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Coulomb-Induced Suppression of Band-Edge Singularities in the Optical Spectra of Realistic
Quantum-Wire Structures

Fausto Ros$? and Elisa Molinari
'Istituto Nazionale Fisica della Materia (INFM), and Dipartimento di Fisica, Universita di Modena, 1-41100 Modena, Italy
2Fachbereich Physik, Philipps-Universitat, D-35032 Marburg, Germany
(Received 23 October 1995

The linear and nonlinear optical properties of realistic quantum wires are studied through a theoretical
approach based on a set of generalized semiconductor Bloch equations. Our scheme allows a full three-
dimensional multisubband description of electron-hole correlation for any confinement profile, thus
permitting a direct comparison with experiments for available quantum-wire structures. Our results
show that electron-hole Coulomb correlation removes the one-dimensional band-edge singularities from
the absorption spectra, whose shape is heavily modified with respect to the ideal free-carrier single-
subband case over the whole density range. [S0031-9007(96)00125-1]

PACS numbers: 78.66.Fd, 73.20.Dx, 85.30.Vw

The importance of excitonic and correlation effects in2D-like behavior. Moreover, in the available samples the
optical spectra of semiconductors and their dependence @ubband separation is still relatively small, so that the cou-
dimensionality has now been long recognized [1,2]. Morepling between different subbands may be important.
recently, increasing interest has been devoted to one- From an experimental point of view, it is a matter
dimensional (1D) systems [3], prompted by promisingof fact that while 2D features are clearly observed in
advances in guantum-wire fabrication and applicationphotoluminescence excitation spectra of quantum wells,
e.g., quantum-wire lasers. The main goal of such an efforgo far no “sharp” 1D features have been detected in
in basic research as well as technological applications ithe corresponding spectra of quantum wires. This is
to achieve structures with improved optical efficiency asirue despite the high quality of some of these structures,
compared to two-dimensional (2D) and three-dimensionalvhose 1D character has been independently established
(3D) ones. by other methods [3,6—9,11]. However, the measured

A common argument in favor of this effort is based spectra are expected to be also strongly influenced by
on the well known Van Hove divergence in the 1D disorder-induced inhomogeneous broadening [12], and,
joint density of states (DOS), which is expected to givetherefore, it has so far been difficult to identify the role
rise to very sharp peaks in the optical spectra of 1Dplayed by electron-hole correlation.
structures. Such a prediction is, however, based on free- From all these considerations, the following questions
carrier properties of ideal 1D systems, and it ignores angtill need to be answered: Are electron-hole correlation
disorder-induced and Coulomb-correlation effects. effects playing a dominant role also in realistic quantum-

As pointed out in the pioneering papers by Ogawa andvire structures? If so, are these expected to hinder the
Takagahara [4] and later by Benner and Haug [5], electronPossible advantages of the reduced dimensionality for
hole correlation is expected to strongly influence the opfelevant values of temperature and carrier density?
tical spectra of 1D systems. Their theoretical investiga- T0 answer these questions, we have undertaken a full
tion, based on a single-subband-model solution of the 1[@alculation of the optical properties of realistic quantum
Schrédinger equation in terms of a modified 1D Coulombwires. The proposed theoretical approach is based on a
potential [4], shows that the inverse-square-root singulargeneralization of the well known semiconductor Bloch
ity in the 1D DOS at the band edge is smoothed whergquations (SBE) to the case of a multisubband wire.
excitonic effects are taken into account. The question idore specifically, by denoting wit{k.»</"} the free
still open whether one can expect that the above theoretlectron and hole states.(and »*/" being, respectively,
cal predictions, obtained for model 1D systems, also applyhe wave vector along the wire direction, and the
to the real quantum wires made available by the presergubband index corresponding to the confinement potential
technology. Indeed, wires with the best optical qualityin the x-y plane), we consider as kinetic variables the
presently include structures obtained by epitaxial growthvarious distribution functions of electrons and ho}é’g
on nonplanar substrates (V-shaped wires) [3,6—10], or bgs well as the corresponding diagor(a® = v" = »)
cleaved-edge quantum well overgrowth (T-shaped wiresinterband polarizationg;_, [13]. This kinetic description
[11]. Owing to the shape of the confinement potentialis a generalization to 1D systems of a standard approach
these systems are far from an ideal 1D character. Whiléor the study of bulk semiconductors [2,14] recently
guasi-1D confinement has been demonstrated for the lovapplied also to superlattice structures [15]. Within our
est level [3,6—9,11], excited states gradually approach &,» representation, the SBE, describing the time evolution
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of the above kinetic variables, are written as - 4
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whereU,_, and fk:/,,h are, respectively, the renormalized o
fields and subbands [2] whose explicit form involves the < 5L
full 3D Coulomb potential [15]. Thet sign in Eq. (1) _§
refers to electronge) and holes(#), respectively, while g 1+
the last terms on the right hand side of Eqg. (1) denote 2
© 1

the contributions due to incoherent processes, e.g., carrier- 0
carrier and carrier-phonon scattering. 154?10tc1>26e?16r1 58(%‘3\1/?00
In this Letter we focus on the quasiequilibrium regime. P 9y

Therefore, Fermi-Dirag”,ﬁ/f are assumed, and the solution FIG. 1.  Comparison between the absorption spectra of the
of the set of SBE (1) Simply reduces to the solution ofV-shaped wire obtained by including electron-hole Coulomb

L . L orrelation (CC model, solid line) or by assuming free carriers
the_polarlzatlon equation. ,Th's IS performed by means Ofrc model,( dashed line). In ()a) on)lly the firs% subband is
a direct numerical evaluation of the stationary solutionsconsidered, while in (b) the two lowest subbands are taken

i.e., polarization eigenvalues and eigenvectors. These twiato account. The dash-dotted line in (b) illustrates the effect

ingredients fully determine the absorption spectrum a®f neglecting intersubband coupling in the CC spectrum (see

well as the exciton wave function in 3D real space. Intext). All curves were computed assuming a Gaussian energy
. . . broadening of 2 meV.

particular, the electron-hole correlation function vs the

relative free coordinate = z¢ — z" is given byg(z) =

Zkzkz{y plil/pk:{llei(k‘lik:)z-

The above theoretical approach has been applied to the Because of the relatively small intersubband splitting
GaAgyAlGaAs V-shaped wires of Ref. [8]. The main in- compared to the exciton binding energy, a significant in-
gredients entering our SBE are the single-particle enerttersubband coupling is expected. Figure 1(b) shows spec-
gies and wave functions, obtained for the 2D confinementra obtained by including both (first and second) subbands.
potential deduced from transmission electron microscopyfo better identify the role played by intersubband cou-
[8]. Toillustrate the role played by electron-hole correla-pling, in addition to the CC and FC results we also re-
tion, we start by showing in Fig. 1 the linear-absorptionport the coupling-free CC result (dash-dotted line). The
spectra obtained when taking into account an increasnain effect is an oscillator-strength transfer toward the
ing number of wire subbands. Results of our Coulombdow-energy region which results in a significant increase
correlated (CC) approach are compared with those of thef the first exciton peak and a corresponding decrease of
free-carrier (FC) model [16] (solid and dashed lines, rethe second one.
spectively). In Fig. 1(a) only the lowest wire subband Let us now discuss the physical origin of the dramatic
is considered. Electron-hole correlation gives rise to twasuppression of the band-edge singularity in the CC
important effects: First, the excitonic peak arises belowabsorption spectrum [Fig. 1(a)]. Since the absorption
the onset of the continuum, with a binding enetgy of  spectrum is proportional to the product of the electron-
about 12 meV. Second, the shape of the CC spectrum inole DOS and the oscillator strength (OS), we have
the continuum region is drastically modified with respectstudied these two quantities separately. In Fig. 2 we
to the FC one. In agreement with previous investigationgompare the DOS obtained within the CC and FC models
based on simplified 1D models [4,5], we find a strong sup{solid and dashed lines, respectively). The difference
pression of the 1D DOS singularity. The same behaviors hardly visible on this scale, and the pronounced 1D
characterizes the spectrum obtained considering the sesingularity in the DOS is not reduced by electron-hole
ond subband only: The main difference is a reduction otorrelation. Figure 3(a) shows that the quantity which is
E, to about 9 meV, which, for the particular V-like struc- mainly modified by CC is the OS. Here, the ratio between
ture considered [8], reflects the increased wave-functiothe CC and FC OS is plotted as a function of excess
delocalization along the wire sidewalls. These excitonicenergy with respect to the band edge (solid line). This
splittings are in excellent agreement with recent magnetoratio is always less than 1, and, in agreement with the
luminescence experiments [8]. results of 1D models [4], it goes to O at the band edge.
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FIG. 2. Electron-hole DOS of the V-shaped wire close to the
band edge, obtained within the CC (solid line) and FC (dashe
line) model. Both curves were computed assuming a Gaussi
energy broadening of 2 meV. The difference is hardly visible
on this scale (see text).

spectrum. Contrary to the 2D and 3D case, the Sommer-
feld factor, i.e., the ratio between the CC and FC absorp-
tion, is less than unity [dashed line in Fig. 3(a)].

Finally, in order to answer our second and more crucial
question, we must consider that most of the potential
quantum-wire applications, i.e., 1D lasers and modulators,
operate in strongly nonlinear-response regimes [3]. In
such conditions, the above linear-response analysis has
to be generalized, taking into account additional factors
as (i) screening effects, (ii) band renormalization, and
(iii) space-phase filling. We want to stress that all
hese effects are already accounted for in our SBE

) [2]. Figure 4 shows the first quantitative analysis
of nonlinear absorption spectra of realistic V-shaped
wire structures for different carrier densities at room
temperature. The screening model used in the calculation
is described in [17]. In Fig. 4(a) we show as a reference

Such vanishing behavior is found to dominate the 1Dt results obtained by including only the lowest subband.
DOS singularity, and, as a result, the absorption spectrurf) the low-density limit (case An = 10" cm™) we
exhibits a regular behavior at the band edge [Fig. 1(a)¢learly recognize the exciton peak. With increasing

solid line].

carrier density, the strength of the excitonic absorption

Since the OS reflects the value of the correlation funcdecreases due to phase-space filling and screening of

tion g(z) for z = 0[4], i.e., the probability of finding elec-

the attractive electron-hole interaction, and, moreover, the

tron and hole at the same place, the vanishing behavior &rand renormalization leads to a redshift of the continuum.
the OS in Fig. 3(a) seems to indicate a sort of electronAbove the Mott density (here about X 10° cm™),

hole “effective repulsion.” This is confirmed by a de- the exciton completely disappears. At a density of
tailed analysis of the electron-hole correlation function,4 X 10° cm™ (case D) the spectrum already exhibits

g(z), reported in Fig. 3(b). Hereg(z) (corresponding to
the square of the exciton wave function in a 1D model)
is plotted for three different values of the excess energy
We clearly see that the valuesgfor z = 0 correspond to

the values of the OS ratio at the same energies [Fig. 3(a),

solid line]. Moreover, we notice the presence of a true
“electron-hole correlation hole,” whose spatial extension
strongly increases when approaching the band edge.
The above analysis provides a positive answer to ou
first question. Also, for realistic quantum-wire structures,

electron-hole correlation leads to a strong suppression

of the 1D band-edge singularity in the linear-absorption
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FIG. 4. Nonlinear absorption spectra of the V-shaped wire at
room temperature for different carrier densities=A10* cm™!
(a) Oscillator-strength ratio between CC and FCB=5X 100cm;C=100cm ;D=4 X 105cm™}; E =
spectra (solid line) and Sommerfeld factor (dashed line) as @ x 107 cm™!.

(a) Single-subband case, (b) realistic twelve-

function of the excess energy. (b) Electron-hole correlationsubband spectrum. For the highest densities [case D in (a) and

function g(z) vs relative distance for three different values

E in (b)], the corresponding FC result is also shown (curve
of the excess energy, identified by the corresponding symbolmarked with diamonds).

For a better comparison of the line

in (a). Note thatg(z = 0) gives directly the oscillator strength shapes, the FC band edge has been redshifted to align with the

for the corresponding excess energy.
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a negative region corresponding to stimulated emissiorThis work was supported in part by the EC Commission
i.e., gain regime. As desired, the well pronounced gairthrough the Network “Ultrafast.”
spectrum extends over a limited energy region (smaller
than the thermal energy). However, its shape differs
considerably from the ideal FC one. The FC curve is
plotted in the same figure and marked with diamonds; note
that it has been shifted in energy to align the onset of the
absorption to allow a better comparison of the line shapes[1] See, e.g.Proceedings of the 3rd International Conference
[18]. The typical shape of the band-edge singularity on Optics of Excitons in Confined Systenegdited by G.
in the ideal FC gain spectrum is strongly modified Bastard and B. Gil [J. Phys. (France) B/ (1993)]; see,
by electron-hole correlation. Also, at this relatively also Proceedings of the 4th International Conference on
high carrier density, the OS corresponding to the CC Optics of Excitons in Confined Systems (to be published).
model goes to zero at the band edge as for the low-[2] H. Haug and S.W. KochQuantum Theory of the Optical
density limit [Fig. 3(a). As a consequence, the FC  2&nd Electronic Properties of Semiconductoworld

) ; ! Scientific, Singapore, 1994), 3rd ed.
peak is strongly suppressed, and only its hlgh-energy[3]

) . For a review, see R. Cingolani and R. Rinaldi, Rivista
part survives. The overall effect is a broader and less” " \,0vo Cimentol6. 1 (1993).

pronounced gain region. , [4] Tetsuo Ogawa and Toshihide Takagahara, Phys. Rev. B
Finally, Fig. 4(b) shows the nonlinear spectra corre- 43, 14325 (1991)44, 8138 (1991).

sponding to the realistic case of a twelve-subband V-[5] S. Benner and H. Haug, Phys. Rev4B, 15750 (1993).

shaped wire. In comparison with the single-subband casg6] E. Kapon et al.,, Phys. Rev. Lett.63, 430 (1989);

[Fig. 4(a)], the multisubband nature is found to play an M. Grundmannet al., J. Nonlin. Opt. Phys. Mate#d, 99

important role in modifying the typical shape of the gain (1995).

spectra, which, for both CC and FC models, extends overl’] M. Gailhanouet al., Appl. Phys. Lett62, 1623 (1993).

a range much larger than that of the single-subband casé?] R- Rinaldiet al.,, Phys. Rev. Lett73, 2899 (1994).

for the present wire geometry [Fig. 4(a)]. In addition, the 2] S: Tiwari et al,, Appl. Phys. Lett64, 3536 (1994).

- . - -[10] See, also D.S. Citrin and Y.-C. Chang, IEEE J. Quantum
Coulomb-induced suppression of the single-subband sn{— Electron.29, 97 (1993).

gularities, here also due to intersubband-coupling effectﬁll] L. Pfeiffer et al., Appl. Phys. Lett.56, 967 (1990);
tends to reduce the residual structures in the gain profile. "y Wegscheideﬁ.t' al., Appl. Phys. Lett65, 2510 (1994).
Therefore, even in the ideal case of a quantum wire with12] E. Molinari et al., in Proceedings of the 22nd Inter-
negligible disorder and scattering-induced broadening, our  national Conference on the Physics of Semicondugtors
analysis indicates that, for the typical structure considered, edited by D.J. Lockwood (World Scientific, Singapore,
the shape of the absorption spectra over the whole density  1994), p. 1707. _
range differs considerably from the sharp FC spectrum ofL3] Nondiagonal polarization terms play a minor role due to
Fig. 1. their small coupling with the laser as well as with the
These conclusions allow us to reconsider the perspec- i"”'gmti"”dbuced '_"terlna' field. Note, holl:/vevelr, that forl
tives of quantum-wire physics and technology. In par-  h€ Coulomb matrix elements entering Eq. (1) (interna
. . . - field and self-energy) we retain their full 4-index depen-
ticular, comparing the nonlinear absorption spectra of

: . . dence using the different electron and hole wave func-
Figs. 4(a) and 4(b), we see that the broad gain region i ns. g

in Fig. 4(b) is mainly ascribed to the multisubband na-j14] T. kuhn and F. Rossi, Phys. Rev. Le@9, 977 (1992);
ture or, more precisely, to the small intersubband splitting Phys. Rev. B46, 7496 (1992).
compared to the single-subband gain range in Fig. 4(a)Ji15] T. Meieret al., Phys. Rev. Lett75, 2558 (1995).
This confirms that, in order to obtain sharp gain pro-[16] All the spectra were computed assuming a Gaussian
files, one of the basic steps in quantum-wire technology  broadening of 2 meV. This small broadening (as compared
is to produce structures with increased subband splitting.  to that of realistic wire structures [12]) allows us to better
However, the disorder-induced inhomogeneous broaden-_ identify the role played by electron-hole correlation.
ing, not considered here, is known to increase significantl g /'&S R?;?etthzl"fahsf-ge‘g[)%i}] 21%?[’) affs%ms see. g
(0 Increase with ncreasing subband spitting. Therefore, . Caolaniet al, Adv. Phys, 40, 535 (1991) Phys.

. . L ’ Rev. B 48, 14331 (1993), and references therein], our
extremely high-quality structures (e.g., single-monolayer

\ : analysis seems to indicate a small redshift of the band gap.
control) seem to be the only possible candidates for suc-  However, in order to provide a detailed analysis of the

cessful quantum-wire applications. _ _ band-gap renormalization, a more refined screening model
We thank R. Cingolani, R. Enderlein, T. Meier, R. Ri- (including nondiagonal terms of the dielectric tensor) is
naldi, L. Rota, and P.E. Selbmann for fruitful discussions. required.
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