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Delayed intersubband relaxation in quantum wires due to quantum kinetic Coulomb scattering
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A theoretical analysis of the ultrafast intrasubband and intersubband dynamics of optically excited electrons
in quantum wires is presented within the density matrix formalism. It is shown that the inclusion of non-
Markovian electron-electron quantum kinetics, in addition to semiclassical optical phonon scattering, is nec-
essary for an appropriate description. In particular, the dynamics of the two-particle density correlations must
be explicitly taken into account. The electron-electron scattering processes, which are strongly restricted in
guantum wires by energy and momentum conservation, are substantially enhanced on the quantum kinetic
level, leading to fasintrasubbandthermalization, andntersubbandredistribution of the electrons which
substantially delays the phonon-induced intersubband relaxation. Our simulations predict that the influence of
electron-electron scattering becomes noticeable already at electron densities per unit length of the order of
10° m~1. [S0163-18209)09607-1

[. INTRODUCTION excitatiorf* or carrier capture, i.e., about thermalization and
cooling of hot electron distributions in quantum wires. For
The availability of femtosecond laser pulses andexample, relaxation of hot carriers into the lowest-energy
ultrashort-time spectroscopin conjunction with, e.g., near- subbands in GaAs fractional-layer superlattice quantum
field optical microscopy for nanometer scale resolifiititas ~ wires has been found to be faster than 0.5 ps and 1.5 ps,
brought an increased interest in the nonequilibrium dynamicsespectively, for two sets of quantum wires with different
of electrons in low-dimensional semiconductor nanostrucdimensions® The expected phonon bottleneck has not been
tures. They are promising candidates for devices with nevobserved.
features and optimized performance due to their special op- Measurements of hot carrier relaxation in arrays of GaAs
tical and transport properties, e.g., an increased density af-groove quantum wire&, however, have found intersub-
states and strongly modified scattering processes. band relaxation times of several hundred picoseconds. This
Pump-and-probe experiments performed on these struenight be explained bya) the intersubband splitting which
tures usually produce excited carriers in their respectivevas smaller than the longitudinal-opticdlO) phonon en-
bands which relax to the bottom of their bands before theyergy (due to the relatively large cross section of the wires
recombine. In low-dimensional structures, this includes in-under investigation therefore electron-phonon scattering
tersubband relaxation as well as intrasubband thermalizatiocould not effectively contribute to the relaxation process, and
and subsequent cooling down to the lattice temperature. (b) the high electron density in the samplef the order of
Two-dimensional semiconductor syste@santum wells 108 m™1), which led to degeneracy effects and therefore
have been studied experimentéiiyand theoreticall’~*4in  inefficient Coulomb scattering due to Pauli blocking.
detail, while one-dimensional structurdguantum wires Investigations on the capture of electrons in a vicinal-step
have gained increased attention only recént}? because quantum wire from the surrounding quantum well have been
they might offer even more interesting optoelectronic propsperformed using a combination of near-field optical micros-
erties. For example, it is expected that quantum wire lasersopy and time-resolved photoluminescence spectros€opy
exhibit superior performance compared to higher-with a spatial resolution of 200 nm. Effective diffusion
dimensional laser structures. lengths(severalum) as well as recombination timdg ns
In quantum wells the relaxation of electrons from the for the quantum well, 1.5 ns for the wirdnave been esti-
=2 into then=1 subband leads to significant heating of themated.
electron gas here. The subsequent thermalization is influ- Future experimental investigations with improved femto-
enced by phonon emission as well as by Coulomb scatteringecond spectroscopy and higher spatial resolution, together
In a degenerate electron gas, thermalization, i.e., the formawith perfected sample growth, are necessary to give more
tion of a heated Fermi distribution, may take as long as 2 psnsight into the nonequilibrium electron dynamics and carrier
which is ascribed to the strong screening of the Coulomlyedistribution in a quantum wire.
interaction in a Fermi gaSFurthermore, it has been found It is the purpose of this paper to provide a detailed theo-
that the cooling of the electron gas down to the lattice tem+etical study and, in particular, make numerical predictions
perature by phonon emission takes approximately 50 ps ansh the influence of electron-electron scattering upon the in-
is almost independent of the electron density. trasubband and intersubband dynamics of nonequilibrium
Up to now there are only few experiments on intersub-electrons in quantum wires. Quantum kinetic effects are an-
band scattering in single quantum wif8sThus, litle is ticipated to be particularly pronounced in quasi-one-
known about carrier redistribution after direct optical dimensional structures due to their confined phase space,
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which results in severe restrictions on semiclassical scatter-

kinetics are fully taken into account. LO phonon emission
and absorption, which is the dominant energy relaxation 1221
mechanism, is considered in a semiclassical approximation.
Since our focus is on theonduction subbandynamics, the
generation of a nonequilibrium electron distribution is mod-
eled by a semiclassical optical excitation rate, neglecting the
valence band dynamics.

During the last decade, the density matrix formalism in FIG. 1. Electron-electron scattering processes in a two-subband
momentum space has been applied to a number of problen§glantum wire. The processes are labeled by indiggs,i, corre-
in semiconductors, including coherent photogeneration ofPonding to the Coulomb matrix elemevif;;;; ;,(q) where elec-
carriers?>28 optics of excitong’2812four-wave mixing?®®  trons with wave vectork; k, in subbands ,i,, respectively, are
and electron-phonon scattering in the BUR® and in  Scattered into statds +q,k,—q in subbands; ,i;.
heterostructure¥. Dynamical carrier-carrier interaction, if

taken into account, has usually been treated in Hartree-Fo T ; T )
approximation by splitting the two-particle densit matrices%&]d b-q andbg are creation and annihilation operators, re
bp y spiting P y spectively, of a LO phonon with wave vectqr(z compo-

Cloetmg two.particle CorTaimtiona. In this vay. semicondue.1eNtdz and perpendicular two-dimensional componary,
g g p : Y andfw, o is the LO phonon energy.

tor Bloch equations are obtaindt® , e

The inclusion of the two-particle density correlations as The Coulomb interaction is given by
separate dynamic variables has allowed for the coherent
guantum mechanical description of impact ionization in bulk

not allowed in
symmetrical structures

intersubband processes

ing processeés imposed by energy and momentum conser- 1111 1212 2111
vation. Using the density matrix appro&tive shall derive a | 22 |
closed system of quantum kinetic equations for the electron
distribution functions in different conduction subbands, their \/
two-particle density correlations, and the nonequilibrium
phonon distribution function, including polar-optical phonon 2297 | 2517 2991
scattering and, in particular, all contributions to the electron- z2n | 222 |
electron interaction. Thereby, memory effects, correlations, /
and energy-time uncertainty in the electron-electron quantum

\J/

intrasubband processes

semiconductors under the influence of high external electri¢g,,=1 >, > Vi (a)e! - c -

fields®® or optical excitatior’” In a simplified quantum ki- iinipy KoK T2ELT T e

netic approach to quantum wires, intersubband impact ion-

ization has been consideré%demonstrating the softening of X Ci, k,Ciy Ky ()

the semiclassical impact ionization threshold on ultrashort-

time scales. This approach was subsequently extended to in- ) )

clude the full multisubband electron-electron interacfioff ~ where Visisi i (g) is the Coulomb matrix element. In the

Here we consider the effect of Coulomb quantum kinetics inanguage of second quantization E) describes elemen-

combination with LO phonon scattering upon intersubbandary processes where two electrons from subbapdsdi,

relaxationas well as subsequent intrasubbainermalization ~ with wave vectorsk; andk, are scattered into subbanis

andcooling and i}, with wave vectorsk;+q and k,—q, respectively
(Fig. 2). In the following the shorthand notation{5i,i,)

Il. THEORY will be assigned to this process. Note that the following sym-

Our approach is based on a multisubband density matri>r;matry holds:

formalisnt* applied to the conduction subbands of a quan-
tum wire with a rectangular cross section. The Hamiltonian
g Viiiéizil(Q):Viiiéizil(_q):Viéiiiliz(Q):V;kliziéii(q)-

H:HO+Hee+Hep D 4

is composed of the quasi-free Hamiltonidh, and the
electron-electron and electron-phonon interactibhg and  Therefore, e.g., for a system of two subbands there are only
Hep, respectively. The quasi-free Hamiltonian is seven different elementary Coulomb processes, which are
shown in Fig. 1. For quantum wire structures with inversion
B + + symmetry, as considered here, the proced®dd1 and
HO_EJ-“ Ek: EJ'kCJ'kCJ'kjLEq: fraobgbq, (2) (2221 have vanishing matrix elements. Proces§Ekl]),
(2222, (1221, and (1212 do not change the number of
WherecJ-Tvk andc;  are the creation and annihilation opera- carriers in the individual subbands. Procé211) represents
tors, respectively, of an electron with wave veckoin the  intersubband impact ionizatidh™ since it leads to a net
jth subband of the quantum wire; , is the single-electron change of the subband occupation.
energy of an electron with wave vectoin the jth subband, The electron-phonon interaction is

ep:
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in the z direction and comprises thaistribution functionsn

+
Hep:Z Ek > L5 4, PqC the different subbands of the conduction baneal-valued
) d intrasubband density matricels,=i) and theintersubband
+7;,(q)CjT,‘kbng‘k+qz], (5) Eglsairilzia?i)ons (complex-valued intersubband density matri-
wherey; ;(q) is the screened Fhtich matrix element of the The dynamics of these density matrices can be derived

dominant polar-optical scatteriffg.Since it is known from from the Heisenberg equation of motion for the single-
the analysis of phonon properties in two-dimensiof2ld)  particle operator
and 1D systems that the total effect of confined and interface
phonons is close to that of 3bulk) phonons:®*? we will
only consider three-dimensional Flich modes here. d ‘

Our primary dynamic variable is the one-particle density i 47 (Civ i Cik) =[Sy Cik, HI- (7)
matrix

fi(K)=(c! ¢ . 6 . .

rik=(C kG © The temporal change of the expectation values is com-
It is diagonal with respect to the wave vector arguntedtie  posed of contributions corresponding to the commutator with
to the translational symmetry of the quantum wire structureHg, Hee, andHe,:

d
iﬁafi'i(k):(fi,k_ Eii,k)fi’i(k)

ot T T
+ Z _ k’E Vjijéjzjl(Q)Wjé,i(Cji,k/ Cir,ijz,k+qu1,k'—q>_5jl,i'<Cji,k+qCjé,k/_chz,k' Cii}
J1:0202001 q

+; ; qE [%j(qZ'Ch)<CiTr,kquj,k—qZ>—inr(qp(h)<CjT,k+qzqui,k>+YE(QZ,QL)<CiTr,kb£Cj,k+qz>
z 1N

= 75(0z,41) {c] g blci ] ®)

The first part describes merely a phase-coherent rotation In our approach théevo-particle density correlationson-
of the polarizationsi( #i) in the complex plane with a fre- stitute secondary dynamic variables. The following symme-
guency corresponding to the intersubband splitting energy dties hold for these quantities:
the respectivéx value.

The Coulomb interaction of the electrond () leads to a Sitiniziy(Ki K2, @) =8j1j11.5, (a2, kg, —Q), (13)
coupling of the single-particle density matrices to two-

. . . t t .
particle density matricetc;, \ ;) \ Cij, k,-aCiy k, +o) Which Sipigi(Kuke ) =8] | (ki ake—a,—a), (12
can be decomposed into a Hartree-Fock factorized term and
a correlated remainder, i.e., the two-particle density correla- Si1izisi1 (KioK2, @) =8j7j7, (—k1, —kp,—q).  (13)

tions Sjiiéizil(kl’kZ'q)5
The last part of Eq.8) introduces a coupling to the
phonon-assisted density matriEiTl,k+quin2,k> which de-
scribes the absorption of a phonon of longitudinal wave vec-
tor g, by an electron of wave vectdrin subband, which is
=—f5,(k+a) F25,(K) S kg Sy, (K K — Q). scattered to wave vectér g, in subband ;. Since momen-
(90 tum is no good electron quantum number in thandy
directions, the perpendicular momentum comporgntof
The Hartree-Fock contribution in E(P) yields a band renor- the phonon is not conserved, but “absorbed” by the momen-
malization by the self-energy tum uncertainty of the electron in the confinedndy direc-
tions. The reverse proc?ss, 1phonon emission, is described by
the complex conjugat(acizkchil,k+qz>.
A i, (k)= _J-%z % Viigioip(D i (k+a) (10 The hierarchy of equations of motion can be continued by
setting up Heisenberg equations for the two-particle density
while the two-particle density correlations describe coherengorrelationss;j:; ; (ki,kz,q) analogous to Eq(7). Due to
electron-electron scattering processes. the electron-electron interaction, they couple to three-particle

t ot
<Cji,k’ Cj; .k Cizk+a Cj, k'—q)
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density matrices containing six mode operafis order to  phonon-assisted density matrices can be formally integrated
close the system of equations for the primadystribution  in the Markov and adiabatic approximatfdryielding the
functions, intersubband polarizationand secondarytwo-  energy-conserving semiclassical result

particle density correlationsdynamic variables at this

level 3343-%5we shall factorize the three-particle density ma-

trices into products of one-particle density matrices and tWO'(CI k+a, qC|2 k)

particle density correlations, neglecting three-particle density

correlations and sums over rapidly oscillating two-particle =~ ~176(€i, k— € k+q, A ®L0)
density correlations which describe screening effects and re-
peated scattering of electrdfisas well as five-operator x| > [y (0,.00) i j(k+a,) (ng+1)

electron-phonon cross teris.
In a full quantum kinetic theory the phonon-assisted den-

sity matrices should also be treated as independent dynamic ~ — ¥i;(9z,d.) fji,(K) ng]
quantities. However, recent wotk*®33has shown that the
i ff f kineti f el -
main effect of a quantum kinetic treatment of electron Y V() Tk 0 £ (K) (14

phonon scattering is an initial broadening of the phonon rep-

lica in the emission cascade. More important is the energy

relaxation rate provided by phonon scattering, which is al-

ready appropriately described in the semiclassical approxiwheren,= (b} Pg) is thephonon distribution functiomvhich
mation. A comparison of the separate influence of quantunwill also be treated as a dynamic variable.

kinetic Coulomb and electron-phonon interaction upon the Since in symmetrical structures the electron-electron scat-
electron distribution shows that the former is much faster andering processe$2111 and (2221) are absent, and since
more pronounced for the electron densities considerethere is no coherent optical intersubband excitation, there are
here?® leading to a considerable broadening of the initialno terms driving the intersubband polarizatibp(k), and
optically generated peak after 50 fs already, whereas the firste can neglect it in our simulatiod5.

phonon replica appears later. It is therefore justified to treat The final equations of motion can then be written in the
the phonons semiclassically. The differential equation for thdollowing form:

d i ) ,
gli==—5 E . kzq Vitisioin(DL017iSij 1,0, (KK ) = 8y sy ik +0,k" =g, —q)} (15
J1ilosl2s)1

2w
+ o % 2 |7i5(0.00) 12 f5; (k+0,) [1= 5 (K) 1(ng+ 1) = f;(K)[1— £ };(K+0) Ing} 8(€j g, — € k— Frw10)
—{fii (k) [1=fj;(k—=az) J(ng+1) = fj;(k=a)[ 1~ F;;(K) Ing} 5(€ k— € k—q,~ rwL0)),

III21

d
Ihd Srire o (k11k21q):j§2 {5ilj1(kl+q)5i2,j2+5i2j2(k2_q)5i1 ]1}S| |2]2]1 kl,kz,q)

— Z {g] 51 r+gr I k2)5r ,}S]1J2|2 1(k1,k2,q)
11 12
T2 Viggi(kke o) F f112’2“<k1,k2,q> (16
i1:0g:d2.01 12
|
where spin degeneracy has been taken into account by defin- ,1,21211
ing aneffective Coulomb matrix element .1. iy (k1,k2,9)
1] ]2]1(k11k2:q) 2VJ i jzjl(q) Vlj jljz(kl+q_k2) _fl’Jl(kl) fl'] (ko) [9 i10i1 fjiil(kl+q)]
17
X[Siri.—firi (ko—=q) =1 (ke +q) firi (ko—
(the Coulomb interaction does not lead to spin flips, so both (910, Tigio(kem @) 1= Ty (ke ) (ko — @)
electrons in the exchange term must have the sam¢ apth <[ &1 - k) 1[30 | K
an effective “phase space filling factor” Loy~ iy (ka) JUaig 5, = Figy(k2) ] (18)
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FIG. 2. Evolution of a nonequilibrium electron distributiégenerated by a Gaussian pulse wih= 10" s ! and SE=15 meV atE
=50 meV) in a semiclassical phonon baffy €10 K) (a) without and(b) with quantum kinetic Coulomb scattering. The total generated
electron density i$1=3.785<10° m™! corresponding to a volume densitf®=n/(ab)=5.05x 10'® cm 3. (See Table | for numerical
parameters.

andrenormalized single-particle energies full widths at half maximum of 25 meV and 73 fs, respec-

tively) centered aE=50 meV andt =50 fs. As initial con-
ditions we assumef;;(k)=0 Vk and s (ky,k>,q)
=0 VKky,k,,q for the electrons, and an equilibrium Bose
distribution at temperatur€,_ for the phonons.

&ij(K)=¢€ k6; j+hQ;;(k) (19

have been defined.

elelz;?org sEcant;u(alri?w)gairs]dd(elstsgriltt)efjagsbz cSc?he:retEta ivfc:?;[tégng)r _ The Coulomb matrix elements and the'_' Frlioh coupling
cess: first the Coulomb interaction builds up two—partic:legonsmmts are calculated for a guantum ere-WIth recf[a_ngular
corrélations between the carriers; in a second step, scatteri gross section of 5nm;L5nm and |nf!n|tely high confining
between the correlated states t’akes place Sinc,e the tw otential, and _parabohc one—dlmenspnal subbands. -

. . . g’ ) Under the influence of polar-optical phonon scattering
particle correlatl(_)ns are independent dynamic var_|ables, th.Slone, the usual formation of phonon replicas can be ob-
guantum dynamics—uwith respect to the one-particle densi- ) i —
ties alone—is non-Markovian. Electron-phonon scattering is€"ved[Fig. 2@] at multiples offiw o=36 meV belowE
described by semiclassical emission and absorption rates. (S€€ Table | for numerical parametershe phonon emission

Similarly, one obtains for the nonequilibrium phonon dis- threshold of 36 meV where the phonon scattering rate is
tribution divergent leads to the discontinuity in the distribution func-

tion superimposed on the replica. Electrons with an energy

d 2 5 below 36 meV cannot emit optical phonons, therefore no
&nq:7 Ek: .E |7ij(anQL) | approach of an equilibriurfi.e., Boltzmanh distribution de-
! termined by the lattice temperatufg and the Fermi energy
Er can be expected. Furthermore, even a quantum kinetic
x{f; —fj; F ; . ;
{fii(kaz) [1=1j5(k) J(ng+1) treatment of electron-phonon scatterm%r%:g?onﬁt provide this
equilibration, as previous work has shoWwr™>>">*Note that
— () [1—fi(k+0y) Ing} ; P

acoustical phonon scattering would drive the system towards
(20) equilibrium on a much slower time scale only.
This situation is not changed ksemiclassicaklectron-
o ] o ] electron interaction, since intrasubband Coulomb scattering
The terms withi =] describe emissiofterms withng+1)  yapishes in quantum wires due to the required conservation
and absorptiorfterms withng) of phonons by intrasubband of momentumand energy in each scattering event.

X (€ k+q,~ €k~ hwL0).

scattering, while the.terms with=j account for intersub- In a quantum kinetic approach, however, energy conser-
band phonon scattering. vation may be violated on ultrashort-time scales, which en-
ables electron redistribution by intrasubband Coulomb scat-

lIl. INTRASUBBAND THERMALIZATION tering. The inclusion of quantum kinetic electron-electron

The density matrix formalism will now be applied to in- interaction thus leads to a totally different evolution of the

vestigate the relaxation of a highly excited electron popula- TABLE I. Numerical parameters for GaAs used in the simula-
tion generated in the upper subband by an optical pulse. Itions.

order to conceptually separate the effects of intersubband
relaxation and intrasubband thermalization and cooling, we Parameter Symbol Value
will first discuss a single one-dimensional subband in a quan-—_ _
tum wire where a nonequilibrium electron distribution is X Width of quantum wire a 15nm

generated by a semiclassical Gaussian generation rate if-Vidth of quantum wire b 5nm
cluded in the right-hand side of E¢L5), Conduction subband  AE=E,—E, 75 meV
splitting
— 5 — . 2 LO phonon energy hw o 36 meV
Gopt ki) =goe™ (s BV L0 21)  effective dielectric ep=eoe  5.63%10710 F m}
permittivity
which models a Fourier-limited optical pulse ofE Effective electron mass m* 0.067m,

=15 meV width andr=44 fs duration(corresponding to




PRB 59 DELAYED INTERSUBBAND RELAXATION IN QUANTUM.. .. 5811

distribution function. The result of a simulation including 0.1
both electron-phonon and electron-electron interaction it @
presented in Fig. @) for a lattice temperature off Boltzmann
=10 K. Comparison with the case without Coulomb scat- oz
. . . . . S
tering[Fig. 2(@)] reveals the profound qualitative difference: 1530 fs — - - -
the phonon emission threshold at 36 meV and the phono 2000fs -=---
replicas are completely absent at later times. Instead, a bro:@
distribution is observed which has its maximum at the bot-"~
tom of the subband, &=0, and seems to become steeper
with time, eventually approaching a Boltzmann-like, expo-
nentially decreasing function. The equilibrium Boltzmann
distribution function, however, is considerably sharper al oootf
T,. =10 K. Thus, we obtain a hot electron distribution, and

0.01 f

the electrons still must lose energy in a cooling proces: 0 20 20 % % 100 120 140
which finally yields an electron temperature that is equal tc E [meV]
the temperature of the crystal lattice.

When the lattice temperature is increased, a higher bacl IR
ground density of equilibrium phonons is present. Rt e L ) TLo300K — e so)
=77 K no significant difference to the low-temperature case ‘--\_ TI__ Z77K —— ep(sc)
of Fig. 2(a) is visible. At room temperatureT( =300 K) a 800t . TL=800K --- &P (sc)+e-e(gk)
new feature emerges: a phonon replighove the initial L TL=77K —-- ePp(sc)+e-e(ak)
maximum, atE=86 meV. It is a result of the absorption of < | N 23abc
phonons from the equilibrium heat bath. The phonon densit}E 23ab
Ng in this case is large enough for phonon absorption pro
cesses to give a visible contribution to the electron dynamics ~ *°[ N TSt

Figure 3a) shows the evolution of the nonequilibrium -
electron distribution forT, =300 K. The initial Gaussian- 2001 T Z'_‘;:;-_-:_._ _____
shaped nonequilibrium electron distributi¢solid line) be- o< T
comes broad and tends towards the slope of a Boltzman 0 . : .
distribution (thick gray line after 2 ps already though there ° 500 ;‘;f:] 1500 2000
are still distinct deviations. In this case, the large equilibrium
phonon backgroundi.e., the “warm” phonon bathseems FIG. 3. (a) Evolution of a nonequilibrium electron distribution
to provide effective cooling. generated by a Gaussian pulse wgth=10'2 s~ for a lattice tem-

To investigate the cooling process in more detail, we inperature ofT, =300 K with quantum kinetic Coulomb scattering
troduce areffective electron temperature, Dy the second (semilogarithmic plot versus enengyThe total generated electron
moment of the nonequilibrium distribution function density isn=3.785<10° m~! corresponding to a volume density

n®P=n/(ab)=5.05x 10'® cm™3. The thick gray line represents the
1 equilibrium Boltzmann distribution(b) Time dependence of the
<k2)= —kgTe. (22 electron temperatur&, in the simulations withoufe-p (s¢] and
2 with quantum kinetic Coulomb scatterifg-p (so + e-e (gk)] for
two different lattice temperatureB, . (See Table | for numerical
Sr_)arameters.

ﬁ2
2m*

The time dependence of this electron temperature is di

played in Fig. 8). A clear tendency from the initial high <35 mev are not subject to further scattering processes in
temperature(“hot” electrons) to the lower lattice tempera- yhich they could transfer part of their energy to the lattice.
ture (thin solid lines is observed in both cases. While the some excess energy will therefore remain in the electron gas,
temperature is monotonically decreasing in the semiclassic@eeping it “hotter” than the crystal lattice.
(s case(without Coulomb interaction there is an initial Other interesting information which is delivered by our
temperature increase peaking at about 100 fs in the simulgull dynamic simulations concerns the distribution of non-
tions which include quantum kineti(ok) electron-electron equilibrium phonons. Due to the emission of phonons by the
scattering. It must be ascribed to the buildup of two-particlerelaxing electrons, additional phonon peaks on the equilib-
correlations which leads to an increase in the mean kinetiium background are observed in the semiclassical
energy per electron since the sum of tnegativé correla-  simulation?” The height of these peaks decreases with in-
tion energy and thépositive kinetic energy decreases only creasing wave vector since the "Rlich matrix element
on a slower time scale due to phonon scattering. This is awhich determines the strength of the emission processes is a
interesting many-body effect inherent in the quantum kinetdecreasing function of the phonon wave vector. In the full
ics at very early times. quantum kinetic simulation a broad phonon distribution is
We note further that al; =300 K, T.~T_ is reached observed because no distinct maxima of the electron distri-
after 2 ps already in the quantum kinetic case, whereas theution are left after as little as 100 fs.
electron temperature remains above the lattice temperature In Fig. 4 we show the time dependence of the different
even at later times in the case without Coulomb scatteringcontributions to the total electron energfg+Hee for T,
The reason for this is that electrons with energies =77 K:
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FIG. 4. Different contributions to the total electron energy for
the quantum kinetic simulation shown in Fig.(bB (for T_

Ein=2 > €«fjj(k)  (kinetic energy,
T X

1
5 > ; fiiiz(kl)zq: Virizini, (D fizi (ki +a)
igigigig <1

(renormalization energy, due to Hartree-Fock paitigf),
(24)

ii, (A)Sizizii (Ki,Kz,0)

'I‘!I
2'2

1221

(23
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The correlation energy, which reflects the interaction be-
tween the electrons, is gradually built up and tends asymp-
totically to a large negative constant value. The strongly cor-
related electron gas then behaves effectively like a gas of
noninteractingquasiparticles in contact with a heat béthe
background equilibrium phonohs

IV. INTERSUBBAND RELAXATION

If electrons are generated in the second subband of a two-
subband system, they will relax to the first subband by pho-
non emission and Coulomb scattering, as well as redistribute
within the subbands. A numerical example of the resulting
dynamics is given in Fig. 5, which shows the evolution of the
electron distribution functions in the upper and lower sub-
band after optical generation of a nonequilibrium electron
population in the upper subband according to El) for
three different model approximation.

In Figs. 5a) and 3b) semiclassical electron-phonon scat-
tering only is taken into account. As expected, we observe
phonon replicas in the upper and lower subbands. The for-
mation of an equilibrium electron distributiamithin the sub-
bands, however, cannot be observed.

This situation essentially is not changed by incorporating
semiclassical Coulomb interaction into the simulatiigs.

5(c) and Jd)]. We recognize additional peak structures
above the main peak in the upper subband due to the Cou-
lomb scattering process€$221) and (1122. The electron
redistribution between the subbands, i.e., the relaxation down
to the first subband, is slightly faster in this case since there
is an additional scattering process, i.e., intersubband Cou-
lomb scattering. The electron distribution functions, how-

FIG. 5. Temporal evolution of the electron
distribution function in the lowerf(;;) and upper
(f2») subband, where electrons are generated by a
Gaussian pulse witly,=10" s ! (correspond-
ing to n=3.785<10° m™1) in the upper sub-
band. The lattice temperature T§ =10 K. (a),

(b) Semiclassical electron-phonon scattering
only; (c), (d) semiclassical electron-phon@nd
semiclassical Coulomb scatteringg), (f) semi-
classical electron-phonon and quantum Kkinetic
Coulomb scattering.
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FIG. 6. Temporal evolution of the electron
distribution function in the lowerf(;;) and upper
(f,) subband at room temperatureT(
=300 K) for (a), (b) high (go=10'? s ! corre-
sponding ton=3.785<10° m™1) and (c), (d)
low (go=10' s™! corresponding ton=3.785
x10* m™1) laser intensity with semiclassical
electron-phonon scattering and quantum Kkinetic
Coulomb scattering. Other parameters as in Fig.

f14 ()
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0.0002

0.0001

0

6 = %
0 800 1 800
100 300 40g 1000 tlIfs] 0 200 350 55 1000 tIfs]
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ever, do not approach a Boltzmann distribution. This is dueassuming that the depletion of the higher subband is approxi-

to the absence of any semiclassical intrasubband scatteringiately exponential:

therefore the evolution df;; andf,, in their respective sub-

bands is comparable to the one already known from Figs.

5(a) and §b). No proper thermalization can be achieved in n,y(t)~e Y, (26)

this approach. The purely semiclassical model thus turns out

to yield no adequate description of intersubband relaxation.
As Figs. %e) and 5f) demonstrate, only the combined

model of quantum kinetic Coulomb interactigmcluding T . . .
two-particle correlationsplus semiclassical electron-phonon /(@] the relaxation times are estimated from our simulations
P P P as 7,=0.61 ps for T, =10 K and 7,=0.56 ps for T,

scattering seems to provide reasonable results. Boltzmann:—:_}00 K. The slightly lower value in the latter case is prob-

like distribution functions are formed in both subbands, andably a result of additionatimulatedphonon emission which
these with increasing time approach thermal equilibriumg practically absent in the low-temperature phonon bath.

with the surrounding crystal lattice, i.€le=T, . In the simulations with semiclassical electron-phonon and
Figure 6 illustrates the dependence upon lattice temperqmamum kinetic Coulomb scatteriig. 7(b)] a very dif-
ture and electron density. It shows simulations for room temferent behavior is found. Initially, relaxation is faster than
perature and a high¢Figs. §a) and 6b)] and a lowefFigs.  with electron-phonon scattering alone, but for larger times
6(c) and 6d)] electron density. The time dependencefof  (between 300 and 400 pshere is a crossover behavior,
andf,, in Figs. 6a) and @b) is very similar to that shown in  and relaxation becomes much slower with increasing tem-
Figs. 5e) and 5f). The only noticeable difference is the perature. The relaxation times are estimated,as0.52 ps
steeperf; distribution in Figs. %) and 5f), compared to for T,=10 K and 7,=0.74 ps for T_=300 K. This
Fig. 6(a). This difference can be expected to become moréehavior cannot be explained by semiclassical electron-
prominent at later times since it takes rather long for a diselectron scattering, which does not reproduce the strong
tribution to cool down to lower temperatures, whereas thertemperature dependence and yields only a slight change
mal equilibrium afT| =300 K is established after as little as compared to electron-phonon scattering alone Tat
a few picoseconds. =300 K (7,=0.57 ps), while the relaxation is faster at
At lower electron densitiegrigs. 6c) and §d)] there re- T,=10 K (7,=0.50 ps). Furthermore, in the quantum ki-
mains some fine structure after a longer time which is reminetic simulations, the intersubband relaxation time exhibits a
niscent of the early phonon replicas. The intrasubband Coustrong dependence upon the exciting laser intensity at 300 K
lomb scattering is simply too weak to smooth out thesgFig. 7(c)]. The quantum kinetic electron-electron scattering
structures sufficiently fast. It is expected that they are evenleads to shorter relaxation times below 0.5 ps for low elec-
tually removed, possibly only after some nanoseconds. Figiron densities up tm~4x10° m~! (corresponding ta3°
ures Gc) and Gd) reveal that nevertheless the distribution ~5.3x 10" cm™2 or go=10'" s71). At higher electron
functionsfy; andf,, are close to an equilibrium Boltzmann densities, relaxation is slowed down considerably. This is
distribution already after 1 ps. In the higher-density caselue to the increased strength of Coulomb interaction at
[Figs. 6a) and &b)] this approach seems to take longer. Thishigher densities, which causes stronger intersubband impact
can be explained by stronger intersubband impact ionizatioionization [process(2211) in Fig. 1]. By the latter process,
(2211 which transfers a considerable amount of electronglectrons which have relaxed down to the first subband by
back into the upper subband, thus slowing down the relaxphonon emission are scattered back into the second subband,
ation process. This phenomenon will now be investigated irwhich effectively diminishes the relaxation rate.
detail. To gain more physical insight, we have calculated the
An intersubband relaxation time can be introduced by ratio

For semiclassical electron-phonon scattering alfffig.
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FIG. 7. Semilogarithmic plot of the relative occupation
N, /N, max Of the upper subband versus tirta for electron-phonon
scattering only, witlgo=10"? s~ ! [black solid line:T, =10 K, as
in Figs. 5a) and 8b); black dashed lineT, =300 K]. The gray
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FIG. 8. Semilogarithmic plot of the ratig ;| of electron and
phonon scattering rates versus time for the full simulations shown
in Fig. 7(c). For go=2x10'? s71, the sparsely dotted line corre-
ponds tor . ,<<0.

) d
n5e=(21) 2> S:fark) (28)
K ee
and the electron-phonon relaxation rate
. d
ngP=(21) 2 Gifadk)| (29

ep
which characterizes the relative strength of both scattering
mechanisms. Since the electron-electron relaxation rate is
roughly proportional tcn%, whereas the electron-phonon re-
laxation rate depends linearly upog, the ratio is expected
to decrease in time proportionally t,. Figure 8 reveals
that Coulomb scattering is much weaker than electron-
phonon scattering at low electron densities. Furthermore, its
relative strength decreases exponentially with time, due to
the depopulation of the upper subband. There is only a very
slight increase of the relaxation time with electron density,
due to electron-electron scattering.

At go=10 s ! (corresponding ton=3.785x10°
cm™ 1), both interactions are of comparable strength initially,
and the ratio decreasdaster than exponentially. This ex-
plains that initially relaxation is faster than with phonon scat-
tering only, due to the additional scattering channels,
but after several hundred picoseconds the relaxation rate
slows down, as the electrons are redistributed, leading to
a noticeable increase of the corresponding relaxation time
in Fig. 7(c). For even higher excitation intensityg{

line demonstrates the relaxation time approximation for 300 K ac=2x10'* s™1), the ratio r., even changes sign. This

cording to Eq.(26). (b) For the full quantum kinetic simulations,
with go=10"? s [black solid line: T, =10 K, as in Figs. &)
and 5§f); black dashed lineT =300 K, as in Figs. @) and §b)].

means that at this point intersubband impact ionization
(2211) becomes stronger than Coulomb-induced intersub-
band relaxation. There is then a net transfer of electrons from

(c) For the full simulations shown in Fig. 6 for different excitation the second to the first subband due to electron-phonon scat-
intensities aff, =300 K. The solid gray line shows a fitted expo- tering, which is diminished by a net transfer in the opposite
nential decay corresponding to a relaxation time1.01 ps.

lep™%p (27)

of the electron-electron relaxation rate

direction due to Coulomb scattering. This delays the effec-
tive relaxation process considerably.
V. CONCLUSIONS

Our theoretical and numerical analysis has shown that the
ultrafast intrasubband and intersubband dynamics of non-
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equilibrium electrons in quantum wires can be appropriately Our predictions for quantum wires are contrary to recent
described only by including electron-electron quantum kinetfindings in quantunwell where electron-electron scattering
ics, in addition to semiclassical polar-optical phonon scatterteads tofaster intersubband relaxation which can be ex-
ing. The dynamics is non-Markovian with respect to theplained semiclassicallfmainly by procesg1122]. How-
electron distribution function and exhibits features of aever, this is consistent with our observation that the delayed
strongly correlatedthough nondegeneratene-dimensional  relaxation is due to theeverseintersubband impact ioniza-
electron gas. In particular, the dynamics of the electronyjgp procesg2211), which is strongly enhanced by the quan-

electron correlat?ons is explicitly taken into account. The iN-tum kinetic violation of energy conservation, and confirms
trasubband and intersubband electron-electron scattering prgg, view that quantum kinetic effects are much more pro-

cesses, Wh(;Ch are sttrongly restrlct?_d In_quantum Wl'res_b%?ounced in quantum wires than in wells because of the more
energy and momentum conservation in a semiclassicgl, i toq phase space.

et level. This leads o fadtirasubbandthermalization, . O FeSuls should also be of iterest for potential future
and intersubbandredistribution of the electrons which sub- apphg:atmns .Of quantum wire structures, e.g., novel light
stantially delays the phonon-induced intersubband relaxatioff "' tNg devices or a qua5|-one—d_|men5|onal analog Of the
after a short initial phase of accelerated relaxation. From Ou_guantl_Jm cascade Ia§§rbased on mtersubt?and. population

simulations, we have obtained intersubband relaxation time§'Version, where long intersubband relaxation times are de-
in the (subpicosecond range for different lattice tempera-Sirable. The density-dependent delay of intersubband relax-
tures and electron densities. The influence of electron@lion predicted by our quantum kinetic treatment of electron-

electron scattering becomes noticeable already at electrdi€ctron scattering would therefore provide a convenient
densities per unit length of the order of®1en~: corre- Means of tuning and controlling the intersubband relaxation

sponding to volume densities of #0ocm™2. The increase of time in guasi-one-dimensional semiconductor structures.

the intersubband relaxation time at higher densities is due

to increased intersubband impact ionization, which transfers

electrons from the first subband back to the second, thus ACKNOWLEDGMENTS

inhibiting the relaxation process. While the electron-phonon
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