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Abstract. Intersubband electro-absorption and electro-refraction index spectra of GaAs/AlAs
corrugated lateral surface superlattices (CLSSLs) are calculated. Large shifts of intersubband
transition energies and Fermi energy levels in the electron occupied subbands induced by
applied electric fields result in strong intersubband Stark effects and large refractive index
variations in the CLSSLs that we considered with moderate electric fields(|F | 6 100 kV cm−1).
Strong intersubband absorptions with normally incident light due to the corrugated interfaces
of the CLSSLs which break the in-plane translational symmetry of the systems are predicted.
Broadenings of the intersubband electro-absorption and electro-refraction index spectra caused
by structural fluctuations of the CLSSLs are discussed.

1. Introduction

Ever since the discovery of the large quantum-confined Stark effect (QCSE) in quantum
wells [1], modulations of absorption coefficients and refractive indexes in low-dimensional
electronic systems by external electric fields have attracted a great deal of attention because
of the potential device applications in designing high-speed, low-driving-voltage optical
modulators, switches and detectors. The QCSE in InAlGaAs/InGaAs and InAsP/GaInP
multi-quantum wells (QWs) has been used to design high-speed, high-efficiency optical
modulators operating near 1.06, 1.3 and 1.55µm wavelengths [2–4] which have important
applications in long-distance optical fibre communications. Voltage-tunable infrared photo-
detectors making use of the large Stark shifts of the strong intersubband absorptions in
coupled QWs have been proposed [5]. And very recently, waveguide modulators based
on the QCSE in II–VI semiconductor multi-QWs were fabricated [6–8]; the motivation for
this development was 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 wires [9] and dots [10], are
being carried out in searching for systems with strong Stark effects.

The rapid advances in modern microstructure technology have made it possible to
fabricate two-dimensional (2D) electron systems with additional periodic modulations along
their lateral directions. Structures with short lateral periods (∼10 nm) comparable to
the vertical dimension of these 2D systems have been produced by direct crystal growth
methods, which include (i) deposition of GaAs and AlAs fractional layers on (001) GaAs
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vicinal surfaces [11]; (ii) direct molecular-beam-epitaxy growth of GaAs and AlAs layers
on high-index GaAs surfaces [12]; and (iii) direct molecular-beam-epitaxy growth of GaAs
quantum wells on cleaved facets of GaAs/AlAs superlattices [13]. These structures are often
referred to as corrugated lateral surface superlattices (CLSSLs), since the lateral modulations
arise from the corrugated interfaces separating the well and barrier materials of the systems.
The corrugated interfaces of the CLSSLs not only break the in-plane translational symmetry
of the 2D systems to allow strong intersubband optical absorptions with normally incident
light, but also result in strong intersubband Stark effects as electric fields can change the
strength of the lateral modulations easily by moving the electrons towards or away from
the corrugated interfaces. In this paper, we present the results of a model calculation of the
intersubband Stark effects in the GaAs/AlAs CLSSLs.

2. The model calculation

The CLSSL model is the same as the one that we considered in a previous paper [14]
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 surfaces [11].
Considering the intermixing of GaAs and AlAs during the fabrication process, a simple
cosine-shaped corrugated interface is assumed, instead of the square-well-shaped profile
of the ideal case. The coordinate system is so chosen that thez-axis is perpendicular to
the CLSSL with its upper interface corrugated along thex-direction. The geometry of the
model is determined by the average widthLz of the CLSSL, the amplitudeδLz and the
lateral periodLx of its corrugated interface.

The calculation is carried out with the theory that we developed previously [14]. In
the effective-mass approximation, the eigenvalue equation and boundary conditions of an
electron are obtained by requiring the first-order difference of the following functional to
be equal to zero (δL = 0):

L[ψ ] =
∫

h̄2

2me(r)

{∣∣∣∣∂ψ(r)∂x

∣∣∣∣2+ ∣∣∣∣∂ψ(r)∂y

∣∣∣∣2+ ∣∣∣∣∂ψ(r)∂z

∣∣∣∣2
}

dr

+
∫

[V (r)+ eFz]|ψ(r)|2dr − E
∫
|ψ(r)|2 dr (1)

whereme(r) is the electron effective mass,V (r) is the band offset of GaAs and AlAs,F is
the vertically applied electric field andE is the eigen-energy to be determined. To overcome
the calculational difficulty due to the complicated boundary conditions of the electrons on
the corrugated interface of the CLSSL, we introduce the same coordinate transformation as
was used in reference [14], which transforms the CLSSL into a QW with planar interfaces
plus an effective lateral periodic potential due to the corrugated interface. When a constant
electric field is applied perpendicularly to the CLSSL, then, strictly speaking, no bound
state exists if the barrier height of the CLSSL is finite. The electrons will finally tunnel
out of the CLSSL. But the tunnelling becomes significant only in the CLSSLs with narrow
well widths (Lz < 5 nm) or in high electric fields (|F | > 200 kV cm−1) [15]. For the case
of wide well widths (Lz ≈ 10 nm) and intermediate electric fields (|F | ≈ 100 kV cm−1)
in which we are interested, the tunnelling is negligible and (quasi-) bound states exist in
the CLSSLs. The intersubband Stark effect in the CLSSLs is analysed by a perturbation
method [15], where the effective potential due to the corrugated interface and applied
electric field is considered as a perturbation of the Hamiltonian, while the bound states
of the CLSSL are expanded in the eigen-wavefunctions of the corresponding QW in the
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transformed space [14]. The method proves to be accurate in cases with no electric field
[14] or no corrugated interface (QWs) [15]. In the calculation, the effects of the electron
effective-mass discontinuity (mGaAs = 0.0665m0 andmAlAs = 0.124m0) and finite barrier
height (1Vc = 1.06 eV) between GaAs and AlAs are taken into consideration. The electron
subbands of the CLSSLs in the electric field are obtained by diagonalizing the eigenvalue
equation obtained from minimizing the functionalL[ψ ] [14]. A sufficient number of the
expansion functions are used in the numerical calculation to give a calculation accuracy of
1% for the first three subbands. Employing the Kramers–Kronig relation [16], the electron
wavefunctions and subbands obtained are then used to calculate the absorption coefficients
and refractive indexes associated with the intersubband transitions of the CLSSL in the
electric field.

Figure 1. The first three electron subbands calculated for a GaAs/AlAs CLSSL with electric
fields ofF = −100, 0, 100 kV cm−1, within the FBZ associated with the lateral period of the
CLSSL (Q = 2π/Lx ). The structural parameters of the CLSSL areLz = 12 nm,δLz = 3.5 nm
andLx = 15 nm. (b) The first two electron subbands calculated for a GaAs/AlAs QW with a
well width of Lz = 12 nm in the same electric fields.

3. Results

In figure 1(a), we give the first three electron subbands calculated for a GaAs/AlAs CLSSL
with electric fields ofF = −100, 0, 100 kV cm−1 within the first Brillouin zone (FBZ)
associated with the lateral period of the CLSSL (Q = 2π/Lx). The structural parameters
of the CLSSL areLz = 12 nm, δLz = 3.5 nm andLx = 15 nm. Also given, in figure
1(b), are the first two electron subbands calculated for a GaAs/AlAs QW with a well width
of Lz = 12 nm in the same electric fields. The subbands in the CLSSL depend much
more sensitively on the electric fields than those in the QW. This is because the first few
subbands of the CLSSL that we considered result from the electron coherent scatterings by
the periodically corrugated interface in the lateralx-direction. The electric fields can increase
or decrease the coherent scatterings (or the lateral modulation) effectively by moving the
electrons in the CLSSL towards (F = −100 kV cm−1) or away from (F = 100 kV cm−1)
the corrugated interface. One should also note that the electric fields not only change the
subband gaps, but also modify (flatten or curve) the dispersion relations of the subbands of
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the CLSSL (figure 1(a)), while in the QW the electric fields cause only parallel shifts of the
subbands (figure 1(b)). This difference is important in explaining the strong Stark effect of
the intersubband absorptions in the CLSSLs.

Figure 2. The intersubband transition energy1E1(kx) = E2(kx)− E1(kx) as functions of the
electric fieldF at kx = 0 andkx = Q/2 calculated for the same CLSSL and QW as for figure 1.

The sensitive dependence of the subbands of the CLSSL on the applied electric fields is
shown more clearly in figure 2 where we give the calculated intersubband transition energy
1E1(kx) = E2(kx)−E1(kx) as functions of the electric fieldF at kx = 0 andkx = Q/2 for
the same CLSSL and QW as for figure 1. The Stark shifts of the intersubband transition
energies in the CLSSL are much larger than those in the QW.

In figure 3, we give the calculated optical absorption coefficientsα(h̄ω) (figures 3(a),
3(c)) and refractive indexes [16]n(h̄ω) (figures 3(b), 3(d)) associated with the intersubband
transitions in the same CLSSL, as functions of the energy ¯hω of the incident light which
is polarized in the directions parallel (figures 3(a), 3(b) whereex = 1) or perpendicular
(figures 3(c), 3(d) whereez = 1) to the CLSSL. The electron density in the CLSSL is
N = 5× 1011 cm−2. Stark shifts as large as 35 meV and strong refractive index variations
are expected in the CLSSL as the electric field varies from−100 to 100 kV cm−1.

To analyse the absorption processes in the CLSSL, we plot in figure 4 the square of the
calculated momentum matrices|e ·Pn(kx)|2 for the intersubband transitions from the lowest
to the higher subbands (n = 2, 3, . . .), wheree is the polarization unit vector of the incident
light. It is clear from figure 4 that for the incident light polarized parallel to the CLSSL
(figure 4(a) whereex = 1), such as for normal incidence, the absorption peaks in figure
3(a) are mainly due to the electron transitions from the lowest (n = 1) to the first excited
subband (n = 2) at the edge of the FBZ (|kx | ≈ Q/2), while for the incident light polarized
perpendicular to the CLSSL (figure 4(b) whereez = 1), the absorption peaks in figure 3(c)
correspond to the transitions from the lowest to the first excited subband at the centre of the
FBZ (|kx | ≈ 0) and second excited subband (n = 3). The strong intersubband absorptions
with the normally incident light (figure 3(a)) show the difference of the selection rules
for the CLSSLs from those for the conventional QWs, where the intersubband absorptions
vanish for the incident light polarized parallel to the QWs due to their in-plane translational
symmetry. The corrugated interfaces in the CLSSLs break the translational symmetry and
make the forbidden transitions become allowed ones.
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Figure 3. The optical absorption coefficientsα ((a), (c)) and refractive indexesn ((b), (d))
associated with the intersubband transitions, calculated for the same CLSSL as for figure 1,
as functions of the energy of the incident light which is polarized in the directions parallel
((a), (b)) or perpendicular ((c), (d)) to the CLSSL. The electron density in the CLSSL is
N = 5× 1011 cm−2.

Besides the large Stark shifts of the absorption peaks, the electric fields also affect
the intersubband absorptions in the CLSSL by changing the Fermi energy level relative
to the subband structure. For the CLSSL shown in figure 3(a) with an electron density
N = 5 × 1011 cm−2, the Fermi energy level moves from outside to inside the lowest
subband as the electric field varies from−100 to 100 kV cm−1, due to the modification of
the subband dispersion relations of the CLSSL by the electric fields (see figure 1(a)). The
strong absorption peaks and large refractive index variations associated with the electron
intersubband transitions near the edge of the FBZ (|kx | ≈ Q/2) disappear as the Fermi
level moves into the lowest subband of the CLSSL, emptying the electron states near
the edge of the FBZ (see figures 3(a), 3(b)). The electric fields not only shift the peak
positions, but also change greatly the strength of the intersubband absorptions in the
CLSSLs. This Fermi energy modification of the intersubband absorptions by the electric
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Figure 4. The square of the momentum matrices|e · Pn(kx)|2 for the intersubband transitions
from the lowest to the higher subbands (n = 2, 3, . . .), calculated for the same CLSSL as for
figure 1 with the polarization unit vectore of the incident light parallel (a) or perpendicular (b)
to the CLSSL.

fields does not occur for the QW with planar interfaces. The subband energy of the QW is
En(kx, ky) = εn(F ) + h̄2k2/2me, whereεn(F ) is the energy level for the electron motion
in the direction perpendicular to the QW.εn(F ) depends on the vertically applied electric
field F . For a given densityN of the electrons, it is easy to show that the Fermi energy
of the QW isEF = ε1(F ) + πh̄2N/me, if the electrons occupy only the lowest electron
subband. The relative positionEF − ε1(F ) of the Fermi energy in the electron occupied
subband does not change as the applied electric fieldF changes.

Fluctuations in the CLSSL geometry structures, which are inevitable during the

Figure 5. The intersubband absorption (α) and refractive index (n) spectra calculated for the
same CLSSL as for figure 3 except withLx = 15± 1 nm orδLz = 3.5± 0.5 nm. The electric
field is F = −100 kV cm−1. The polarization of the incident light isex = 1.
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fabrication processes, will broaden or even smear out the intersubband absorption spectra
of the CLSSLs. The intersubband absorptions usually exhibit more sensitive dependence on
the CLSSL structures than the interband absorptions, as the latter are mainly determined by
the conduction–valence-band gap of the bulk materials, while the former are due entirely to
the specific structures of the CLSSLs. The experimental observation of the former requires
higher quality for the CLSSL samples. Estimations of the broadenings in the intersubband
absorption and refractive index spectra due to the structural fluctuations of the CLSSLs
are shown in figure 5, where we plot the calculated intersubband absorption coefficientα

and refractive indexn (with F = −100 kV cm−1 and ex = 1) for the same CLSSL as
for figure 3 except withLx = 15± 1 nm or δLz = 3.5± 0.5 nm. It is estimated that to
observe the predicted intersubband Stark effect, the structural fluctuations of the CLSSLs
must not be larger than 10%, which presents a challenge to the experimentalists as regards
the fabrication of the CLSSL samples.

4. Conclusions

The intersubband electro-absorption and electro-refraction index spectra of the GaAs/AlAs
CLSSLs are calculated. The large shifts of the intersubband transition energies and Fermi
energy level in the electron occupied subband induced by the applied electric fields result
in strong intersubband Stark effects and large refractive index variations in the CLSSLs
that we considered with moderate electric fields (|F | 6 100 kV cm−1), which shows
the CLSSL structure to be very promising as regards designing optoelectronic devices for
operation in the infrared region. Strong intersubband absorptions with normally incident
light are expected due to the corrugated interfaces of the CLSSLs which break the in-
plane translational symmetry of the systems. Because of the sensitive dependence of the
electron subbands on the structures of the CLSSLs, high-quality CLSSL samples with small
structural fluctuations must be fabricated in order to observe the predicted Stark effects in
the CLSSLs.
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