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Theory of quasiequilibrium nonlinear optical absorption in semiconductor
superlattices

K.-C. Je, T. Meier, F. Rossi, and S. W. Koch?
Department of Physics and Materials Sciences Center, Philipps University, D-35032 Marburg, Germany

(Received 11 July 1995; accepted for publication 6 September)1995

Quasiequilibrium nonlinear optical absorption spectra are computed for semiconductor
superlattices. The theory generalizes the semiconductor Bloch equations to describe anisotropic
structures. The equation for the interband polarization is solved numerically and the carrier-density
dependent optical nonlinearities are computed. Starting from excitonic absorption, with increasing
density exciton saturation and the development of gain is observed. The dependence of the gain
spectra on structural parameters of the superlattice is discussdd®9® American Institute of
Physics.

Semiconductor heterostructures have received interestependent function of Bloch type. Based on the Kronig-
for potential applications in optoelectronic devices, sincePenney model, the electronic states of the superlattice are
many of their properties can be designed by suitable tailoringomputed within the effective mass approximation. The pe-
of the structure, see e.g. Ref. 1. The operation of resonariodic potential is modeled as an infinite sequence of identi-
nonlinear optoelectronic devices relies on the large nonlincal quantum wells of widttw, which are separated by rect-
earities in the spectral vicinity of the fundamental absorptiorangular barries of widtrb, respectively* The crystalline
edge. For feasibility studies, design, and optimization of pospotential in the superlattice has the peridés w+b, in the
sible devices, a fundamental model for the nonlinear opticagrowth direction. The three-dimensional wave vector con-
material response is needed. Any realistic modeling has tgists of the parallel componeky, which varies in the Bril-
include the many-body Coulomb-interaction efféc®uch a  louin zone betweentw/d, and the in-plane component
theory, which is based on the semiconductor Bloch equaK. -
tions, exists for bulk semiconductdrand quantum wells. For the analysis of quasiequilibrium optical nonlineari-

However, for semiconductor superlattices up to now only theies in this letter, we do npt need to'so!ve Fhe full sgmicon-
linear Optical propertiesy i.e. the excitonic absorption in un_ductor Bloch equa“ons since the distribution functions are

excited systems, have been analyzed in detail. assumed to be Fermi-Dirac like for given carrier density and

Early investigatiorwere based on an effective medium Plasma temperature. Hence it is sufficient to consider the

approach, which allows approximate analytical solutions ofduation for interband polarizatid?, , which determines the
the Wannier equation, but does not fully account for the anOPtical spectrum. For a two-band semiconductor the polar-

isotropy of the underlying semiconductor structure. A more'Zation equation is

recent approach, which fully takes into account the aniso-

tropy, concentrated on electric-field induced phenomena, i.e.

excitonic Wannier-Stark ladde?$. Although there are a . ¢

number of experimental investigations of nonlinear optical'ﬁﬁ

absorption spectra of superlattices,up to now no system-

atic calculation of optical spectra of excited or inverted sys- e h h e

tems has been published. % MkE(tH% Vali—ic ki P @)
In this letter, we analyze the nonlinear optical properties

of semiconductor superlattices by numerically solving the

semiconductor Bloch equations, which we have generahzeclihe factor u, is the optical dipole matrix element between

to be valid also fgr anisotropic systems._ The reduction of Fheconduction and valence-band stateg) is the probe field
Coulomb potential due to the screening of the attractiv

lect holge-h int tion. the band lizati heeded to measure the optical response #Qdis the
electron-holele-h) interaction, the band gap renormalization ¢ oaneq Coulomb potentiah.P,|.qi, describes polariza-

with Increasing carrier density, and bar_1df|II_|ng effects aCon decay processes, which we model by a dephasing time.
taken into account. The plasma screening is treated withi

. atith The single-particle energie’seﬁ,ﬁe'lk are renormalized by
the smgle—.plasmon-pole approximation. : the screened-exchange and the Coulomb-hole fenf.
Choosing the growth direction of the layers as theis,

h : P i the bl . H (n*lk) are the electroithole) distribution functions.
t € carriers are uncon ined n t g plane _and _SUbJeCt to the To study the influence of Coulomb effects on the super-
periodic confinement potential in the direction. Accord-

lattice electron-hole excitations we need the Coulomb poten-

ingly, we factorize the wave functions as products of a plangja| expanded in the basis of the superlattice states. Within
wave for the freexy motion and a superlattice periodc ¢ single-plasmon pole approximati$hthe screened Cou-
lomb potential between the conduction and the valence band

!

3Electronic mail: koch@axI310.physik.uni-marburg.de states, withg=k, —k; andqg,=k,—k., is given by

Py=7Py|scant (€5 + € )P+ (1—ng—n"))
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FIG. 1. Normalized absorption specide, of a GaAs/A} Ga ;AsS super-
lattice with well (barriep width 9515)A for various carrier densities at room
temperature, dephasing tinfe=150 fs anda,=10* cm™1. Densities: 0, \ b
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& FIG. 2. (8) Normalized absorption spectidél o, of GaAs/Al, :Ga 7As su-
5 2 perlattices with different barrier widths 8 &olid), 15 A (dasheyland 26 A
1+X[q +(G+q2) ] (dotted and constant well width of 95 A at room temperature, for two

X q2+ (G+ qz)2+ x[q2+ (G+ qz)2]2+ K2 different densitiesn;=1.5x 108 cm™2, n,=2.2x 10" cm™3. (b) Normal-
ized absorption spectra/ «q of a GaAs/A}, :Ga -As superlattice with well
i) (barriep width of 95 (15)A for two densities 1, ,n,) and different dephas-
ing times 100 fgsolid), 150 fs(dasheg, and 200 fs(dotted.
G is a reciprocal lattice vector of the one-dimensional super-

lattice potential andffy(kz,k;) is the superlattice form i o i
factor of the product ‘of two Bloch periodic functiofs. combined miniband width of lowest electron and heavy hole

Within  the  single-plasmon  pole  approximation miniband is 23 meV. The light holes have been neglected for
x= (Cx%4 h?)/(4m; w5) and wi= 4mne’/m, ** Here k is simplicity. _ _ _ _
the inverse of the screening length,is the total density, Numerically, the solution of the integrodifferential equa-

wy is the plasma frequencyy, is the reduced effective mass tions is performed on a grid ik space. In order to obtain
ande is the background dielectric constant. The cons@ist good resolution in the calculated spectra we typically used

usually treated as a fitting parameter, here taken to be 4. 32 Points fork, and 64 points fok, . This means that we
RPA « is calculated self-consistently according to: have ak grid with 2048 points, which we use to compute the

superlattice dispersion and wave functions, and the optical
Amre? dn® and Coulomb-matrix elements for the superlattice states.
2 k : i
K= :E > JE - (3  Since the Coulomb-matrix element depends separately on
eAtlv=eh ik, and k’ the storage of this calculation requires substantial
computer memory. After the initial calculations where we set
gup the matrix elements, we solve EG) by a Runge-Kutta
integration and obtain the time-dependent total polarization
P(t), which is given byP(t)=Xui P.(t).12 Via a Fourier
transform we then calculate the optical susceptibility
x(w)=P(w)/E(w). The absorptionk(w) is determined by
the imaginary part of(w)

For the numerical calculations we have used the followin
structural parameters: we assume a GaAs{Bh, ;As super-
lattice, with 95 A-well and 15 A-barrier width. The confine-
ment potentials for the electroriholes are 250 meV123
meV). Effective masses for electrons in the viledlrrien ma-
terial are 0.067mgy(0.092 my), respectively. The corre-
sponding values for the heavy holes are 0ni380.41 m).
The effective masses for the perpendicular direction have
been determined by averaging the inverse well and barrier

masses with well and barrier widths. For the electrdgmdes ()= 4w ") @)
we obtain 0.070my(0.38 my). With these parameters the NnyC x '
Appl. Phys. Lett., Vol. 67, No. 20, 13 November 1995 Je et al. 2979
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Herec is the speed of light and,, is the background refrac- the amplitude of the gain has a weak dependence on the

tive index. The typical CPU time on a DEC AXP 3600 work- dephasing time, but the shape of the spectra is not sensitive.

station is about 5 hours for one spectrum. This demonstrates that our results and interpretations are not
Figure 1 shows the absorption spectra of a GaAsktrongly influenced by the specific choice of the dephasing

AlGaAs superlattice for various plasma densities at roomntime.

temperature. For zero density the absorption exhibits a pro- In conclusion we have presented a theory which gives a

nounced peak, corresponding to the anisotropic superlattiocgood description of the nonlinear optical absorption of semi-

exciton. The high energy shoulder is related to the minibandonductor superlattices. The transition between the excitonic

dispersior®. With increasing carrier density the strength of absorption to the gain regime, which takes place with in-

the excitonic absorption decreases due to phase-space fillimgeasing density, has been studied. It has been shown that the

and screening of the attractive e-h interaction. Above thenisotropy of the superlattice structure strongly influences

Mott-density (here about % 10'® cm™3), the exciton com- the gain spectra.

pletely disappears from the spectrum. For densities larger This work was supported in part by the Deutsche Fors-

than about 18 cm™3, Fig. 1 shows optical gain. The struc- chungsgemeinschaft through the Sonderforschungsbereich

ture of the optical gain curves below the gain maximum383 and in part by the EC Commission.

reflects the superlattice density of states. At the band gap the

frequency dependence of the density of states exhibits a

square-root behawor _Slmllar to the case of bU|k_ S,emICOHQUCjG. BastardWave Mechanics of Semiconductor Heterostructtres Edi-

tors. For energies which are more than one miniband width tions de Physique, Les Ulis, 1989

above the band gap the density of states becomes constarifor a textbook discussion see, H. Haug and S.W. Kquiantum Theory
i.e. effectively two dimensional. of the Optical and Electronic Properties of Semiconductddsd ed.

. . . (World Scientific, Singapore 1994nd references therein.
In Fig. 2(a) the gain spectra are compared for different 3M. F. Pereira, Jr., R. Binder, and S. W. Koch, Appl. Phys. Lé#.279

barrier widths. For a barrier widthf& A the coupling be- (1994.

tween neighboring wells is larger than for the configuration *M. F. Pereira, Jr., I. Galbraith, S. W. Koch, and G. Duggan, Phys. Rev. B
: . . ; 42, 7084(1990.

Wl.th. a bam.er V\.”dth of 15 A. Consequently, the Comb.mec! SN. Linder, W. Geisselbrecht, G. Philipp, K. H. Schmidt, and G. Hhi2g

m|n|bgnd_W|dth increases to about 39 meV and th<=T Carmiers in j phys IV Franca, 195(1993.

the vicinity of the band edge behave more like three-Sk. H. Schmidt, N. Linder, G. H. Diler, H. T. Grahn, K. Ploog, and H.

dimensional carriers. This explains the strong blue shift of Schneider, Phys. Rev. Left2, 2769(1994.

the gain maximum with increasing carrier density for this z\ll'g}é'zD“tta' N. Chand, J. Lopata, and R. Wetzel, Appl. Phys. I68t924

StrUCtL_'re- On the other hand! for a barr!er quth of 26 A! 8Y. Yamada, Y. Masumoto, J. T. Mullins, and T. Taguchi, Appl. Phys. Lett.

there is only small coupling between neighboring quantum 61, 2190(1992.

wells and the miniband width is only about 10 meV. In two 9'2\161*;-(10;553 N. Chand, J. Lopata, and R. Wetzel, Appl. Phys. L62f.

dimensions the b_Iue-shn‘t qf the gain maximum is known 1010, Haug and S. W. Koch, Phys. Rev.38, 1887(1989.

b? smaller than in thre? d|men3|ons, which is in agreementr. Rossi, T. Meier, P. Thomas, and S. W. Koch, Phys. Re§1B16943

with our results shown in Fig.(3). As expected the ampli-  (1995.

tude of the gain maximum increases with increasing barrie}ZFor light propagating in the growth direction of the superlattice the optical
width, i.e. decreasing miniband width dipole matrix element is given by, = uofS, %k, k,), f is again the

. . . superlattice form facto¢Ref. 11). Using the longitudinal-transverse split-
In Fig. 2b) we compare the gain spectra for three dif- ting in GaAsA;7=0.08 mV, the exciton Bohr radius of 132 A and the

ferent choices for the dephasing timig, 100 fs, 150 fs, and  packground dielectric constaat:12.9, we have determingg, /e=4.5 A,
200 fs, which are typical values in this regime. It is seen that eis the electron charge.
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