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Abstract

The quantum confined Stark effect (QCSE) of excitons in GaAs/AlAs corrugated lateral

surface superlattices (CLSSLs) is calculated. Blue and red shifts in the exciton energies are

predicted for the heavy- and light-excitons in the CLSSLs, respectively, comparing with those in

the unmodulated quantum well due to the different effective hole masses in the parallel direction.

Sensitive dependence of the QCSE on the hole effective mass in the parallel direction is expected

because of the "centre-of-mass" quantization (CMQ) induced by the periodic corrugated inter-

faces of the CLSSLs. The effect of the CMQ on the exciton mini-bands and the localization of

the excitons in the CLSSLs is discussed.
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1. Introduction:

Ever since the discovery of the large quantum-confined Stark effect (QCSE) in quantum

wells1, modulations of absorption coefficients and refraction indexes in low dimensional electronic

systems by external electric fields have attracted a great deal of attention for its potential

device applications in designing high-speed, low-driving voltage optical modulators, switches

and detectors. The QCSE in InAlGaAs/InGaAs and InAsP/GalnP multi-quantum wells (QWs)

has been used to design high-speed, high-efficiency optical modulators operating near 1.06,

1.3 and 1.55^m wavelengths,2"4 which have important applications in long-distance optical

fiber communications. Voltage-tunable infrared photodetectors making use of the large Stark

shifts of the strong intersubband absorptions in coupled QWs have been proposed5. And very

recently, waveguide modulators based on the QCSE in II-VI semiconductor multi-QWs were

fabricated,6""8 motivated by their potential for monolithic integration with room-temperature

II-VI semiconductor lasers operating in the blue/green spectral region. Investigations on the

QCSE in different low dimensional systems, such as quantum wires9 and dots10, are being carried

out in searching for systems with more adjustable parameters to control the QCSE according

to one's needs.

Rapid advances in modern microstructure technology has made it possible to fabricate two

dimensional (2D) electron systems with additional periodic modulations along their lateral di-

rections. Structures with short lateral periods (~ lOnm) comparable to the vertical dimension of

these 2D systems have been produced by direct crystal growth methods, which include (i) depo-

sition of GaAs and AlAs fractional layers on (001) GaAs vicinal surfaces11; (ii) direct molecular-

beam epitaxy growth of GaAs and AlAs layers on high-index GaAs surfaces12; and (iii) direct

molecular-beam epitaxy growth of (GaAs) quantum wells on cleaved facets of (GaAs/AlAs)

superlattices13, etc. These structures are often referred to as corrugated lateral surface super-

lattices (CLSSLs), since the lateral modulations arise from the corrugated interfaces separating

the well and barrier materials of the systems. The dimension of the CLSSLs is between the 2D

QWs and ID quantum wires. Their lateral periods and corrugated interfaces offer additional

adjustable parameters for one to control the QCSE according to one's application requirements.

The periodic corrugated interfaces of the CLSSLs not only affect the internal motion of the

exciton by confining the electron and hole into "wires", but also quantize the motion of its

center-of-mass (CM) in the lateral directions. Theoretical studies on excitons in similar systems

have been reported in the literature.14'15 The effect of the "centre-of-mass" quantization (CMQ)

of the excitons by the lateral periodic potential of the systems was considered in some of these

reports14. It was pointed out there that unlike in the QW case, where 2D excitons can trans-

fer from the CMQ to the "size" quantization, the latter is impossible in the CLSSLs with the

lateral directions due to the unlimited binding energy of ID excitons. The effect of the CMQ

must be considered in the calculation of the exciton states in the CLSSLs. When electric fields



are applied vertically to the CLSSLs, apart from changing the internal motion of the excitons

by pulling the electron and hole apart, the electric fields also change the CMQ of the excitons

by shifting the excitons towards or away from the corrugated interfaces. The exciton energies

in the CLSSLs change with the applied electric fields in a complicated way. In this paper, we

present the results of a model calculation of the exciton QCSE in the GaAs/AlAs CLSSLs.

2. Formulation:

The CLSSL model is the same as that we considered in a previous paper16 with only one

of its interfaces being corrugated, which resembles the CLSSL fabricated by deposition of GaAs

and AlAs fractional layers on (001) GaAs vicinal surfaces11. Recent cyclotron resonance ex-

periments on the system showed significant deviations of the cyclotron energy from what is

expected in an unmodulated 2D electron system17. The novel behavior has been attributed

to the cyclotron-resonance-intersubband coupling induced by the corrugated interfaces of the

CLSSLs. Considering the intermixing of GaAs and AlAs during the fabrication process, a sim-

ple cosine shaped corrugated interface is assumed, instead of the square-well shaped profile in

the ideal case. The coordinate system is so chosen that z axis is vertical to the CLSSL with

its upper interface corrugated along x direction. The geometry of the model is determined by

the average width Lz of the CLSSL, the amplitude SLZ and lateral period Lx of its corrugated

interface.

The calculation is carried out with the method we developed previously16. In the effective

mass approximation, the eigenvalue equation and boundary conditions of an exciton are obtained

by requiring the first-order difference of the following functional L[&] equal to zero (8L = 0),

with
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where wie(/i),|[(i.)
 1S the electron (hole) effective mass in the direction parallel (vertical) to the

CLSSL, Ve{h){ve{h)) is the electron (hole) band offset between bulk GaAs and AlAs, F is the

vertically applied electric field, Eg is the band gap between the conduction and valence bands

in bulk GaAs, and B^ is the exciton energy to be determined. To overcome the calculation

difficulty due to the complicated boundary conditions of the electron and hole on the corrugated

interface of the CLSSL, we introduce the same coordinate transformation for the electron and

hole coordinates as that in reference [16], which transforms the CLSSL into a QW with planar

interfaces and the average well width of the CLSSL, plus effective lateral periodic potentials for

the electron and hole due to the corrugated interface. When a constant electric field is applied

vertically to the CLSSL, strictly speaking, no bound state exists if the barrier height of the

CLSSL is finite. The electron and hole will finally tunnel out of the CLSSL. But the tunneling

becomes negligible for CLSSLs with wide well widths (Lz « lOnm) and in intermediate electric

fields (|F| « 1 OOfcV/cm), which we are interested. Quasi bound states exist in the CLSSLs.

The exciton Stark effect in the CLSSL is analyzed by a perturbation method18, where the

effective potentials due to the corrugated interface and applied electric field are considered as

perturbations of the Hamiltonian, while the exciton states of the CLSSL are expanded with the

eigen-wave functions of the corresponding QW in the transformed space re^:

where f y = re>|| — r^j and Ry = (mefe|| + mh^rh^)/(me + rnh\\) are coordinates describing the

internal and CM motion of the exciton parallel to the CLSSL in the transformed space re(^).

Q^'(ze) [Q2 (zh)} is the electron (hole) eigen-wave function of the corresponding QW in space

?e(/l). The in-plane wave vector k of the exciton is limited within the first Brillouin zone (FBZ)

determined by the lateral period Lx of the CLSSL, \kx\ < Q/2 = ir/Lx, with the reciprocal

lattice wave vector Q m = mQ'i. Lx Ly is the area of the CLSSL interface, with Lx = NXLX

(Nx —> oo). The internal motion of the exciton parallel to the CLSSL can, in principle, be

expanded with the eigen-wave functions <f>v(r\\) of a 2D hydrogen atom. So far, the exciton wave

function in eq.(2) is exact, as all the expansion functions form orthogonal complete sets. In

our calculation, we approximate the exciton wave function by restricting u to only v = 0, and

assuming a variational wave function <^o(r||) = Nlxn2 exp(—71 :r2—72j/2)- It is possible to improve

the accuracy by including more Gaussian expansion functions, if higher exciton energies (bands)



are calculated. It should be noticed that the exciton wave function in eq.(2) gives the correct

description of the CMQ of the exciton in the lateral direction. The lowest exciton energy (band)

of the CLSSL in the electric field is obtained by diagonalizing the eigenvalue equation obtained

by minimizing the functional L[\&]16. A sufficient number of the expansion functions (h,l2,m)

is used in the numerical calculation so that the change of the calculated result is less than 1% if

the number of the expansion functions is further increased. In the calculation, the discontinuity

of the electron (hole) effective mass in the well and barrier materials is neglected for simplicity.

The effective masses of the electron, heavy- and light-hole in the directions parallel and vertical

to the GaAs/AlAs CLSSL are taken as me = 0.067mo, mhh,\\ — O.lO3mo, wihh,±. — 0.450mo,
mz/i,|| = O.212mo and m ^ j . = 0.082mo. The electron (hole) band offset between the GaAs

well and AlAs barrier is assumed to be AVe = 1.06eF (AVh = 0.53eV). The average dielectric

constant is e = 11.5. And the conduction-valence band gap of GaAs is Eg = 1.52eF.

3. Results:

In fig.l, we give (a) the calculated exciton energy Eex — Eg (the solid lines) and (b) binding

energy E\, (the solid lines) of the heavy- and light-exciton in a GaAs/AlAs CLSSL as functions of

the applied electric fields. The structural parameters of the CLSSL are Lz — lOnm, 6LZ = Znm

and Lx = 20nm. Also given in fig.l are the exciton and binding energies (the dashed lines)

calculated for a GaAs/AlAs QW with a well width Lz — lOrem in the same electric fields. It

is interesting to note that the corrugated interface in the CLSSL causes a blue shift for the

exciton energy of the heavy-exciton comparing with that in the unmodulated QW, while a red

shift is predicted in the exciton energy of the light-exciton [fig.l (a)]. Our result is different

from that obtained by Glutsch and Bechstedt14, where only the blue shift of the exciton energy

was predicted. In their calculation, the anisotropy of the hole effective mass was neglected and

the effect of the corrugated interface of the system was smeared out by taking an average in

the vertical direction of the system. These two effects are important in explaining the result

we obtained above. In the CLSSL, the electron and hole are attracted to the parts of the

CLSSL where the width is wide. For the internal motion, the exciton "feels" a wider QW,

which reduces the exciton energy corresponding to its internal motion. On the other hand, the

periodic corrugated interface of the CLSSL introduces the CMQ, which for exciton states at the

center of the FBZ (k = 0), will increase the exciton energy corresponding to its CM motion.

The increased energy is inversely proportional to the exciton CM, M\\ — me + m,ht\\, in the



parallel direction19. These two effects compete to determine whether the exciton energy is blue

or red shifted comparing with that of the unmodulated QW. For the excitons in the GaAs/AlAs

CLSSL, the parallel CM of the light-exciton M y is heavier than that of the heavy-exciton M^y.

So the energy increase, due to the CMQ, is smaller for the light-exciton which results in the red

shift of its energy.

To investigate this effect in detail, we give in fig.2 (a) the calculated heavy-exciton energy

Eex - Eg and (b) its Stark shift Eex(F) - Eex(0) in the same CLSSL as that in fig.l with

different parallel hole effective masses vrihh,\\ — O.lO3mo (the solid line), frihh,\\ ~ O.2mo (the

dashed line), and m^w = 0.06mo (the dash-dotted line). Also given in fig.2 are the exciton

energy and its Stark shift calculated for a GaAs/AlAs QW with a well width Lz = lOnm and

the same T I ^ H parameters. Actually, different parallel heavy hole effective masses, ranging from

mWi,|| = O.21mo to frihh,\\ = O.O27mo, have been used in the calculation of the excitons in GaAs

CLSSLs and quantum wires.15'20 Here we are not judging which value is more accurate. The

results in fig.2 just show that it is possible to have red shifts in the heavy-exciton energy if mhhj

becomes heavier. Due to the effect of the CMQ, the exciton energy and its Stark shift depend

sensitively on mhfl^. While in QWs, especially the exciton Stark shift is almost independent of

In fig.3, we give the calculated heavy- and light-exciton energies Eex — Eg in different electric

fields as functions of the lateral period Lx of the same CLSSL as that in fig.l. As Lx —» oo, the

exciton energies approach those of a GaAs/AlAs QW with a well width Lz = 13nm, indicated

by the black squares and circles.

In QWs, the exciton motion of its CM in the parallel direction is separated from the internal

motion of the excitons. The total exciton energy forms a parabolic band

where the second term gives the exciton energy corresponding to its CM motion. When the

periodic corrugated interface is present in the CLSSL, apart from changing the exciton energy

corresponding to its internal motion, it also breaks the parabolic band into mini-bands at kx =

(1/2 + m)Q (CMQ). For the lowest exciton energy mini-band, the CMQ flattens the band by

increasing the exciton energy at the centre of the FBZ and decreasing the energy at the edge

of the FBZ. In fig.4, we give the calculated lowest exciton energy mini-band, Eex(kx) — Eex(0),

(the solid lines) in the same CLSSL as that in fig.l. Also given in fig.4 are the exciton energy



band (the dashed lines) calculated for a GaAs/AlAs QW with a well width Lz — lOnm. The

effect of the band-flattening caused by the CMQ is obvious. The exciton mini-bands induced by

the CMQ were also reported in the work by Glutsch and Bechstedt.

The effect of the CMQ not only introduces the exciton mini-bands, it also changes the

distribution of the exciton. We define the probability distribution of the exciton CM in the

CLSSL in the original space r by:

P{X) = Jdzedzh\*k{x,X,ze,zh)\l=0 (3)

It is easy to show that P(X + Lx) — P(X). In fig.5, we plot P(X) for (a) the heavy- and

(b) light-exciton in the same CLSSL as that in fig.l. The light-exciton in the CLSSL is more

localized in the distribution than the heavy-exciton due to its heavier parallel CM.

Conclusions: The QCSE of the excitons in the GaAs/AlAs CLSSLs is calculated with

the method we developed previously, which overcomes the difficulty due to the complicated

boundary conditions of the electron and hole on the non-planar interfaces of the CLSSLs. The

blue and red shifts in the exciton energies are predicted for the heavy- and light-excitons in

the CLSSLs, respectively, comparing with those in the unmodulated QW due to the different

effective hole masses in the parallel direction. To obtain the correct QCSE of the excitons in

the CLSSLs, an accurate determination of the hole effective mass mh^ in the parallel direction

is necessary, since the QCSE becomes sensitively dependent on m^ because of the CMQ. The

CMQ also causes the flattening of the exciton mini-bands and the localization of the excitons

in the parts of the CLSSLs where the well width is wide.
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Figure Captions

Fig. 1 (a) the calculated exciton energy Eex — Eg (the solid lines) and (b) the binding energy

Eb (the solid lines) of the heavy- and light-excitons in a GaAs/AlAs CLSSL as functions of the

applied electric fields for the lowest exciton states with k = 0. The structural parameters of

the CLSSL are Lz = lOnm, 6LZ — 3nm and Lx = 20nm. Also given in fig. 1 are the exciton

and binding energies (the dashed lines) calculated for a GaAs/AlAs QW with a well width

Lz = lOnm in the same electric fields.

Fig.2 (a) the calculated heavy-exciton energy Eex—Eg and (b) its Stark shift Eex(F)—Eex(0)

in the same CLSSL as that in fig.l for the lowest exciton states (k = 0), with different parallel

hole effective masses mhh^ = O.lO3mo (the solid line), mhh\\ — 0.2mo (the dashed line), and

mhh,\\ — O.O6mo (the dash-dotted line). Also given in fig.2 are the exciton energy and its

Stark shift calculated for a GaAs/AlAs QW with a well width Lz = lOnm and the same rrihh,\\

parameters.

Fig.3 The calculated heavy- and light-exciton energies Eex — Eg in different electric fields

as functions of the lateral period Lx of the same CLSSL as that in fig.l for the lowest exciton

states (k = 0). The black squares and circles are the heavy- and light-exciton energies of a

GaAs/AlAs QW with a well width Lz = 13nm in the same electric fields.

Fig.4 The calculated lowest exciton energy mini-band Eex(kx) — Eex(0) (the solid lines) as

functions of the reduced in-plane wave vector kx/Q in the same CLSSL as that in fig.l. Also

given in fig.4 are the exciton energy band (the dashed lines) calculated for a GaAs/AlAs QW

with a well width Lz = lOnm.

Fig.5 The probability distribution of (a) the heavy- and (b) light-exciton CM in the same

CLSSL as that in fig.l, as functions of the reduced CM position X/Lx.
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