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We investigate the Franz-Keldysh effect and exciton ionization in semiconductor quantum wires. Ab-
sorption spectra are calculated near the band gap by solution of the low-density semiconductor Bloch
equationsin real space. The Sommerfeld factor and field-induced tunnel ionization of the exciton signifi-
cantly affect the continuum portion of the absorption spectrum and remove the well known divergence
problem associated with the 1D density of states at all field strengths. For reasonable electric field
strengths substantial and tunable absorption oscillations appear above the band gap. Moreover, for very
large fields, transparency can be achieved in the continuum for certain spectral positions.

PACS numbers: 78.47.+p, 42.50.Md, 71.35.—y

Semiconductor quantum wires offer a unique play-
ground for investigating how electrons and holes move in
one dimension [1]. A surprising feature of the 1D system
is the inverse-square-root divergence of the joint density
of states (DOS) at the band gap. However, as pointed out
in Ref. [2], the Sommerfeld factor, which is the intensity
ratio of the optical density associated with excitonic
scattering states to the free electron-hole (e-h) pair above
the band gap, removes this divergence. Moreover, in
contrast to the 2D and 3D cases, the Sommerfeld factor is
<1 for al freguencies above the band gap. Consequently,
the singular 1D DOS does not show up at al in the linear
absorption spectrum.

With regard to the Franz-Keldysh effect (FKE) in bulk
crystals, the influence of a strong constant electric field
F on the optical and electronic properties of semiconduc-
tors was brought to the fore over four decades ago [3]; no
ground state of the e-h pair exists under the aforesaid con-
ditions, and one must go beyond the usual Bloch-function
picture. For 2D semiconductors, such as quantum wells
[4], similar effects occur for afield polarized in the plane,
while the quantum-confined Stark effect prevails for fields
polarized in the growth direction. Electric-field effects for
currents applied in the growth direction have also been
studied for quantum-well wires (QWW'’s) [5]. However,
to the best of our knowledge the FKE has not yet been
investigated for semiconductor QWW’s though Coulomb
ionization effects have been and remain to be intensely
investigated for 1D atomic systems [6]. Our motivation
is also partly due to trends. Both experimental [7] and
theoretical [8,9] studies on semiconductor QWW'’s are re-
ceiving renewed interest as a result of excellent strides in
growth technology resulting in high quality samples with
well defined characteristics. Additionally, from a theoreti-
cal viewpoint high-field effects in semiconductors are of
interest to explore related phenomena in atomic systems,
such as above threshold ionization and stabilization. These
studies are also important for elucidating the fundamen-
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tal physics of 1D semiconductors, a prerequisite, if you
like, for device applications ranging from nanotechnology
to semiconductor laser systems [10].

We study the FKE on QWW'’s by solving the semicon-
ductors Bloch equations (SBE) in rea space. The moti-
vation behind the real-space approach is twofold: (i) as a
prabeinto the e-h wave packet (WP) motion and (ii) toim-
plement a very efficient fast Fourier transform algorithm.
We begin our study in the spirit of nonperturbative quan-
tum mechanics by employing an effective 1D Schrddinger
equation (in excitonic units):
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where x is the relative distance between an electron and
hole, W(x,t) is the quasi-one-dimensional WP, F is the
electric field applied aong the wire direction, and V isthe
Coulomb potential whose specific form is discussed below.

A fully quantum method for integrating numerically the
above equation without using a restrictive basis expansion
can be implemented by employing the split-step method
[11,12]. The essence of this method is to carry out the
action of the kinetic operator efficiently in Fourier space,
while the action of the potential operator is carried out in
real space. Absorbing boundary conditions can be imple-
mented to remove any part of the wave packet reaching the
boundaries, so that artificial reflections are avoided. Asan
initial approach, and as is often the starting point for re-
lated atomic studies, the ground state wave function can be
obtained ssimply by imaginary time integration [11]. How-
ever, since we are interested in the optical properties, we
thus need to consider the original source, i.e., an optical
field, and hence we reformulate the wave packet equation
in terms of the polarization,

at  ox2
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where Q (1) = d,,e(t) is the Rabi energy with d,;, the
interband dipole moment and «(¢) the optical pulse, I'"!
is the dephasing time, and P, is the induced polariza-
tion between two subbands ¢ and ». We assume that
the optical pulse is excited resonantly with the band
gap and hence the detuning does not appear explicitly.
For the time being we concentrate on a two-subband
semiconductor model (ab = le — 1hh) but will later
discuss the role of multisubbands as well as Coulomb
mixing effects. As convenient in the absence of a more
specific model for the QWW potential we will assume
that the electrons and holes are confined lateraly by
a harmonic oscillator potential with a subband spacing
of Q;—.,. Moreover, we assume perfect confinement
in the growth direction.  The Coulomb interaction
between charge carriers thus becomes (again we use ex-

citonic units) V;é?(x) =9 fdy fdy/ l//u(y)l/’b(y')illu(y)%/fé(y')’

2=y

where ¢;(y) ae the eigenfunctions [9] associ-
ated with the lateral carier motion, ¢/=¢"(y) =
(g 52)2 expl— (Y /m )y THa(y 5o ¥), with g
the reduced mass, m; the mass of an electron or hole, and
H, the Hermite polynomia. The Fourier transform of
Eq. (2) isexactly equivaent to the SBE in the low-density
limit [13,14]. The real-space approach is, however, a
more natural choice here since we are interested in the
effects of a strong electric field and its influence of the
e-h spatial WP motion.

We employ material parameters typical of GaAs with
a bulk exciton binding energy Ey = 4.2 meV and Bohr
radius ap = 140 A. For the eigenfunction calculations
we choose subband spacings of 3E, for the holes and
7E, for the electrons, and m; = 5m,.. This results in
holes that are more strongly confined than the electrons
which is typical of real QWW’s. The relevent observ-
able in a usua experiment is the absorption coefficient
a(w) = ImP(w)/|e(w)|?], where the polarization and
eectric field are dowly varying quantities. The optical
polarization is smply P(t) = d,,P.p(x = 0,¢t). For the
electric field we choose a weak Gaussian pulse with a
40 fs full width at ¢ =2 maximum irradiance. We choose a
real-space region of +150a( with 4096 discretized spatial
points and numerically propagate with a time step of
0.1 fs. The computational technique is extremely efficient
[15]. We first calculate an absorption spectrum with a
dephasing time of 500 fs in the absence of an externa
field F. In Fig. 1(a) various snapshots of the polarization
WP (|P|?) are shown at the respective times: O fs (solid
curve), 400 fs (dashed curve), and 600 fs (dotted curve);
Fig. 1(b) shows the corresponding absorption spectrum.
Thetimer = 0 fs coincides with the center of the optical
pulse. We verify that the Coulomb interaction removes
the singularity at the band gap associated with the 1D
DOS [2,13]. The 1s binding energy is about 11 meV,
2—3 times the bulk value. We also show the absorption
spectrum in the presence of 2-meV inhomogeneous
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FIG. 1. (a) WP at several times (solid curve: ¢+ = 0 fs, dashed

curve: ¢+ = 400 fs, and dotted curve: ¢ = 600 fs). The spatia
dimension is in units of the bulk exciton Bohr radius. The de-
phasing time is 500 fs. (b) Optical absorption spectrum versus
detuning from the band gap without (solid line) and with inho-
mogeneous broadening (dotted line). The dotted curve has been
shifted vertically for clarity. The inset shows identical calcula-
tions but with a dephasing time of 2 ps. (c) Asin (&) but with
a field energy (eFap) of 0.8Ey. (d) Asin (b) but with a peak
field energy of 0.8Ej.

broadening [16] (dashed line). For this calculation we
carried out a standard convolution with a normalized
Gaussian distribution after first obtaining the origina
absorption spectrum. To demonstrate the power of our
technigue we also calculate an absorption spectrum with a
long dephasing time of 2 psin the absence of an external
field F, shown as an inset in Fig. 1(b); the 2s exciton is
aso clearly resolved though inhomogeneous broadening
apparently destroys any signatures of this resonance. We
mention that by using an SBE approach in k space the 2s
exciton is very difficult to obtain because of numerical
requirements at long dephasing times. The WP snapshots
highlight the physics; shortly after the pulse arrives
there is a strong probability for the electrons and holes
to be Coulombically bound, hence the sharp peak near
the center of the relative motion space. At later times
the WP spreads and quantum beating occurs between
the continuum states and the excitonic states. The WP
ultimately speads out and dephases.

Next we add an electric field aligned along the QWW
axis (x direction). In Figs. 1(c) and 1(d) we display,
respectively, WP snapshots and the resulting absorption
spectrum for a field energy of 0.8E, (corresponding
field strength of 2.4 kV /cm). These energies are quoted
in terms of eFay. In addition to a reduction of the 1s
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oscillator strength (of about 50%) and complete ionization
of the 2s exciton, the free carrier-continuum portion of the
spectrum exhibits pronounced oscillations that decrease in
amplitude for higher energies. The WP is now strongly
distorted, asymmetric, and propagates off to the right.
Now we employ very high fields and compare to
the free carrier results, with energies greater than the
gquantum wire 1s binding energy. Specificaly we adopt
the field energy of 4E, (12 kV/cm). In this regime,
complete exciton ionization is expected. How do exciton
effects modify the spectrum above the band gap since
one expects signatures of a singularity for the free carrier
results?  Figure 2(a) shows snapshots of the WP at
t = 0fsand r = 400 fs;, substantial interference effects
are now evident for the propagating WP. In Fig. 2(b)
is shown the corresponding absorption spectrum. Very
large FK oscillations now occur even in the presence of
inhomogeneous broadening. Figures 2(c) and 2(d) show
identical calculations but without the Coulomb interaction;
first a sharp discontinuity is not obtained as a result of
field-induced tunneling although the spectrum does tend to
rise more and more for frequencies approaching the band
gap. The oscillations have a dightly different frequency
separation and larger amplitude in the free carrier case
since the Sommerfeld factor tends to inhibit the free
excitons. The free carrier WP smoothly propages to the
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FIG. 2. (a) WP at severd times (solid curve: ¢+ = 0 fs, and

dashed curve: r = 400 fs. The background dephasing time is
500 fs and the peak field energy is 4E,. (b) Optical absorp-
tion spectrum (with and without inhomogeneous broadening).
(c) Asin (&) but without excitons. (d) As in (b) but without
excitons; the inset shows the absorption spectra obtained for
the higher field strength of 16E,. (The exciton case is amost
indistinguishable.)
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right, spreads, and dephases. Further numerical investi-
gation [see the inset in Fig. 2(d)] at even higher fields
results in a deeper modulation of the oscillations and an
increase in the width of the oscillations. Moreover, field-
induced transparency can be achieved at particul ar spectral
positions; there is also a continuing shift of the free carrier
spectrum to lower energies (not shown). We note that
the tunability of the peaks and the deep modulations
are unique for QWW’s and cannot be obtained for
2D and 3D semiconductors because of their relatively
large background absorption and lower tunneling rates.
Indeed for quantum wells and bulk semiconductors the
FK oscillations are typically rather small even for very
large field strengths [13]. The reason for the present,
substantial oscillations is because ionization tunneling
in 1D systems is apparently much easier. Further, the
results obtained with a dephasing time of 2 ps or in the
limit of no background dephasing are ailmost identical to
those above indicating that the broadening is primarily
due to field-induced tunneling. The broadening can be
understood as an uncertainty principle effect; soon after
the excitons are created, they are destroyed by field
ionization, and hence the energy resonance is broadened
by lifetime broadening [4].

Finally we employ a multisubband model with one con-
duction subband (1¢) and four valence subbands (14h,
2hh, 3hh, 4hh). Since we are dealing with symmetric
wires for this study only two WP's contribute to the opti-
cal properties at low density: P;; and P13. Conseguently,
we now have to solve two coupled polarization equations
that are coupled through the Coulomb matrix elements,
V<P, which now appear as a summeation in the propagation
equations for the polarization WP's. We stress that full
Coulombic coupling is taken into account self-consistently
by calculating the appropriate Coulomb and interband ma-
trix elements. Figure 3(a) depicts the WP snapshots at
t = 0fsand ¢t = 400 fs for both P;; and P;3; note that
the scales are adjusted accordingly to account for the dif-
ferent dipole matrix elements. The corresponding absorp-
tion spectra [Fig. 3(b)] now exhibit two peaks separated
by 6E, (2 times the subband spacing). Figures 3(b) and
3(d) depict identical calculations with the field strength of
4E, while Fig. 3(b) shows the corresponding WP's. Sur-
prisingly the structure of the second allowed transition is
completely washed out and the results are almost identical
to those shown in Fig. 2(d). In relation to high-field trans-
port experiments [17,18] effects such as transient velocity
overshoot will not show up in our present study since we
are dealing with the optical properties—where the only
contributing spatial dynamicsis at x = 0. Transport fea-
tures and time-dependent field effects, i.e., the dynamic
FKE [19], will be investigated at a later date.

In conclusion we have studied the FKE and exciton
ionization on QQW’s by solving the SBE in rea space.
Exciton ionization effects were highlighted by probing the
electron-hole wave packet motion. For reasonable electric
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FIG. 3. Multisubband WP's P, and P; at several times (solid
line: t+ = 0 fs, and dashed line: + = 400 fs. The dephasing time
is 500 fs). (b) Optical absorption spectrum (with and without
inhomogeneous broadening). (c) Asin (a) but with a peak field
energy of 4E,. (d) Asin (b) but with a peak field energy of 4E.

field strengths substantial oscillations appear above the
band gap. The Sommerfeld factor and field-induced tun-
neling significantly affect the continuum portion of the ab-
sorption spectrum and continue to remove the well known
divergence problem associated with the 1D DOS at all
field strengths that we employ. For very large fields, tun-
neling-induced transparency occurs at certain spectral fre-
guencies. Additionally, the influence of multiple subbands
and inhomogeneous broadening was investigated.
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