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Abstract. In view of the fact that the bandwidth required in optical fiber communication systems will ex-
ceed 100 Gbs™, ultrafast optical switching and modulation devices with high efficiency must be developed.
Given that intersubband transitions (ISBT) in quantum wells (QWSs) are one of the important ultrafast
phenomena, a numerical study of intersubband transition (ISBT) properties in (CdS/ZnSe)/BeTe QWs is
considered. The structure modeled consists of a few monolayers of CdS embedded in a ZnSe/BeTe QW.
A self-consistent analysis is made to achieve the desired properties and device applications. Variation of
CdS well thickness leads to tailoring of the band alignment, achieving optical transitions in the wavelength
range of 1.33-1.55 pum wavelengths for applications in optical fiber transmission. To analyze the optical
behavior of the heterostructure under investigation, we have calculated the CdS well thickness-dependant
oscillator strengths and electron emission energy of the intersubband transition between the two first states
in the well. An attempt to explain our results will be presented.

PACS. 81.05.Dz II-VI semiconductors — 85.35.Be Quantum well devices (quantum dots, quantum wires,
etc.) — 42.81.Wg Other fiber-optical devices — 42.65.Re Ultrafast processes; optical pulse generation and

pulse compression

1 Introduction

With the advent of modern epitaxial growth techniques
such as molecular beam epitaxy (MBE), it has become
possible to grow semiconductor superlattices and quan-
tum well structures and tailor the band structures to
achieve the desired properties for device applications. In-
tersubband transitions (ISBT) in quantum wells (QWs)
are very important both from a fundamental physics per-
spective and for device applications. Due to its fast relax-
ation process which is one of its technological advantages,
the ISBT is involved in several optoelectronic devices such
as quantum cascade lasers [1], infrared detectors [2] and
optical modulators [3]. In order to take advantage of the
fast relaxation time for applications in the optical fiber
transmission window around A ~ 1.55 um, ISB transi-
tion with high energy is required, so the use of mate-
rials with large conduction band offset is needed. Many
attempts have been made to shorten the ISB transition
wavelength. Smet et al. [4] have used InGaAs/AlAs QW
while Gmachi et al. [5] have considered a GaN/AlGaN
heterostructure. For the same reason, Akimoto et al. [6]
proposed a ZnSe/BeTe based structure showing an ISBT
around 1.6 pum. The ZnSe/BeTe system displays features
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in structure and banding similar to those of III-V semi-
conductor compounds. It was developed a few years ago in
an attempt to get better lifetime in II-VI optoelectronic
devices by means of BeTe and to improve the reliability
of ZnSe based devices. The ZnSe/BeTe QW is important
for ISBT switches due to its very large conduction band
discontinuity of 2.3 eV [7]. Moreover, the higher ionicity of
ZnSe leads to an ultra fast carrier relaxation in ZnSe/BeTe
QW comparable to that of III-V Nitrides. However, the
use of ultrafast pulses requires that the optical pulse occu-
pies an extremely short distance in space and this means
that the overall optical device and circuit is very com-
pact. Nevertheless, the quantum confinement effects in a
thin ZnSe QW can raise the I' conduction-band state of
the well (level Ey in Fig. 3a) above the conduction-band
state X of the BeTe barrier (state E{ in Fig. 3a) lead-
ing to an indirect band-gap configuration with a slow re-
laxation time. This generates a carrier relaxation in two
steps: Fo — E} then E] — Ejp. In this case, the carrier
dynamics is controlled by a slow relaxation to the I state.
This affects negatively the overall relaxation time and the
ISBT is not detected [8]. To surmount this difficulty and
ensure the ISBT in this structure, we have inserted into
the middle of the thin ZnSe well a CdS layer.

In the following, and after a brief description of the
calculation method, we present in section three modeling
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of the proposed (CdS/ZnSe)/BeTe structure. With the in-
tention of achieving the ISBT E; — F5 with wavelengths
in the range of 1.33—1.55 pum essential for optical fiber
communication systems, the thickness L,, of CdS QW is
treated as a parameter.

2 Computational methods

The modelled heterostructure consists of a CdS well em-
bedded into two 0.6 nm ZnSe layers. This region is n-doped
and limited by thin BeTe barriers; the whole is sur-
rounded by two 7.5 nm ZnSe layers as spacers. This sys-
tem combines advantages of both high n-dopability in the
CdS/ZnSe and high conduction-band offset at ZnSe/BeTe
(AE. = 2.3 eV). The electronic states of this system can
be obtained using the effective mass theory and the lo-
cal density approximation [9]. In the one band version of
the envelope function approximation, the quantized en-
ergy levels F, for subbands v and their related wave func-
tions @, can be achieved by the self-consistent solution of
the one-dimensional Schrodinger and Poisson equations.
In the Schrodinger equation:

—h? d 1

z is the growth direction, £ is the Planck’s constant, m*(z)
is the electron effective mass, v is the subband index,
Vi (2) is the Hartree potential energy which is determined
by the Poisson equation:

Eodiz [Er(z)dizVH(Z)} = ¢?[Np(2) — n(2)] )

VB (z) is the potential energy due to the heterojunction-
band-edge discontinuities and Vxc(z) is the exchange-
correlation potential whose expression was taken from ref-
erence [10]

Vio(2) = —0.916 [371(;;)]1/3

6meoer(2) | 4m

where Np(z) is the total density of donor atoms in ZnSe
and CdS layers and €,.(z) is the relative dielectric constant.
Note that n(z) is the local density of confined electrons
established by the equation:

n(z) =Y b (2)°
with n, the density of electrons for the subband v deduced
by the relation:

m*kBT
n, =
mh?

Er—-E,
kT

Ln {1 + exp
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where Er is the Fermi level verifying the following equa-
tion:
NpLq = Z ny

with Ly the thickness of the doped zone. Numerically, the
problem was treated using the finite differential method.

To achieve our calculation, values of the direct I'
band gaps E, r(ZnSe) = 2.82 ¢V and E, r(BeTe) =
4.53 eV [11] are used. For band gaps associated with
the X valley we have used Egx(ZnSe) = 4.54 eV and
E, x(BeTe) = 2.6 eV [11]. For the electron effective masses
we have used mj (ZnSe) = 0.19 [12], m (BeTe) =
0.19 [12] and m} (CdS) = 0.19 [13], all masses are con-
sidered in unit mg with mg the free electron mass. Note
that, because of its direct band gap nature, CdS has the
same parameters whether the structure is cubic or hexag-
onal. The relative dielectric constant ¢,.(z) is equal to 5.4
for ZnSe [14], 4.5 for BeTe [12] and 5.5 for CdS [13]. The
total density of donors in ZnSe and CdS layers Np(z) is
taken equal to 1.5 x 10™ cm™3 and leads to highly n-type
doped QWs.

3 Results and discussion

First, we have varied the ZnSe well width for ZnSe/BeTe
QW (AE. = 2.3 V) (Fig. 3a) in an attempt to achieve the
ISBT with 1.55 um. However, in above structure, achiev-
ing the ISBT and attaining the range of wavelengths es-
sential in optical fiber communication systems are com-
petitive processes. In fact, by decreasing the ZnSe well
thickness sufficiently in order to drop the two I" subbands
E;, and E5 below the X one Ej so that the ISBT can
appear, the emission energy (the separation between the
E, and E3 levels) AE = E; — E; becomes much lower
than 0.8 eV and the shortest ISBT wavelength due to an
optical transition between the first and the second levels
E; and Es is 2.4 pym. On the other hand, the ISBT can
occur in the CdS/ZnSe QW [15] which interface band off-
set is AE. = 0.8 eV, but we can never reach an emission
energy AFE higher than 0.4 eV i.e. a wavelength shorter
than 2.9 pym. Taking into account these considerations, we
thought of using the CdS/BeTe QW. Unfortunately, a trial
growth of such a structure has shown a degraded surface.
Consequently, we have opted for the (CdS/ZnSe)/BeTe
structure (Fig. 3b). ZnSe layer inserted between BeTe and
CdS is important (imperative) since it enhances the inter-
face smoothing and improves the structural quality of de-
vices. It is essential to mention the importance of the BeTe
barrier in the structure. In fact, for the (CdS/ZnSe)/BeTe
QW, the energy of the first subband is situated below the
ZnSe conduction band edge while this first level is located
near the midgap state unexpectedly incorporated in the
BeTe barrier for ZnSe/BeTe QW. R. Akimoto et al. [8]
have explained that this midgap state in BeTe compen-
sates the carrier in the well and avoids the ISBT with
aimed range wavelengths in ZnSe/BeTe QW.

By varying the CdS QW thickness in our structure,
we can tailor the band alignment achieving ISBT emis-
sion in this range. The results of numerical calculations for
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Fig. 1. Confinement energies of electron states F; and E» as
well as Fermi level (eV) versus the CdS well width L, (nm).
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Fig. 2. The CdS well width-dependent emission energies and
emission wavelengths achieving the transitions realizing optical
fiber communication systems.

the energy electron levels F; and Fs as well as the Fermi
level versus the CdS well width are presented in Figure 1.
The confinement energy decreases when L,, increases and
as expected, larger confinement can be achieved in thin
QWs. However, for very thin CdS wells (L,, lower than
0.2 nm), only the fundamental I" subband of ZnSe is oc-
cupied by electrons. For a larger CdS well, the first ex-
cited I' subband of ZnSe is more and more populated.
The decrease of E; and E5 levels makes them lower than
the conduction-band state X of the BeTe barrier and the
fast direct ISBT I' — I" involving F; and F, wave func-
tions occurs indicating that the I'(ZnSe)-X(BeTe) elec-
tron transfer is suppressed. To investigate this ISBT, the
CdS well width-dependent emission energy and emission
wavelengths \ are calculated. As can be seen in Figure 2,
the emission energy decays from 1.4 eV without the CdS
well to 0.6 eV (0.83 to 2 um) covering the optical fibre
communication wavelengths (1.33 — 1.55 pm). To make
use of this wavelength range, the CdS layer thickness in-
creases from 1.20 to 1.54 nm. The scheme potential of
this design for 1.55 pm (0.8 eV) wavelength emission is
shown in Figure 3. Figure 3a illustrates the band line-up
in ZnSe/BeTe QW for conduction band states I and X
(solid line and dotted line respectively). In such a struc-
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Fig. 3. Schematic of band alignment a) ZnSe/BeTe and b)
(CdS/ZnSe)/BeTe quantum wells. The introduction of a CdS
layer in ZnSe/BeTe heterostructure can eliminate the slow car-
rier relaxation process of I'(ZnSe)—X(BeTe) transfer which is
observed in ZnSe/BeTe QW (a). Strong ISB transition at the
wavelength of 1.55 um (AFE = 0.8 eV) is shown.

ture, relaxation to X valley (state Ef) and subsequent
acoustic phonon relaxation to the E; state is a process
competitive with direct I" — I" one. In Figure 3b, the CdS
QW implanted in ZnSe one make I levels F; and Es lower
than X state. The fast direct relaxation I' — I" decay is
the predominant relaxation process.

To study and carry out the quantum efficiency of our
design, we have calculated the oscillator strength of the
transition which is defined by the expression [16]

2m
frop =22 (Ey

(B = Bw) (61121 o0)?

where (E; — Ey) is the energy difference between the ini-
tial and finite states and |{¢; |z|dk)| is the dipole ma-
trix element of the transition. In Figure 4, we have rep-
resented the emission wavelengths A and the oscillator
strengths for ISBT fe1 e versus the CdS well width
for two BeTe barrier thicknesses. As can be seen, fe1_e2
decreases as L, increases. But it is shown that this
decrease is not significant and the transition oscillator
strengths remain relatively high. This means that the
efficiency of radiative recombination in active material
of (CdS/ZnSe)/BeTe heterostructure is highly preserved
(2.707 x 10® and 1.976 x 103 respectively for 1.55 and
1.33 pm) and the quantum efficiency of luminescence is
good. For the desired emission wavelength, we can obtain
from the figure the optimum parameters of the modelled
design. For wavelengths solicited in optical communication
and covering the range (1.33 — 1.55 pm), thicknesses val-
ues between (1.2—1.6) nm and (1.2—1.5) nm are needed
respectively for CdS well and BeTe barrier. In Figure 5,
the conduction band, electron energy levels F; and Es
with their related wavefunctions for our modeled device
with A = 1.55 pm (AE = 0.8 eV) are represented.
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L., for intersubband transition F1 — FE>.
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Fig. 5. Band structure and wave functions of the two first
states for modeled (CdS/ZnSe)/BeTe QW.
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4 Conclusion

With a view to possible device applications such as ul-
trafast all optical switches and modulators, our attention
has been devoted to the fibre optic emissions (1.33 —
1.55 pm). We have presented a model of ISBT of carriers
in n-type doped (CdS/ZnSe)/BeTe QWs. The introduc-
tion of a thin CdS layer in the ZnSe/BeTe heterostructure
can avoid the slow carrier relaxation process of I'(ZnSe)—
X(BeTe) transfer which has been observed in ZnSe/BeTe
QW. Strong ISBT has been demonstrated between the two
lowest confined electron states. We have treated the CdS
well thickness as a parameter to achieve designs for desired
applications. The optimum parameters (CdS well width
L,, = 1.54 nm and BeTe barrier thickness Lp = 1.2 nm)
lead to 1.55 pum light emission with good quantum effi-
ciency.
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