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Nonlinear optical absorption of semiconductor quantum wires: Photoexcitation dynamical effects
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We investigate the optical absorption spectra of semiconductor quantum wires and its dependence on the
optical pumping power. The absorption coefficient is obtained solving the semiconductor Bloch equations in
the real-space and time domains, including corrections due to band-gap renormalization, local field, and
screening. We find that the energy shifts in the spectra due to increasing photoexcitation power have different
behavior when treating dynamically the carrier creation rather than using stationary carrier distribution at
thermal equilibrium. Dealing with the nonequilibrium distribution dynamically, we are able to describe the
observed constancy of the peak position of the fundamental transition energy with the optical pumping power.
The competing effects of the dynamical band-gap renormalization and the local-field correction leads to an
almost cancellation of the red/blue shift energy.
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Quantum wire structures have attracted much atten
due to their distinct optical and electronic properties wh
have potential applications in novel optoelectronic devices1,2

One type of quantum wire that has been successfully gro
is the so-calledT wire,3 where the electronic states are loca
ized at the intersection of two crossing quantum wells.
tilted T wire, for which the stem and arm wells are not o
thogonal (uÞ90°, see Fig. 1!, it is possible to grow larger
active areas needed for technological applications in dev
having stronger response.4

In this work we study the optical absorption of a tiltedT
wire. We investigate the influences of the optical pump
power on the optical absorption spectrum via the band-
renormalization, the local-field effect, and the screening
the effective one-dimensional~1D! Coulomb interaction.5–8

The latter was obtained performing an average of the
Coulomb interaction with the lateral carrier states calcula
numerically from the 2D Schro¨dinger equation. We conside
the carrier occupation, in the semiconductor Bloch equa
~SBE!,7,9 as a nonequilibrium distribution, which is create
dynamically in the system. We have found that it plays
important role, through the phase-space filling, the renorm
ization gap, and the local-field term in SBE, on the behav
of the peak position of the fundamental energy transiti
i.e., the observed experimental11 red/blue shift compensatio
of the optical absorption spectra. This fact has also b
explained by Das Sarma and Wang,12 solving the Bethe-
Salpeter equation for aT-shaped quantum wire. They hav
found that the independence of the peak position with res
to the optical pumping power can only be explained cons
ering dynamical screening in the Coulomb interaction, alb
using a carrier distribution in thermal equilibrium.

The optical absorption is calculated from the interba
polarization whose time evolution equation is given by t
SBE. We work within the relaxation-time approximatio
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since our main interest is on the coherent excitation dyna
ics that takes place in femtosecond scale. We also cons
the case of resonant excitation, such that only the low
conduction and the highest valence subbands of the quan
wire participate. The space-time evolution of the interba
optical polarizationP(z,t) and the nonequilibrium carrie
populationne(z,t)5nh(z,t)5n(z,t) are given by7,9,10,13
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FIG. 1. Cross section of theT-wire system. The unit-cell region
used in the numerical calculation is demarcated by the dotted li
©2003 The American Physical Society01-1
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dt
n~z,t !5P~z,t !E* ~ t !d

0
* 2P* ~2z,t !E~ t !d
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LE dz8Vehhe~z8!@P~z2z8,t !P* ~2z8,t !

2P* ~z82z,t !P~z8,t !#, ~2!

H52
\2

2m
r

d2

dz2
2Vehhe~z!1Ẽ

g
2 i\G, ~3!

where the effective band gapẼ
g
5E

g
1E

0

e2E
0

h is given by

the material band gapE
g

and the lateral ground-stat
energies of electron and hole. The quantityL is the wire
length, z5zh2ze the electron-hole relative coordina
along the wire, m

r
the electron-hole reduced ma

(m
r

215me
211mhz

21), and the optical pulse isE(t)

5E
0
e2 iv

0
texp$2(4/s2)t2%. The optical pumping power is

calculated fromŪ5A2p«
0
cuE

0
u2s/4, given in J/cm2. The

relaxation rateG accounts, within the relaxation-time ap
proximation, for scattering processes causing dephasin
the optical polarization. The second term on the right-ha
side of Eq.~1! gives the phase-space filling which bleach
the optical absorption for increasing optical pumping pow
The third term is the exchange correlation that induces ba
gap renormalization and the last term is the local field.

The 1D Coulomb interaction is obtained performing t
average of the 3D Coulomb interaction with the late
ground state, namely,

Vll8l8l~z!5
e2

4p«E d2xlyld2xl8yl8uf0
lu2uf0

l8u2

Az21~xl2xl8!
21~yl2yl8!

2
,

~4!

where l,l85e,h for electron e and hole h. The lateral
ground states are given by the solution of the 2D Sch¨-
dinger equation with the potential given by band-gap diff
ences of the materials in the heterostructure.

The absorption coefficient is obtained from the total p
larization P(z50,t) in the usual way calculating the com
plex dielectric function,9 namely,

a~v!5
v

c

«9~v!

S 1

2
$«8~v!1A@«8~v!#21@«9~v!#2% D 1/2, ~5!

where the real and imaginary part can be obtained from
solution of the SBE, Eqs.~1!–~3!, i.e.,

«8~v!5Re$«~v!%5«bg1ReH P~v!

V«0E~v!J , ~6!

«9~v!5Im$«~v!%5ImH P~v!

V«0E~v!J . ~7!

We have investigated aT-wire system made o
GaAs/Al0.3Ga0.7As semiconductors for which the electron e
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fective mass me50.067m0 and anisotropic heavy-hole
massesmhx5mhz50.13m0 and mhy50.34m0, with m0 be-
ing the free-electron mass. The effective masses are con
ered to be the same for the well and barrier materials. T
potential barriers, due to band-gap energy difference of
materials, areVe5219.7 meV for the conduction electro
and Vh5134.6 meV for the valence heavy hole. The bac
ground dielectric constant is«bg513.1, «0 is the vacuum
dielectric constant, and the interband dipole moment isdcv
50.3 enm. The system investigated is a tiltedT wire4 (u
530°) with the arm and stem quantum wells of widths 5
nm. An unitary cell representing the system~Fig. 1!, of sizes
Lx5768 nm andLy5240 nm, was used in the calculation o
the lateral states.

The time propagation scheme of Eqs.~1!–~3! was imple-
mented numerically14 using time discretizationDt50.07 fs
with a total of 17 000 points and a discretized relativee-h
distance with intervals ofDz50.35 nm using 6000 points
The optical pumping pulse was assumed to be a Gaus
with a widths540 fs and frequency centered at the mater
band gap, i.e.\v

0
51520 meV. The dephasing time in a

calculations isG5500 fs.9,13,15

Figure 2 presents the nonequilibrium carrier populat
and the optical-absorption spectra for different mean val

FIG. 2. ~Color online! ~a! Carrier density as a function of time
for different intensities of the optical pumping pulse. Panels~b–d!
show the optical-absorption spectra for different intensities of
pulse. Rest is the same as in panel~a!. In ~b! we have switched off
the local field—last term of Eq.~1!; in ~c! we have switched off
only the band-gap renormalization—third term of Eq.~1!; and in
panel ~d! we have considered full Eq.~1!. Panel ~e! shows the
exciton peak energy as a function of the intensity of the pump
pulse; triangle down corresponds to panel~b!, triangle up corre-
sponds to panel~c!, full circle corresponds to panel~d!, and empty
circle denotes exciton energy switching off band-gap renormal
tion and local field.
1-2
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of the optical pumping power. Figure 2~a! shows the density
of carriers,(knk(t)5n(z50,t), obtained from Eq.~2!, as a
function of time. Its initial time oscillation is due to the gen
eralized Rabi oscillation that takes place while the opti
pulse is inside the system. After that the carrier populat
becomes a nonequilibrium stationary distribution for a lo
period of time (.1.5 ps). Here we have not addressed p
cesses that bring this population to equilibrium since we
presently concerned only with the coherent initial dynami
The spectra for low power@full line in Figs. 2~b!–2~d!# are
essentially the same, considering or not the integral term
the SBE. Figure 2~b! shows the influence of the band-ga
renormalization~switching off the local field!, i.e., a redshift
of the optical-absorption spectrum. Figure 2~c! shows an op-
posite effect due to the local-field effect~in absence of band
gap renormalization!, that is a blue shift. Summing up bot
effects, they almost cancel out. It is presented in Fig. 2~d!. If
we switch off both the effects and increase the optical pum
ing power, we get a very small blue shift of the spectra. T
is due solely to the phase-space filling. We plot in Fig. 2~e!
the peaks of absorption spectra showing clearly this prev
discussion: the band-gap renormalization effect@triangle
down, from Fig. 2~a!#, local-field effect@triangle up, from
Fig. 2~b!#, full semiconductor equation@full circle, from Fig.
2~c!#, and with empty circle we denote the peak positi
when we do not consider any integrals in Eqs.~1!–~3!. No-
tice that both results~full and empty circles!, for the com-
plete and the simple~only phase-space filling and dynamic
nonequilibrium carrier population! SBE, predict that the
peak position of the energy of fundamental optical transit
is almost independent of the optical pumping power.

As a matter of fact, photoluminescence experiment c
ried out on quantum wires11 indirectly indicates that the ab
sorption peak position does not depend on the optical pu
ing power. This fact has also been described by Das Sa
and Wang12 using another scheme, Bethe-Salpeter equat
where they have included band-gap renormalization ef
and a dynamical screening in the Coulomb interaction. T
carrier population was considered in equilibrium with t
thermal bath, i.e., a Fermi-Dirac distribution. They ha
shown that increasing the carrier density~which is similar to
increasing the photoexcitation power! and considering static
screening, the spectra present a red shift. When dynam
screening is taken into account, the fundamental absorp
peak position is almost independent of optical pump
power, which led the authors to infer about the importance
dynamical screening.

In our scheme, the nearly vanishing energy shift is due
the dynamical excitation, which creates a nonequilibriu
population @Fig. 2~a!#, affecting the local field~blue shift!
and band-gap renormalization~red shift! contributions in
the SBE.

To evidence the effects of the dynamical photoexcitati
we consider stationary populationn(z) ~Fermi-Dirac distri-
bution!, instead of the nonequilibrium carrier population,
Eq. ~1!. We have performed the calculation assuming
carrier distribution in equilibrium with the thermal bath
16130
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temperature T510 K. These optical-absorption spectr
shown in Fig. 3~a!, present a blue shift as the photoexcitati
power is increased.

We have also considered in the SBE a statically scree
Coulomb interaction VS(k)[Vs(k,v50)5V(k)/«(k,v
50), where the dielectric function, within the dynamic
plasmon pole approximation, is given by16,12

1

«~k,v!
511

vpl
2 ~k!

~v1 id!2vk
2

, ~8!

with the 1D plasmon oscillator strengthvpl(k)
5AnLV(k)k2/mr and the effective plasmon frequency
given by

\2vk
25\2vpl

2 ~k!1
2n

k

\2k2

2mr
1S \2k2

2mr
D 2

, ~9!

where k is the inverse screening length. The consta
Coulomb-hole term is also considered:Ẽ

g
→Ẽ

g
1(k@VS(k)

2V(k)#5Eg1VS(z50)2V(z50). The optical-absorption
spectra are shown in Fig. 3~b! with the carrier distribution
~Fermi-Dirac! at equilibrium with the thermal bath at tem
peratureT510 K. As expected, we obtain a red shift fo
increasing carrier concentration, as in the previous result
Das Sarma and Wang.12 Both figures, Figs. 3~a! and 3~b!,

FIG. 3. ~Color online! Optical-absorption spectra considerin
Fermi-Dirac carrier distribution in Eq.~1! at temperaureT. Full line

is for pumping power Ū52.22mJ/cm2, dot-dashed lineŪ

510.65mJ/cm2, dashed lineŪ520.14mJ/cm2, and dotted line for

Ū532.62mJ/cm2. In panel~a! no screening, in panels~b! and ~c!
with static screening and Coulomb-hole term.
1-3
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show that the optical spectrum depends strongly on
screening, differently from what is shown by the results
Ref. 16. We have also checked that even when we cons
the carrier population hotter (T5300 K) than the ther-
mal bath, the Fermi-Dirac distribution assumption fa
to describe the experimentally observed red/blue s
compensation.

During the optical pulse, the density of carrier reache
maximum value, decreases, and becomes stationary. Ha
used this nonequilibrium stationary population to descr
the time evolution of the optical polarization, Eq.~1!, we
would still have obtained the red/blue shift compensati
Therefore, thecrucial ingredient behind the determination o
the peak position is the nonequilibrium nature of the car
distribution,not its time dependence. Of course, in order
get this nonequilibrium distribution one needs to solve
the time dependence. The absorption coefficient calcula
using this stationary distribution would be larger than the o
obtained using the full dynamical carrier population. T
high density of carriers, during the pulse@cf. Fig. 2~a!#, in-
creases the phase-space filling, bleaching the optical abs
tion. We compare in Fig. 4 our stationary nonequilibriu
carrier population for average optical pumping powerŪ
532.62mJ/cm2, in relative coordinates, with the Ferm
Dirac distribution. They clearly differ qualitatively. Th
curves for lower power, used also to obtain the spec
shown in Fig. 3, present a similar feature.

In conclusion, we have investigated different contrib
tions, within the semiconductor Bloch equation scheme,
sponsible for the bleaching and shift of the optical absorpt
spectrum of quantum wires, namely~i! phase-space filling
~ii ! the band-gap renormalization,~iii ! the local-field effect,
and~iv! the static screening. In addition, the equilibrium a
nonequilibrium carrier distributions and their influences
o

.
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the dynamics of points~i!–~iii ! are investigated. We found
that the peak position of the fundamental optical transition
strongly dependent on these contributions and on the ca
distribution. The latter plays clearly a crucial role in the d
scription of the red/blue shift compensation of the optic
absorption spectrum in quantum wires.

We acknowledge helpful discussions with F. Iikawa. Th
work was supported in part by the Sa˜o Paulo State Agency—
FAPESP.

FIG. 4. ~Color online! Carrier distribution as a function of the

renormalized relative coordinatez̄5z/a0. All three distributions
give the same number of electron-hole pairs per centimeter,

n( z̄50)/L. Full lines denote stationary distribution from SBE

Eqs. ~1!–~3!, using the average optical pumping powerŪ
532.62mJ/cm2; dot lines denote Fermi-Dirac distribution atT
510 K; and dashed lines for Fermi-Dirac atT5300 K.
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