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Carrier dynamics and intraminiband coupling in semiconductor superlattices

C. P. Holfeld! W. Schder? and K. Led
nstitut fir Angewandte Photophysik, Technische Univétditeesden, 01062 Dresden, Germany
2Institut fir Schichten und Grenzithen, Forschungszentrumligih, 52425 Jlich, Germany
(Received 30 May 2003; published 26 September 2003

The Coulomb coupling between Wannier-Stark excitons and the continuum of lower-lying states in an
electrically biased superlattice leads not only to pronounced Fano resonances, but has also a heavy impact on
the nonlinear polarization dynamics. The strong variation of line broadening in linear spectra with the electric
field, however, is not reflected in the dephasing rate. Moreover, increasing the excitation density leads to a
linear growth of the time-resolved four-wave-mixing signal instead of a cubic dependence. We present a theory
based upon the Born-Markov equations of a superlattice. The unusual polarization dynamics can be traced back
to the interference resulting from the simultaneous occupation of different Wannier-Stark subbands and the
relaxation of these nonequilibrium distributions.
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The Fano coupling of quantum-mechanical states is anismatch and decreases overlap of the states hence reducing
widespread phenomenon found in a large variety of naturatheir mutual interaction. In linear spectroscopy the Fano in-
and artificial systems. Such coupling occurs whenever a digeraction is directly apparent in the typical line shape of the
crete state interacts with a degenerate continuum, with botboupled transitiorisbut the dynamics of the resonance re-
being excited from a common ground state. In the lineamains to be explored.
response, the Fano interaction is reflected by a characteristic In this paper, we focus on the carrier and polarization
asymmetric line broadening in conjunction with a dip belowdynamics in the nonlinear regime where a mixing of
the former continuum level. Since the degeneracy of a diswannier-Stark states and a simultaneous occupation of dif-
crete state and continuum is a fundamental situation, Fanrent subbands has not yet been considered. Already simpli-
resonances have been identified in virtually all physical arfied models show that the Fano broadening of linear spectra
eas. These include, for instance, different effects such as Autoes not transform into a faster single exponential decay of
ger ionization in atom$, molecular dissociation of time-resolved four-wave-mixingTR FWM) signals. For a
hydroger?, conductance of a single-electron transistar,  single bound state resonant with a continuum, the interfer-
acoustic transmission in sonic crystaMhile the Fano cou- ence of the corresponding transitions results in a single dip in
pling is observed in the frequency domain in most cases, thghe signal. This dip decreases when the ratio of bound state
impact of the broadening on the dynamics remains unclearand continuum oscillator strength is increa&atle find that

Particularly, the Fano effect exists generally in low- this destructive interference effect dominates the TR FWM
dimensional semiconductors due to Coulomb interaction Oéigna|s over several orders of magnitude_ In addition, the
confined subbands. Compared to the linear response, maftraminiband coupling results in a fast decay of the occupa-
festations of Fano interferences in nonlinear spectroscopytion modulation in a FWM experiment, which in turn is

and transpo?toccgr in a much richer diversity for at least strongly manifested in an unusual density dependence of the
two reasons: The interference effects depend on the coherepnR FWM signal intensity.

and incoherent occupation of bound and continuum states For the experiments we have used high-quality
and the coupling of the states additionally effects scattering;aAs/AbaG%jAs superlattices with 35 periods of 67 A and
and dephasing processes. Theoretical investigations of thegg A wide well and barrier, respectively, corresponding to a
interference effects have been restricted to models in whickiniband width of 35 meV. A homogeneous electric field is
relaxation processes are treated by phenomenologicaipplied along the growth direction via an Ohmic contact on
dephasing rate’! the substrate and a semitransparent Schottky contact on the
Here we report on the influence of Fano coupling onsuperlattice side. The separation of the Wannier-Stark ladder
dephasing and relaxation processes in semiconductor supg-then varied by this bias field. Since we use a transmission
lattices. In an electric field, these structures exhibit a regulageometry for our experiments, the opaque substrate is par-
ladder of energy states with a field-dependent separatiofially removed in a wet-etching process.
(Wannier-Stark ladder Because of their excitonic nature,  Thijs system is theoretically modeled as follows. The one-
every ladder step consists of discrete bound states below Yarticle eigenstates of the superlattice with energig(k),

ionization continuum of unbound states. The Fano effect 0Cyre represented in the usual envelope-function approximation
curs due to coupling of such discrete Wannier-Stark excitongg

to the continua of lower ladder states. As a unique feature of

superlattices, the Fano coupling strength can be directly ac-

cessed in experiment: It can be varied by tuning the electric 1

bias field. A growing separation of the Wannier-Stark sub- Co(k,r)=—=expik- p) pSU(2)uS(r), )
bands within the same miniband increases the momentum \/K
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where the plane-wave states depend on the in-plane vectora (k,z,z' ) =#2k?/2m,+ h3(z) — #%k?/2m,— h°(z’).  (6)
and the parallel wave vectok. ug®(r) are the lattice-

periodic functions of the barrier and well materials at the Fora#b, the generalized Rabi frequency is written as
point, and the Wannier-Stark stat¢§”(z) are eigenstates of

the effective-mass Hamiltonian Qan(k,2,2' 1) =dapE(1) 8(z—2") + 25 (k,2,2',1), (7)

2 pr with the optical fieldg, the interband dipole matrix elements
he?(z)= - ———— — —eFz+ U, (2). (2)  Hap, and the static Hartree-Fo¢kiF) renormalization given
2m°?(z) 9z° ’ by

We assume an extended system, for wHith,(z) denotes i
the superlattice potential for conduction and valence stateS Mk, z,t,2/ ,t)=>, v(k—k',z—2")

andF is used for the homogeneous external field. In order to k'

calculate the eigenstates, we solve E).first for the case X[1hG5(K',2,8,2' 1) = Sapay 82— 2')],
F=0 by means of a plane-wave expansion. From the result-

ing Bloch functions, the exact Wannier functions of the su- 8

perlattice are obtained as usual. In a second step these fur\ﬁherev(k,z)=2we2exp(—|k||z|)/(As|k|) is the bare Cou-
tions are used to expand the statﬁ%”(z). This way an  |omp interaction. Since the interband dipole matrix elements
accurate representation of the Wannier-Stark states of an iz nish fora= b, Eq.(7) [or Eq.(8)] represents the exchange
finite superlattice is obtained, without approximations i”self—energy in this case.

terms of single-well states. In contrast to the frequently used T, scattering contributions in the equation of motish
k-space representation in which an on-site Coulomb interacs,e given by
tion is assumedthe Wannier-Stark representation allows for

a more rigorous treatment and even more for an immediate

physical classification of the various interaction contribu- pn (k.12
tions. sc
Optical and transport properties are determined by the dis-
tribution functionsf:__, and transition amplitude:pﬁ'in, =-> | d3([35, (k,13G,, (k32
which result from the one-particle Green’s functionghe b’
superscriptsa or b, respectively, are used here denoting ei- -G=,(k,1337,.(k,32)]
ther the conduction or the valence band. Owing to transla- ab b'a
tional invariance, these functions depend only on the differ- X0t —t3)} —{<=>}), 9
ence of Wannier-Stark indices, and we have in the present . o )
case the relations with the abbreviation ¥{z;,t;}, andt;=t,. Assuming a
binary collision approximation, we have for the self-energies
2 (k) =i%( 3Gk, z,t,2" )| 2, 3 _
n—n ( ) <¢n| aa( )|¢n > ( ) E;b(k,zytizl’t,)
and
) =h? > dz,dz,w(0,2-2)[G5,(k—0,z,t,2',t")
p2° (k1) =i($3| Gk, 2,t,2" )| ), (4) Rpai® a
respectively. In this mixed representation Green’s functions X Gy (K = 0,20,t",21,1)Gp, o (K, 21,1,25,1)

obey the equation of motion

=

Xw(q,2,—2")—G,,,(k—Qq,z1,2,,t")
J = ’ ’ s ’ ’ oy
(ihﬁ_Aab(klzlz,))G;b(k!zltlz,!t) XGa’b’(k _q1221t yzllt)Gb!b(k 5zlytaz yt )
Xw(k—k',z,—z")], (10
= —E dzl[Qaby(k,z,zl,t)GE,b(k,zl,t,z’,t) with w(k,z) being the statically screened Coulomb interac-
b’ tion. The spatial dependence is treated by means of the ex-
9 pansion
< !
—G,p(k,z,t,z ) Qpip(k,zg,2" 1) ]+ EG;’ . (5
* Gk t.2,t) =2 g (kL) B2 b (2')
Here, we have already anticipated a Markovian treatment of nn (11)
scattering processes and considered only the limit of equal
times. into the Wannier-Stark solutions of E). Finally, we ob-

The various quantities are defined as follows. The kinetictain the Markovian version of the kinetic equations by reduc-
energy contribution of banda and b in the effective-mass ing the two-time propagators to single-time functions. This is
approximation is given by accomplished by the ansatz
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FIG. 1. Experimental and theoretical absorption spectra of a -500 0 500 1000 1500 2000

biased 67/17-A superlattice. Note the typical Fano line shape of all real time [fs]
transitions and the decreased broadening for growing field and fall- -
ing ladder index, respectively. FIG. 2. Experimental TR FWM signals of theh_; transition

for a pump-probe delay;,=0 fs. (a) Tuning of the bias field at an
< , .« _=ab b , excitation density of 1.62 10° cm~2 and(b) variation of the exci-
gn—a:’(k’t’t ):Sﬁ(k‘t_t )9n-n (K LD +S, (k' =1) tation density at)ell fixed field of 15.0 kV/ém. The shoulder=a0 is
sab et upconverted stray light of the probe pulgashed line: autocorre-
Xgn (K51, lation of laser pulse
with  S3(k,t—t")=6(t—t")exd —iE3(k,t—t")]. accordance with a reduced Fano coupling of the Wannier-
(120  Stark subbands. Apart from some minor deviati¢dse to
the neglected light holes in the mogehe theory reproduces
This way the kinetic equations are transformed into a formexcellently the linear response.
which is solved numerically. The Hartree-Fock contributions  The pronounced Fano broadening should also be reflected
are the same as those derived earlier within the densityin the polarization dynamics, which is studied by TR FWM.
matrix theory'® Basically, our theory contains no adjustable We use 250-fs pulses of a Ti:sapphire lagérmeV full
parameters(apart from an overall normalization facior width at half maximum tuned 1 meV below the exciton
Thus, a direct comparison of the theory with both linear andesonance. Thus, we avoid scattering with free-continuum
nonlinear experimental data provides direct identification ofstates of the same subband to a great eXfefihe experi-
the physical mechanisms governing the dynamics in semiments were carried out in transmission geometry at 15 K.
conductor superlattices. The time scale of the polarization dynamics starts with the
The first severe touchstone of our approach is the absorgirival of the FWM probe pulse which physically triggers the
tion spectra of the biased superlattice. Figure 1 shows a nungignal emission. A pump-probe deld@y,= 0 fs is used for all
ber of calculated and measured absorption spectra for severgl the presented data.
fields, with the absolute magnitude being the only free pa- The TR FWM traces obtainefbee Fig. 2a)] exhibit an
rameter. The potential drop over one superlattice period varexponential decay over two decades well resolved above the
ies from 7.6 to 21.5 meV in the considered range. This isautocorrelation limit. The maxima of the traces are shifted in
well above an estimated exciton binding energy of 6 meVithe order of 500 f§and even more for lower densitiesith
hence ensuring a degeneracy of a Wannier-Stark exciton witfespect to the FWM probe pulse. This delay is expected as
the continuum of the next lower subband. The Wannier-Starkonsequence of the Coulomb interactiand scales with the
excitons are labeledih, for the heavy-hole exciton with dephasing time.
electron and hole centered in the same wellhbg. , for the The increase of the linewidth obtained from the linear
electron centered wells to the energetically raised or low- spectra, however, does not simply transform into a reduced
ered side, respectively. As shown in the figure, all peakslecay time of the TR FWM signal. In contrast, the decay of
exhibit the typical asymmetric Fano line shape as soon athe linear polarization reflects directly the Fano broadening,
they are clearly resolved from the continuum. The broadenand is compared in Fig. 3 with the experimental TR FWM
ing of the Fano line shape is reduced with growing fiids decay rates for various fields at an excitation density of
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FIG. 4. Calculated TR FWM signals at 10, 15, and 20 kV/cm
FIG. 3. Dephasing rate of theh_, transition in a 67/17-A  (bottom to top and at a density of 1.7310° cm™2. (a) Results of
superlattice vs bias field at an excitation density of 1.62a full calculation; for clarity the middle and the lower signal are
X 10° cm~2. Comparison of the TR FWM datéircles with the  reduced by a factor of 10 and 100, respectivéby. Results of a
linear polarization decajtriangles. calculation, in which only the= —1 exciton is taken into account;
for details see text.
1.62x10° cm 2. As is already apparent from the absorption

spectra, the first-order polarization decay undergoes a strong the fast decay of the TR FWM signal can in fact be

relative variation. We find a chan.ge from '1.'5|551t 13.3 explained by a complex coupling of the various Wannier-
kV/cm to nearly zero at higher fields. This is exactly the giark subbands. If the excitation of the subbands is restricted

behavior expected for decreasing Fano coupling strength, ihe dominant Wannier-Stark exciton, we obtain a behavior
with growing ladder separation and is completely d|fferent(at the same excitation densitgompletely different to the

from the results of the third-order experiments. AIthc_)ughCase before. Taking only the”. _,, thef_,, and thef’_,

"Contributions into account, we find indeed a field dependence

creasing fields, the decay_ O.f the TR FWM _S|gnal OCCUTS ON &¢ pa decay time, which is very similar to the dependence,
much faster scale. The origin of this effect is the mterferenceexpected from the Fano broadening of the linear spectra.
of the various polarizations at the same transition energyrpis s gemonstrated on the right-hand side of Fig. 4. But
which contribute to. the FWM S|gnal. L .. ._nhow, the decay times themselves and the field dependence of
. In or.der to obta|'n a more d‘?‘a"ed phy§|cal insight, it is he signal magnitudes are completely wrong compared with
instructive to consider the various Wannier-Stark subban xperiment. All calculations are done at a density similar to

c_oup_lings an_d interactio_n contrib_utions, which occur in the'[he relatively weak excitation during the experiment, and in-
km?tlc equatpns. The f|r§t one 1s duec to the sumcvover MQjude excitation-induced scattering. Although Fig(b)2
various  Rabi  frequencies Qn(K) =dE+Zq0v (K shows a density dependence of the decay time in experiment,
—k’)p;, (k') in the source of Eq5) using Eq.(7). This sum  an extrapolation to the low-density limit cannot resolve the
gives rise to the Fano coupling in the linear spectra. Secondact that there is obviously no agreement of decay time and
as a pendant of this coupling, we obtain contributions of thesignal delay between experiment and theory. Our theoretical
form = ps%(K) Qm(K) in the source of the one-particle dis- investigations thus show that the initial decay of the TR
tributions, which lead to pronounced interference effects ilFFWM signal is determined by the interference resulting from
the density modulation and thus in the FWM signals, as ighe simultaneous occupation of different Wannier-Stark sub-
demonstrated in Fig. 4. These contributions are present evdiands and does not reflect the Fano linewidth found in linear
at low densities and influence the decay of the diffractecRbsorption.
signal independent of excitation-induced dephasing. With increasing density, the scattering contributions in
The left-hand side shows the results of a full calculationEqg. (9) become perceptible which are responsible for
for different fields atn=1.73<10° cm 2. Both the decay excitation-induced dephasing and carrier relaxation. Again
time and the delay of the signal are in good agreement withve have to distinguish between various types of interactions.
the experimental findings. The fast initial decay of the TRThe one-particle distributiofy,_, describes the sum over the
FWM signal results from the interference of the occupationoccupation of all Wannier-Stark levels. The leading relax-
of different Wannier-Stark subbands. For larger times the deation channel is the scattering with othigy., contributions
cay rate approaches asymptotically a value, which is dete@nd is essentially the same as in a single quantum well. On
mined by the Fano broadening and the density-induced corthe other hand, the coupling to the intraminiband transition
tributions. This appears to be similar to earlier amplitudesf,.,, which are responsible for Bloch oscilla-
observation¥"'>12 where thetime-integratedFWM signal  tions and terahertz emission, has the tendency to maintain
decays faster than the dephasing time of the exciton due teoherence and to increase the dephasing times of interband
coherent exciton-continuum scattering. However, these auransitions. Thus the decay of the interband polarization is
thors obtain a long decay time in ttime-resolvedour-wave  slower than the relaxation of the occupation or the decay of
mixing coinciding with the dephasing time, in contrast to thethe occupation modulation. Physically, the rapid decay of the
result of this study. occupation modulation is an immediate result of the strong
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inhomogeneity, owing to the superlattice potential, and is [ T T ]
missing in homogeneous systems. As a further consequence, F 3
scattering with coherent carriers, for which intrasubband
transitions are still present, is less effective than with inco-
herent ones. This was found experimentally, ¥odrhe
mechanism of this interplay of coherent and incoherent scat-
tering contributions is basically the same as that found for
the interminiband transitions in quantum cascade
structures &7 i “I
An immediate consequence of this interplay is the density 001 b—— e e —————
dependence of the TR FWM signals. Whereas the linear de- 10 100
pendence of the dephasing rate is less surprigiegompa- excitation density [10° cm™]
nied by a Sh'f.t of the maximum to Sm"?‘"er times; see Fig. FIG. 5. FWM signal intensity vs excitation density obtained
2(b)], we O,btam ,an e_Xtremer ,“”,“S‘,Ja' I'r,]e,ar dependence 01from the hh_; transition (67/17-A superlattice, 15.0 kV/cm, TR
the FWM intensity(Fig. 5). This is in striking contrast to FWM atT,,=0 fs). The line is added for comparison of the slope.

simple perturbational results, where the FWM intensity in-hq jnset shows the calculated TR FWM signals at densities of
creases with the third power of the excitation density. The(1_73/6_72/12_53< 10° cm~2 and at the same field.

effect originates in the compensation of the increase of the
occupation modulation by its fast decay on a time scale of @ay. The polarization interference resulting from the simulta-
few 100 fs. The linear dependence is observed over the fulheous occupation of different Wannier-Stark subbands leads
varied range though only moderate excitation densities art a fast initial decay of the time-resolved FWM signal. For
applied. Bleaching of the states does not occur at this levelarger times, the decay rate is reduced and is determined by
In conclusion, we have shown the huge impact of intra-Fano broadening and density-induced scattering. Moreover,
miniband coupling on the carrier dynamics in superlatticeswe observe a highly unusual linear increase of the TR FWM
In the linear regime, coupling of excited excitons to the de-intensity with density. The signal increase caused by a grow-
generate continua of other Wannier-Stark subbands results ing occupation modulation is directly compensated by a fast
a bias-field-dependent Fano broadening of the linewidttdecay of this modulation due to coupling of the subbands.
which is also reflected in thénear polarization decay rate. The experimental findings can be quantitatively explained by
However, we find a substantial difference between themeans of numerical evaluation of the kinetic equations ob-
Wannier-Stark linewidth and theonlinear polarization de- tained within the Born-Markov approximation.
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