nonlinear transport in HEPS
under the action of intense electric fields are also desir-
able to obtain physical insights and for the interpretation
of new phenomena. For that purpose we resort here to
the use of the nonequilibrium statistical operator method
(NSOM). It is a powerful formalism that seems to offer
an elegant and concise way for an analytical treatment in
the theory of irreversible processes, adequate to deal with
a large class of experimental situations. It can be con-
sidered a far-reaching generalization of the Chapman-
Enskog approach in the kinetic theory of gases® or of the
Mori-Langevin formalism.* The NSOM and its associat-
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ed generalized nonlinear quantum transport theory are
reviewed elsewhere.*®> The NSOM we use for the study
of nonlinear ultrafast transient transport in HEPS arbi-
trarily away from equilibrium and for any value of the
electric field intensity is that based on Zubarev’s ap-
proach,6 in the so-called NSOM linear theory of relaxa-
tion (LTR). Numerical calculations appropriate for the
case of GaAs are presented. The existence of a novel
feature is demonstrated in the evolution curves of the
drift velocity, termed structured ultrafast transport, viz.,
maxima—relative or absolute (overshoot)—and minima
that may appear before a steady state is reached. A cri-
terion for the occurrence of this structure, and also
overshoot effects, is derived.” It is shown that there exist
three different regimes in the transient transport depend-
ing on the range of values of the electric field intensity.

II. NONLINEAR QUANTUM TRANSPORT IN HEPS

We consider the case of a polar semiconductor de-
scribed by a two-inverted-parabolic-band model, where a
concentration n of electron-hole pairs has been created by
an intense pulse of laser light. These carriers are in a
state strongly departed from equilibrium but in a condi-
tion of internal equilibrium (hot carriers) as a result of the
Coulomb interaction.® A constant electric field of inten-
sity € in, say, the x direction is applied, accelerating the
carriers which, at the same time, transfer energy and
momentum to the phonon field. The sample is in contact
with a thermal reservoir at temperature Ty, and the pho-
nons are warmed up in scattering events involving
Frohlich, deformation potential, and piezoelectric in-
teractions with the carriers.’

To deal with the irreversible thermodynamic evolution
and transport properties of this system we resort, as indi-
cated in the Introduction, to the NSOM in Zubarev’s ap-
proach. We recall that the NSOM requires, as a first
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step, the choice of a basic set of variables to describe the
macrostate of the nonequilibrium system.*%!° For the
present case we select the eight dynamical quantities P,
j=12,...,8, consisting of the carriers, longitudinal-
optical (LO), transverse-optical (TO), and acoustic (AC)
phonon Hamiltonians (H,, Hy o, Hyg, and H ¢, respec-
tively); the number operators for electrons, N,, and for
holes, N,; and the linear momenta (their components in
the direction of the electric field) of electrons, P,, and of
holes, P,. The nonequilibrium macroscopic variables,
i.e., the average values of these eight dynamical quantities
over the nonequilibrium ensemble, Q;(¢)=Tr[P;p(1)],
are—after dividing by the volume of the system—the
densities of the corresponding energies, E.(t), E;q(t),
Eo(1), Ec(t), the density of pairs, n(t) (equal to the
density of the electrons and of the holes), and the density
of the linear momenta, ,(¢) and m,(¢). Further, there
are eight intensive nonequilibrium variables F;(t), ther-
modynamically conjugated to the Q;(z), that are defined
as the four reciprocal quasitemperatures [.(¢)=1/
kT:(t), BLo(t)zl/kT:;-O(t), BTo(t)Zl/kT'*f-o(t),
Baclt)=1/kT 1-(1); two are associated to quasichemical
potentials, —B.(¢)u,(¢t) and —pB,(¢)u,(¢), and, finally,
two are associated to drift velocities, —pB.(¢)v,(¢) and
—B.(t)v,(¢). Further analysis of this choice and its limi-
tations is presented in the last section.

The total Hamiltonian H of the HEPS is separated in
the form H =H,+H'+H_, where H, contains the ener-
gy operators of each individual subsystem, i.e.,
Hy=H.,+H;o+Hyo+H,c, and the interactions be-
tween them and with the external reservoirs are included
in H’, i.e., it is composed of the interaction energies of
carriers with the phonon field, anharmonic interaction
between phonons, and the interaction with the thermal
reservoir (responsible for heat diffusion out of the sam-

ple). Finally, the interaction of the carriers with the elec-
tric field is
H.=—e€e3 (x,;—x), (1)
J

where x,(;); is the coordinate of the jth electron (hole).
For the given choice of the basic set of dynamical vari-
ables we find [Pj,H0]=O and [Pj,Pk]———O, and the
Coulomb interaction between carriers, contained in H,, is
treated in the random-phase approximation, i.e., the car-
riers are considered as a two-component Landau Fermi
fluid. Coulomb interaction is only called forth indirectly
to ensure the internal thermalization of carriers at any
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time.> The conduction and (heavy-hole) valence Bloch

bands are taken in the effective-mass approximation, and
we use Einstein models for the optical phonons (with
dispersionless frequencies w;o and wrg) and a Debye
model for acoustic phonons [w,(g)=sq, with triple de-
generacys; s is the velocity of sound].

Applying Zubarev’s NSOM nonlinear quantum trans-
port theory in the NSOM linear theory of relaxa-
tion,! #3190 we obtain for the evolution equations of the
basic set of macrovariables Qj(t),

1 d{Hc|t) ..

v df =2 S (Plt)— 3 EL (1), (a)
a MgV am,i

1 d{Holt)

V—“*—LO 2 10— Epo an(?) (2b)

1d<H [t) .

v m —EE ,10(1) = E10,AN(1) , (2¢)

1 d(HAC|t>

v dt _EEaAC )+ Eo,an(?)
+ETO,AN(I)—EAC,dif(t) , (2d)

1 d{(P,t) s # 0 o0)

—————=nee—3 i, (1), e

V. dt i

d{(P,|t) A
L o= S 1) e

i

where we took the modulus of the linear momentum in
the direction of the electric field. The two equations for
the average number of electrons and holes are not con-
sidered since, for our purposes here, they are constant be-
cause recombination effects are relevant in a near-
nanosecond time scale while our interest is in the time
scale of a few picoseconds. In these equations V is the
volume of the system, and a=e or A for electrons or
holes.

In Eq. (2a) the first term on the right-hand side ac-
counts for the energy transfer from the electric field to
the carriers’ system, which is the only new term in this
equation in comparison with that obtained with a similar
derivation in studies of relaxation effects in HEPS.!® This
latter reference also contains an explicit expression for
the rate of change of the LO-phonon’s energy to the car-
riers’ system. Similar expressions are valid for the two
others (TO and AC), namely

Bl =21 3, 01| Mo (O (v (0f a1~ Ficsqal0)]
—[1+Vq,1](t)]fk+q,a(t)[l_fk,a(t)]}8(8k+q,a_8k,a_ﬁwq,f)) 5 (3)
I
where the index 7 is LO, TO, or AC, and the upper index Vo n(1)=1/{exp[ B, (D)o, ,]—1} (4)

i refers to the different types of interactions, PD, PZ, and
FR for deformation potential, piezoelectric, and Frohlich
interactions, respectively. In Eq. (3)

are the instantaneous distribution functions for 7-type
phonons with ,, the corresponding frequency dispersion
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relations, and
fra)=[47%n /(27m ,)3/*]B*(1)
Xexp( —B.([Ak—mv (DT /2m,}  (5)

are the carrier distribution functions; at the high excita-
tion levels being considered we can use the above instan-
taneous Maxwell-Boltzmann distribution, which contains
a shift term in the exponential due to the presence of the
electric field. Further, the right-hand sides of Eqgs.
(2b)—(2d), besides the contribution of Eq. (3), contain the
rates of energy transfer due to anharmonic processes,
E,?,AN(t), and in Eq. (2d) the term E ¢ 4¢(¢) due to heat
diffusion; all of them are taken in a relaxation-time ap-
proximation, viz.,

Eyo1o),an(8)= 2, fiog 1 octo)
q

< Va,Loto)( ) ~ Vg Lo1o)(6Bac)
b

TLO(TO)
(6)
|

0= 3 ig | My (@ (V)i a D11 = it q.0(D)]
k,
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where
vg,Loto) HBac) =1/{exp[Bac(DVfiwg 1010)]— 1} » )

and 7y (o) is 2 phenomenological relaxation time, to be
evaluated from Raman scattering linewidths.!> The same
term with a change of signal appears in Eq. (12d), and

Vq,AC(t)——vq,AC(BB )

EpcarD=3 fiwog ac ; (8)
q TAC
where
Vq,AC(33)=1/[eXp(BBﬁwq’Ac)—l] 9)

Bp is the reciprocal temperature of the reservoir, and 7,
is a phenomenological relaxation time which depends on
the diffusion coefficient and the dimensions of the surface
of the active volume of the crystal.!

Finally, in Egs. (2e) and (2f) the first term on the right-
hand side is a drift force due to the action of the electric
field. The second term contributes to the rate of varia-
tion of the momentum as a result of collisions with pho-
nons, and is given by

_[1+Vq,n(t)]fk+q,a(t)[ 1 _fk,a(t)]}8(Ek+q,a_€k,a_ﬁwq,1])

42T

;. gﬁqelM;,n<q>|2{[vq,n<t>+11fk,a<r>[1—fk_q,a<t>]

Vg D kmqaO 1= Fi OV B(Ey g a—ex o +Hi0g ) » (10)

where g, is the modulus of the component of q in the
direction of the electric field.

Finally, performing in the complete set of equations of
J

[

evolution the integrations in reciprocal space (summation
over k and q) involved in all the collision operators, we
obtain

Egac(t)= A c(D)expl —xo()]1{M(3,3,% (1) +[3p4() =B (1) /BAc(1)IM(2,3,x (1))
=GB 22 VHOM(L, 3, x (1) =722 (1explx (1)]

2

— 1y (O[1=3V2p () IM(1,3,x (1))} , 11)

EP ()= AP c(Dexpl —x o (1)]{M(2,3,% () +[7 ()= Bo(1) /Bact ) IM(1,3,x (1)) — 729 V2 (Dexplx (D]}, (12)

where
27/2m,5/2E2
PD — a Tl 1 h-3/2
Aa,AC(t)—eACn 3/2ﬁ4 BC (t) )
™ %'p
172,372,252
APZAC(t)=6ACn M BEI/Z(t)
’
a, 773/2ﬁ2p€(2)

xo()=Bc(t)imw3(1) ,

YalO)=Bc(t)im,s? .

(13)

(14)

(15a)
(15b)

E,, is the deformation potential coupling constant, Hp, the piezoelectric potential coupling constant, €, the static
dielectric constant, p the density of the material, 8,-=3 is the degeneracy of the acoustic modes, and M (a,b,x) are
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Kummer functions;'* also

Egio(t)_ AgLo(t)eXp[ ZLo(t) xa(t)]
[2%210(0)x,(0)]"
Xlgug (21+1)' 2l —1
X{ [1+vo(t)]exp[ —z1o()ITU +1UU + 1,1 +2;221 (1))

—violtexplz o)W+ + 1)U +1 +1,1"+2;22, (1))},

EFBo(t)= AR o (texp[ —zo(t) —x,(2)]

© [23216(0)x, ()]
X 3 O T D vt ]expl —zpo(DIT(U(2, 1 +3;22; (1))
=0 (21 +1)
—violt)explzyo(t)]T(] +%)U(l +%,l +3;2z,0(8))} ,
where
vio(t)=1/{exp[Bro(t)fiw o] —1} ,
23/2eE0 )
AR o (N=010n | s | (o0 PBYD)
aLO() Lon ﬂl/zm}z/z ( wLO) ﬁC (1)
my/*Dioa
APLO(t =0 0n W (#iw LO)ZB3/2
P

Zio()=Bc(Dfiw /2 .
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(16)

17

(18)

(19)

(20)

2n

E,, is the Frohlich field, the Dy, are the LO-phonon deformation potential interaction coupling constants, 6; =1 is

the degeneracy of LO phonons, I'(a) are gamma functions, U (a,b,z) are confluent hypergeometric functions,

EFD, the same as EXR , with the exchange LO—TO ,

and O;o=2
The different contributions to the equations of evolution for the linear momentum are

aAc(t)——B Ac(Dv,(D)exp[ —x, () ]{ [1— 6y ac,o()IM(3,3,x,(2))
+27 %y {8 o (DIBAcD /Bc (D] P M (5,5, (1) + -

L (=B (th, t)exp[—xc(t)]{[1—2yAc,a(t)]M(2,5/2;xa(t))+y}(c{a(t)[BAC(t)/ﬁc(z)]exp[xc(t)]},

where
23/2,, Z/zE%a Bz VA1)

Bacl?) °

Bl/Z(t)
Baclt) ’

B Ac(t)=0,cn

4%

1/2,,3/2,2 12
BPAC(t) 0, 2“m}/“e“Hpy

3n#is2edp
yAC’a(t)zﬁAc(t)%m 52 .
Also,

Tt olt)= BER o (£)x 712 (t)exp[ —2z10(t)—x4(1)]
231 3]

m 20 [xa(t)zLo(t)]l

[ T+ D {1+ vio(OTUR, 1 +232200(0) +vio( DU + 1,1 +2;22 (1))}

+1§1 (21, D7 Iy OIDU DU 4,1+ 152210(1)

VLoD 1= DU +1'— 1,1 +1;22,6(1))} ]l ,

(22)

(23)
(24)

(25)

(26)

(27)

(28)
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g, PR o(t)= Bz D o)x 712 (t)exp[ —x ()]
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v(t) v(t)
1+—— |+ -2 t _——
{ vro() exp[ —2z; ()] o) }
® 231 31 6210 s
—— U +4; t
N Z G 2 [xa(D210(O = U1 +4:2210(0)
v(t) v(t)
+ — |+ -2 t —
veolt) exp[ —2z1 ()] vio(D)
© 231 3] ( ) ( ) !
X —_— — t t
2 @ el
3
U(3,1+2;2z () + |1— 2 +1 U(—g—,l+3;22Lo(t))] H , (29)
I
where moderately high electric fields assuming that the carrier
energy of drift is smaller than or, at most, comparable to
Ba LO( )=6on 1/2 #iwoyoBe(t) (30) the thermal energy, i.e.,
s B.(thm v (t)/251 . (35)
lg32
BaLO( )= O on T——IO—“— In these conditions, the series in Egs. (11), (2), (16),
2%hi*s%p (17), and (22) can be rearranged in the form of a dom-
X (# 5/2 ¢ 1), 31 inant term plus corrections. We retain only the main
(fioro ) *violDBc (1) GD terms to obtain.
w(t)=1/{exp[Bc(tViw o] —1} , (32)
EPP ()= A (r) [1— £V (36)
and finally, @AC *AC Bac(t)
. FR . FR : (1)
o, 10> the same as 7,1 with the exchange LO-TO , £z Z ()= AP (1) |1— Bc (37)
(33) Bac(t)
172
4ﬁwLO VLO(t)
ETO, the same as 7rPD 1o With the exchange LO<-TO . Egio(t )=n6y0eEy, YT

(34)

So far we have obtained a complete derivation of the
equations that govern the evolution of the basic set of
variables that describe the macrostate of the photoinject-
ed HEPS in a constant electric field. They are valid for
any intensity of the electric field strength but relaxation
effects due to collision with phonons have been treated in
the NSOM linear theory of relaxation. The collision
operators are expressed in terms of series of Kummer and
confluent hypergeometric functions, and thus are rather
difficult to manipulate numerically. To simplify these ex-
pressions we restrict the calculations to the case of low to

J

aAC(t)—BPAc(t)U (t),
Treact)= AC(t)Ua(t) »

TeLolt)=0Lonm ¥ o()v,(2)

Xz1Z(texp[ —z10()1Ko(z10(2)) ,  (38)

2m aﬁwLo
1r3ﬁ4 2

_ viol®)
v(t)

ERRo(=n66D}q

XziG (texp —z1o(1) 1K (z10(8),  (39)
EFBo(1), the same as Ea Do(t)
with the exchange LO-TO  (40)

for the terms associated with relaxation of energy (we
used also that B,chsqg <<1), and for the terms associated
with momentum relaxation we find

41)
(42)

(43)
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2= 172 3/2E 2,
PR o) = Oy on -m—;—“— (Fiwy o) vo(t)BY X ()explz1o (1) v ()
1+ —— 4L +exp[ —2z;(8)] 1———&)—— K,(z (1))
VLO( ) LO VL()(I) 2410
_ ow() _ _ v
ho(t)=same as 757 o(?) exchanging LO-TO , (45)
where
Pol()= 1uox 2 Dexplzio Dot | | [1+ =22 | dexpl—22,0(0] | 1= 22 | | K (z10(1))
LO(t) VLO(t)
— | =2 exp —22,0(00] | 1= =2 | | Ky(zy0(1)) (46)
'VLo(t) Lo VLO(t) 0**10
[
. dv, ()
with vdt =(e/myle—y(th,(1) . (50c)
w(t)=1/{exp[Bc(tViw o] 1} , 47)
sn - Equation (50c) is a Newton-Langevin-type equation
Yao=(2"""eEo, /3)(1/2mm iy o) ', (48) with y ,(#) playing the role of the reciprocal of an instan-

and K, (z) are Bessel functions of second order.'*

Sxmple mathematical mampulatlons allow us to put Eq.
(44) in the form given by Conwell® with the instantaneous
values of T,(¢) and Ty o(2).

Next, we assume that the Frohlich interaction predom-
inates over all other carrier-phonon interactions, and,
since in the very early stages of relaxation after finaliza-
tion of the laser pulse there is practically no heating of 4
phonons, we take T 5 equal to the reservoir temperature.
Hence, the original set of six generalized transport equa-
tions reduce to four equations once those for the AC and
TO phonons’ rate of energy variation are dropped.

The left-hand sides of Eqgs. (2) are expressed in terms of
the intensive variables, i.e., quasitemperatures and drift
velocities, using the relations

Ec(t)=2 €xafialt) (49a)
E, ()= 29 g, nVq,n(2) 5 (49b)
LV(Palt)=nmava(t) , (49¢)
and then
dBc(t)  Bi(1) v (1)
== TR olt)
—EPD ()—EER (1) (50a)
dBro(t) 2V
PR TRNT {1—cosh[Bo(t)fiw o]}
(50b)

a

S Effo()—Ero an(?) ] ,

taneous momentum relaxation time. Equations (50c) and
(50d) are of the same form as Egs. (42) in Ref. 5, but y, in
the latter depends on a supercorrelation function [Eq.
(43) in Ref. 5], a functional with a highly complicated
dependence of all the nonequilibrium variables, including
the drift velocities. Differently, y,(¢) of Egs. (50c) and
(50d), calculated in the NSOM linear theory of relaxa-
tion, is dependent only on T.(t) and T(¢), but is in-
dependent of v,(¢). Thus, Egs. (50c) and (50d) are first-
order linear differential equations for each drift velocity,
possessing the solutions

v (t)=(e/m)eT,(t), (51)
where

ro(t)=e T4 [ldr'et ), (52a)

Y (t)= fo'dt'y,,(t') ; (52b)

and we have taken the initial condition v,(0)=0.
Defining the currents I ,(t)=nev,(t) and using Eq. (51)
we obtain a Drude-type conductivity

o (t)=(ne?/my)t, (1), (53)

with an instantaneous transport relaxation time depend-
ing on time through the quasitemperatures 7T,(¢) and
T1o(2), and then varying in time with the irreversible
evolution of the macrostate of the system.

Using Egs. (51) and (52) straightforwardly proves that
the drift velocity would have extremal points at, say, a
time 7, where

d
Da , =(e/mgy)e[l

> —y(t)7(t,)]=0, (54)

x

i.e., whenever there occurs during the transient period a
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crossover of the evolution curves for the momentum re-
laxation time and transport relaxation time. Such an ex-
tremum is a maximum or a minimum if the second time
derivative at ¢,

d%, dy,
o tx——(e/ma)era(tx) a |
dy;!
=va(L Vet )—— | (55)
is negative or positive, respectively. Further,

dy;! dy, ! dT, -1 dT

Y _or ¢ Iy LO (56)

dt |, 0OT, dt |1, 0Ty dt |i,

and, since the last term is expected to be much smaller
than the first,'® neglecting it we find that on cooling
(dT, /dt <0) a maximum occurs if 3y ~!/T,>0, and a
minimum for 8y ~!/T, <0. Once 7(t) begins at zero and
increases, the first extremum, if it occurs, is a maximum,
and thus a transient with structure (a maximum and a
minimum) should follow if on cooling y ~! passes through
a minimum. It ought to be emphasized that this charac-
teristic of the mobility transient remains valid for the
quite general case of any intensity of the electric field
strength and large relaxation effects, as shown in Ref. 5.
We recall that the expression for y(¢) given by Eq. (46) is
valid for low to moderately high fields and the NSOM
linear theory of relaxation. Also, we call attention to the
fact that the maximum is an overshoot if the momentum
relaxation time at ¢, is larger than y ~! at the stationary
state.

We have drawn in Fig. 1 the curves showing the depen-
dence of the reciprocal of the momentum relaxation time
on the carriers’ quasi-temperature for several values of
the LO-phonons’ quasitemperature. In it ©,=%w,/k is
the Einstein temperature, and Y, is normalized in terms
of the 7, of Eq. (48). The existence of a maximum of y
can be seen (minimum of the momentum relaxation time

RECIPROCAL OF THE MOMENTUM
RELAXATION TIME (Normalized)

Te /8,
CARRIER QUASITEMPERATURE

FIG. 1. Dependence of the reciprocal of the momentum re-
laxation time with the carrier quasitemperature for several
values of the LO-phonon quasitemperature. The normalization
factors are indicated in the main text.
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y 1) for a quasitemperature T*~20,, with a negative
slope (or alternatively dy ~'/dt,>0) for T.> T and a
positive slope (or dy ~1/dT, <0) for T, < T®*. It can also
be seen that dy /dT, is smooth, and thus the condition
for the possible occurrence of a structured transient is
fulfilled.

Next we apply these results to a specific case to obtain
numerical solutions.

III. STRUCTURED MOBILITY IN GaAs

Consider a sample of GaAs illuminated by an intense
pulse of laser light. To fix initial conditions, we take as
an example the case of the experiment of Shank et al.!®
which we previously used to study relaxation phenomena
in HEPS.!® A very short laser pulse of 0.25 psec pro-
duces a density of photoinjected carriers n =2X10!8
cm ™3, having an excess kinetic energy of roughly 2.4 eV,
and in contact with a thermal reservoir at 300 K. Im-
mediately after the pulse, the initial quasitemperature of
carriers is, roughly, 6700 K, and T 5 ~303 K, Tro~303
K, Tac~T,=300 K.° We have also used relaxation
times for anharmonic processes of 10 psec and a heat
diffusion relaxation time of 1 nsec.

The coupled set of differential equations, Egs. (50), is
solved using standard computational techniques. Our re-
sults are displayed in the accompanying figures. Figure 2

S
10 16kV/cm
12k Vv/cm
<
td:J IOkV/¢cm
=t
gio*
w 9.5kV/cm
a
=
[T]
—
& 93kV/cm
=
2
o
&
~r 3
% 10 9k V/em
S 8kV/cm
€kV/ecm
2kV/ecm
1 | 1 ]
5 10 15 20

TIME (psec)

FIG. 2. Evolution of the carrier quasitemperature for several
values of the electric field intensity.
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shows the time evolution of the carriers’ quasitempera-
ture for several values of the electric field. It can be not-
ed that for €4 kV/cm the carriers cool down to a
steady state in less than 5 psec. For 45€59.4 kV/cm
the carriers cool down at a slower pace, and the steady
state follows for delay times ranging from 5 psec to more
than 30 psec. For € $9.4 kV/cm the steady state follows
after more than 30 psec, and the steady-state quasitem-
perature is larger than the initial one. This is a result of
the fact that Joule heating effects overcome the energy re-
laxation to the phonon field. It is expected to occur start-
ing at a value of the field intensity such that [cf. Eq. (2a)]

Te

2.2

Th
ne<e +—

m, my

~ETR,+ESR, . (57)

Figure 3 shows the evolution of the LO-phonons’
quasitemperature. An increase of Ty of less than 10%
of the reservoir temperature (300 K) can be noted, as can
the fact that for fields larger than, roughly, 9.4 kV/cm,
one finds smaller values of Ty with increasing fields.

Figure 4 shows the evolution of the electron-drift ve-
locity (almost identical curves are obtained for holes ex-
cept that the scale of the vertical axis must be reduced by
a factor of, roughly, 15).

Figure 5 displays the evolution of the momentum re-
laxation time and transport relaxation time; it numerical-
ly confirms the stated criterion that maxima (minima) ap-
pear when there occurs a crossover of the evolution
curves of 7(¢) and ¥ ~!(¢), and the latter is decreasing (in-
creasing) at that point.

The dependence of the drift velocity in the stationary
state on the electric field intensity is given in Fig. 6. This
result only depends on the applied electric field intensi-
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FIG. 3. Evolution of the LO-phonon quasitemperature for
several values of the electric field intensity.
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FIG. 4. Evolution of the electron drift velocity for several
values of the electric field intensity.

ties, being independent of the initial nonequilibrium con-
ditions. The general form of the curve in Fig. 6, mainly
the steep increase along a small interval of field intensi-
ties, has been known for a time.!®

Combination of the results shown by Figs. 5 and 6, i.e.,
those concerning the transient and stationary regimes, al-
low us to state that the ultrafast mobility of hot carriers
in the central valley of GaAs (and expected to be valid for
HEPS in general) has three well-defined regimes:

(i) A structured mobility with relative maximum (no
overshoot) and minimum at low electric field intensities
(in our case € $4 kV/cm), with the mobility in the steady
state following a near-Ohmic law;

(ii) a structured mobility with an absolute maximum
(overshoot) and a minimum, at low to intermediate elec-
tric fields (4 S€<9.4 kV/cm), and non-Ohmic behavior
in the stationary state; and

(iii) normal behavior, i.e., a monotonic increase of the
mobility towards its stationary value, and a near-Ohmic
dependence in the latter.

We have also analyzed the effect of the initial condi-
tions on the structured mobility transient. Figure 7
shows the evolution of the electron drift velocity for e=6
kV/cm, and different values of the initial carriers’ quasi-
temperature (i.e., increasing values of the laser frequen-
cy). At low energy transfer it follows normal behavior;
with increasing energy transfer a structured mobility be-
gins to appear, becoming more and more evident and
leading, at high energy transfer, to the appearance of an
increasingly more pronounced overshoot. This is the re-
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FIG. 5. Evolution of the momentum and transport relaxation
times for several values of the electric field intensity.

sult of the fact that the minimum of ¥ ~! is at about 20,
i.e., ~920 K in GaAs; then, for 7,.(0)=700 K the carrier
system evolves without y ! passing through such a
minimum and no structure can be produced. The subse-
quent values of T,(0) correspond to initial values of y ~!
that allow it to pass through its minimum while the car-
riers cool down and structure appears. With increasing
values of T,(0), the initial value of ¥ ! when on the posi-
tive slope side of the curve ¥ ! versus T, keeps increas-
ing. Since the stationary value of the drift velocity is the
same in all cases (independent of the initial conditions
and being fixed only by the value of €), for certain values
of T.(0) the maximum becomes an overshoot, displaying
an ever-increasing height with increasing T,(0).

Finally, we note that the existence of an instantaneous
transport relaxation time allows us to write an instan-
taneous Einstein relation linking it to an instantaneous
diffusion coefficient,

D ()=[kT,(t)/m]r,(t) . (58)

Because of the rapid decay of the carriers’ quasitempera-
ture in the early stages of relaxation, the structure in the
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FIG. 6. Dependence of the drift velocity in the steady state
on the electric field intensity.

transient of D (¢) is washed out, but a very pronounced
diffusion overshoot is present.

1IV. DISCUSSION AND CONCLUSIONS

We have presented an analytical study of the ultrafast-
mobility transient of far-from-equilibrium carriers in
HEPS. For that purpose we resorted to the powerful
nonlinear quantum transport theory derived from the
nonequilibrium statistical operator method (NSOM) in
Zubarev’s approach. A coupled set of nonlinear integro-
differential generalized transport equations for a basic set
of nonequilibrium thermodynamic variables, deemed ap-
propriate for the description of the macroscopic state of
the HEPS, was derived. It ought to be recalled that the
choice of the basic set of variables for the description of
the macroscopic state of the system is one of the funda-
mental difficulties associated with nonequilibrium ther-
modynamics!” and statistical mechanics,” and therefore
with any approach to the NSOM.!® 1In the case of HEPS
one would need, in principle, to use the whole set of dis-
tribution functions for carriers and for phonons, fg(t)
and vn(t), taking as initial conditions the equilibrium
ones for the latter and for the former the distributions
peaked in energy space around the values compatible
with energy conservation in the process of the vertical in-
terband transition produced on absorption of one laser
photon. As already noted in Sec. II, for the levels of con-
centration of photoinjected carriers we are considering
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£=6kV/cm

TIME (psec)

FIG. 7. Evolution of the electron drift velocity (normalized
to its value in the steady state) for an electric field of 6 kV/cm,
and different values of the level of photoexcitation, character-
ized by the initial carrier quasitemperatures.

(say 10'® cm™3 and higher), these carriers attain a condi-
tion near internal thermalization in, roughly, the 100-fsec
time scale after application of the exciting laser pulse.®
Hence, as done in the present work, after a delay time of
0.5 psec it is acceptable to work with a contracted
description of the carriers’ macroscopic state in terms of
a quasitemperature, quasichemical potentials, and drift
velocities, in an instantaneous Fermi-Dirac distribution
[under high levels of excitation it goes over the expres-
sion of Eq. (15)]. Differently, the phonons do not attain a
very rapid internal thermalization that allows us to de-
scribe their macroscopic state in terms of solely a quasi-
temperature and an instantaneous Planckian distribution,
as that of Eq. (4). The phonon populations grow in time
from their initial equilibrium values, while the different
modes are excited by energy transfer from the carrier sys-
tem, in a way that favors a certain off-center region of
Brillouin zone, with internal thermalization (resulting
from the interplay of electron-phonon interaction and
anharmonic effects) expected to follow in the 10-psec
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time scale.!” As a result we observed a slower cooling

down of the carriers as compared with the one obtained
using a unique quasi-temperature for all modes in each
phonon branch. Consequently, the treatment we gave to
the phonons in previous sections—the use of an average
population characterized by T (z)—overestimates the
decrease of T*(t) in the earlier picoseconds. As noted,
the behavior of the transient mobility strongly depends
on the evolution of the carriers’ quasitemperature [cf. Eq.
(56)], and thus the prediction concerning the structured
evolution remains valid. A more precise calculation car-
rying the details of the evolution of the state of the pho-
non modes is expected to only produce numerical
modifications basically—due to the slower rate of change
of the carriers’ quasitemperature—the appearance of the
extrema at later delay times than those predicted by our
theory.

These extrema, a maximum and a minimum, in the
ultrafast-mobility transient of photoinjected carriers in
the central valley of polar semiconductors are shown to
appear at delay times during the irreversible evolution of
the HEPS when there occurs a crossover of the evolution
curves of the momentum relaxation time and transport
relaxation time. The latter, given by Eq. (51), is a func-
tional of the former involving memory effects, i.e., it de-
pends on the previous history of evolution of the HEPS
that determines ¥ ~!(¢). All the time dependence of the
mobility (or equivalently the drift velocity) is contained in
the transport relaxation time and, therefore, is governed
by its evolution.

The momentum relaxation time has a minimum value
for a macrostate of the HEPS between conditions of high
and low excitation levels. This is so because in the first
case the population of the carrier states in energy space is
very low [small 3, in Eq. (5)], and the amplitude of the
phonon fields does not increase appreciably (cf. Fig. 2).
At low levels of excitation (low carrier quasitempera-
tures) conservation of energy and momentum largely
reduce the number of electron states available for the
scattering events. Hence, the minimum of ¥ ~! is in be-
tween: according to our calculation for a carrier’s quasi-
temperature T of nearly twice the LO-phonon’s Ein-
stein temperature. The existence of the structured mobil-
ity is totally dependent on this behavior of the momen-
tum relaxation time. As already noted in previous sec-
tions, and corroborated by Fig. 6, for a maximum and a
minimum of the drift velocity to appear, one must start
with a sufficiently photoexcited HEPS (initial T, larger
than T7*), followed by a cooling of the carrier system un-
til values of T, are smaller than T.*.

With increasing field intensities, 7T, decreases with a
slower pace and its value at the steady state, T;°, is larger
and larger, accompanied by a mobility smaller and small-
er, with the result that the value of ¥, ' approximates its
minimum value. On the other hand, the height of the
maximum of 7 is weakly altered since it depends ex-
clusively on the evolution of ¥ ~! towards its minimum
value. With increasing values of the electric field intensi-
ty and decreasing values of y5' (=7), Joule heating
effects become strong and overcome the process of energy
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relaxation to the lattice [cf. Eq. (57)]. Consequently, T:*
in the neighborhood of T5* (~26, or, roughly, 1000 K in
GaAs attained at ~9 kV/cm) is strongly dependent on
the electric field intensity, and so is !, leading to a
non-Ohmic dependence of the drift velocity. Then, the
regime with overshoot is strongly correlated with the re-
gion of values of electric field intensity for which the sta-
tionary mobility is non-Ohmic as confirmed by inspection
of curves 4 and 6.

Summarizing, for a sufficiently intense electric field the
carrier system keeps heating up (or starts to cool down
and next heats up) so that the momentum relaxation time
does not attain its minimum and structured mobility is
excluded (In Fig. 5 the case for 12 kV/cm). Hence, there
exist a maximum value of the field above which the mo-
bility only presents normal evolution. This regime fol-
lows, on increasing field strength, from another one
where structured mobility is present and the maximum is
an overshoot (In Fig. 5, the cases for 6, 8, and 9 kV/cm).
The height of the overshoot diminishes with decreasing
field intensity and there is a lower limit of this intensity
below which this maximum is no longer an overshoot (In
Fig. 5 the case for 2 kV/cm). Further, as shown by Fig. 7
and the ensuing discussion in Sec. II, there is a lower lev-
el of photon laser energy for the phenomenon to occur,
viz., the one that allows excess kinetic energy of the car-
riers to be high enough for the macroscopic state of the
system to allow, at the start, for the momentum relaxa-
tion time to decrease with decreasing temperature.

Experimental observations of ultrafast mobility in
HEPS are scarce, and the existing few are not detailed
enough.’>?! It may be mentioned that there is a certain
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qualitative and semiquantitative agreement with
Hammond’s measurements?! in that he reports an inferi-
or and superior limit of the field intensity for an
overshoot to be observed. Also, it must be stressed that
we have studied the dependence of the mobility of none-
quilibrium carriers in HEPS in a single valley. However,
the band structure of direct-gap polar semiconductors
displays multiple valleys, and therefore intervalley
scattering of carriers needs to be considered. It could
lead to additional structure at sufficiently high levels of
excitation as a result of the transference of carriers to
higher energy valleys where they have larger effective
masses, but this effect seems to be smoothed out by car-
rier collisions.?? ‘

Concerning Zubarev’s method used in this work, as
noted we applied it to the study of relaxation effects on
optical properties of HEPS;!%2>2* jts seemingly first ap-
plication to the study of transport properties in solid-
state systems is due to Kalashnikov,?* more recently it
was discussed in this connection by Ferry et al.,?® and
Liu et al.?® applied it to the study of the steady state of
high-field electron transport in multivalley semiconduc-
tors.

ACKNOWLEDGMENTS

One of us (V.F.) received support from the State of Sdo
Paulo Research Foundation (FAPESP) while this work
was performed. The other authors (A.R.V. and R.L.) ac-
knowledge support from the National Research Council
(CNPq).

IR. R. Alfano, in New Techniques and Ideas in Quantum Mea-
surement Theory, edited by D. M. Greenberger (The New
York Academy of Sciences, New York, 1986), pp. 118-126;
in Biological Events Probed by Ultrafast Laser Spectroscopy,
edited by R. R. Alfano (Academic, New York, 1983), Vol. I;
in Semiconductor Processes Probed by Ultrafast Laser Spec-
troscopy, edited by R. R. Alfano (Academic, New York,
1984), Vol. I1.

2M. Rieger, P. Kocevar, P. Bordone, P. Luigli, and L. Reggiani,
Proceedings of the Fifth International Conference on Hot Car-
riers, Boston, 1987, Vol. 31 of Solid-State Electronics, edited
by J. Shah (Pergamon, Oxford, 1988); C. Jacoboni and L.
Reggiani, Rev. Mod. Phys. 55, 3 (1983); L. Reggiani, in
Proceedings of the Fourth International Conference on Hot
Carriers, Innsbruck, 1985, edited by E. Gornik, G. Bauer, and
E. Vass [Physica B+ C 134B, 123 (1985)].

3R. Zwanzig, in Perspectives in Statistical Physics, edited by H.
J. Raveche (North-Holland, Amsterdam, 1981), pp. 123-134;
Kinam (Mexico) 3, 5 (1981). .

4R. Luzzi and A. R. Vasconcellos (unpublished); A. C. Algarte,
A. R. Vasconcellos, R. Luzzi, and A. J. Sampaio, Rev. Bras.
Fis. 15, 106 (1985).

SV. N. Freire, A. R. Vasconcellos, and R. Luzzi (unpublished).

SD. N. Zubarev, Fortschr. Phys. 18, 125 (1970); Neravnovesnaia
Statisticheskaia Termodinamika (Nauka, Moscow, 1971),

Chap. IV [English translation: Nonequilibrium Statistical
Thermodynamics (Plenum, New York, 1974)].

7A brief summary of the principal results were communicated in
V. N. Freire, A. R. Vasconcellos, and R. Luzzi, Solid-State
Commun. 66, 683 (1988).

8A. Elci, M. D. Scully, A. L. Smirl, and J. C. Matter, Phys. Rev.
B 16, 191 (1977); J. Collet, T. Amand, and M. Pugnet, Phys.
Lett. 96A, 368 (1983); P. Motizuke, C. A. Argiiello, and R.
Luzzi, Solid-State Commun. 23, 617 (1977).

9E. Conwell, Solid-State Phys., Suppl. 9, 1 (1967).

10A. C. Algarte and R. Luzzi, Phys. Rev. B 27, 7563 (1983); R.
Luzzi and A. R. Vasconcellos, in Semiconductor Processes
Probed by Ultrafast Laser Spectroscopy, edited by R. R. Al-
fano (Academic, New York, 1984), Vol. 1, pp. 135-169.

11n the second reference of Ref. 6 see Chap. IV, Sect. 22.3.

I2R. K. Chang, J. M. Ralston, and D. E. Keating, in Light
Scattering Spectra of Solids I, edited by G. B. Wright
(Springer, New York, 1969), pp. 369-379.

13). M. Ziman, Electrons and Phonons (Oxford, Clarendon,
1956).

14Handbook of Mathematical Functions, edited by M.
Abramowitz and I. Stegun (Dover, New York, 1970).

15C. V. Shank, D. H. Auston, E. P. Ippen, and O. Teschke,
Solid-State Commun. 26, 567 (1978).

16R. Stratton, Proc. R. Soc. London, Ser. A 242, 355 (1957); see



39 ULTRAFAST MOBILITY IN PHOTOINJECTED POLAR ...

also, E. Conwell, in Ref. 9.

17E.g., Recent Developments in Nonequilibrium Thermodynam-
ics, edited by J. Casas-Vazquez, D. Jou, and G. Lebon
(Springer, Berlin, 1984).

18See, for example, G. E. Uhlenbeck in Lectures in Statistical
Mechanics, edited by M. Kac (American Mathematical So-
ciety, Providence, 1963), pp. 183-203; L. L. Buishvili and M.
D. Zviadadze, Physica 59, 697 (1972); A. R. Vasconcellos, A.
C. Algarte, and R. Luzzi (unpublished); A. I. Akhiezer and S.
V. Peletminskii, Methods of Statistical Physics (Pergamon,
Oxford, 1981).

19A. C. Algarte, A. R. Vasconcellos, and R. Luzzi, a brief pre-
liminary communication is in Proceedings of the 18th Interna-
tional Conference on the Physics of Semiconductors, edited by
O. Engstrom (World Scientific, Singapore, 1986), p. 1295.

13 275

20C, V. Shank, R. L. Fork, B. I. Greene, F. K. Reinhardt, and
R. A. Logan, Appl. Phys. Lett. 38, 104 (1981).

21R. B. Hammond, Physica B+ C 134B, 475 (1985).

22M. A. Osman, U. Ravaioli, and D. K. Ferry, in High Speed
Electronics, edited by B. Killback and H. Beneking (Springer,
Berlin, 1986).

23G. Répke, V. Christoph, and G. Vojta, Phys. Status Solidi B
76, 695 (1976).

24y, P. Kalashnikov, Phys. Lett. 26A, 433 (1968).

25pD. K. Ferry, H. L. Grubin, and G. L. Iafrate, in Semiconduc-
tors Probed by Ultrafast Laser Spectroscopy I, edited by R. R.
Alfano (Academic, New York, 1984).

26M. Liu, D. Y. Xing, C. S. Ting, and W. T. Xu, Phys. Rev. 37,
2997 (1988).



