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Intersubband optical absorption in coupled quantum wells under an applied electric field
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The very large tunability of the transition energy when an electric field is applied is found in the
intersubband optical transition in two strongly coupled semiconductor quantum wells. The energy
of the absorption peak can shift to red or blue and is very sensi. tive to the electric field, in contrast to
the single-well case, which has only a small blue shift. The oscillator strengths and the selection
rule depend on the degree of coupling and are quite different from the single-well case. The method
we use to characterize the energy levels and the wave functions of the coupled quantum wells has

several advantages over the previous theoretical calculations in that the effective-mass difference,
the finiteness of the barrier height, and arbitrary structure of the quantum wells can be taken into

account by using a transfer-matrix technique.

I. INTRODUCTION

The electric field dependence of the absorption
coefficient in semiconductor quantum wells and superlat-
tices has been studied extensively for possible electro-
optical applications. ' The exciton absorption peak of
the interband transition (valence-to-conduction-band
transition) in quantum-wells shifts to long wavelength
(red shift) when the electric field is applied and is known
as the quantum confined Stark effect. The quantum
confined Stark effect in quantum wells is more significant
than the Franz-Keldysh effect in the bulk semiconductor
due to the confinement of the wave functions in the quan-
tum wells. On the other hand, the absorption edge of the
intersubband transition (subband to subband transitions
within the conduction band} in quantum wells shift to
short wavelength (blue shift) under an applied electric
field. ' This intersubband Stark shift is small and cannot
be used in optical modulation applications since the rela-
tive energies of the sublevels in a single well do not
change much by the electric field.

The energy levels originated from different wells in
coupled quantum wells, however, can be tuned individu-
ally by applying electric field. The strength of this in-
terwell transition is small because the wave functions are
partially overlapped. The coupled quantum wells are
defined as the quantum-well structure comprising more
than one quantum well with interwell spacings and bar-
riers sufficiently small so that significant amount of in-
teraction takes place. The energy states and wave func-
tions of the coupled quantum wells in the absence of elec-
tric field were calculated by several authors. ' We
have calculated the energy states for a superlattice con-
sisting of coupled-well basis. " Experimental investiga-
tion of the interband transition of the coupled quantum
wells is also carried out. '

In this paper a formalism of the dispersion relation is
developed for a general quantum well structure in the
presence of the electric field. The effective-mass
difference, coupling of the conduction band to the
valence and spht-off bands, and the finite height of the

barriers are also taken into account. As a special case,
the intersubband optical transitions in coupled quantum
wells are analyzed by this approach. The Stark shift in
the coupled wells is considerably larger than that in the
single-we11 case while the oscillator strength is smaller for
the former, depending on the degree of coupling. The
selection rule also depend on how the wells are coupled.
For example, the 1~3 transition, which is forbidden in
the single-well case, is possible in the coupled well case.

II. METHOD

The dispersion relation of an isolated quantum well is
derived here. Figure 1 shows the conduction-band edge
of an arbitrary quantum-well structure consisting of a
finite number of layers with the total length L. The
quantum-well structure is bounded by two infinitely thick
potential barriers with height e Vl and e V„on the left and
right, respectively. The energies of interest are between
the bottom of the wells and the minimum of eVl and e V„.
The wave functions +l and 0, on the left and right con-
tacts, respectively, are

%, =He ', z&0

where

(c( ———(2m(*/fi )(E eV( —E—

(c„=—(2m„*/trt )(E eV„—Ei }—,
E is the total energy and E~~

——A k~~ /2m *,
k~~ is the wave

vector normal to the z direction, and m* is the effective
mass in the corresponding region. Using the transfer-
matrix technique, ' 4l and %„are related by
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e l

quantum well composed
of arbitrary layers

eV,

J„„=25(Ace—E ) .

The broadening effect can be incorporated by experimen-
tal linewidth and then the density of states can be written
as

left contact right contact

z=O

FIG. 1. Conduction-band edge of an arbitrary quantum well

consisting of a finite number of layers with the total length L.
4& and 4', are conduction-band envelope functions along the z
direction for the left and right contacts with potential eV1 and
e V„, respectively.

where S is a 2X2 transfer matrix. From Eqs. (1) and (2),
the constant A and 8 can be eliminated and the disper-
sion relation is readily obtained as

hN =N„—N„=
—(,E„—Ff ))/kT

4mm*
k 1

1+e
g 2L —(E —Ef )/kT1+e

where I. is the width of the quantum well and Ef is the
Fermi energy. The peak absorption occurs at A~=E
and is

a=(4.3686X 10 )f„„,3 „3(cm ')
10 ' sec 10' cm

2 A/TJ (7)
~ (E —A'co) +(fi/T2)

where T2 is of the order 10 ' sec by recent experi-
ments. ' The population difference AN of the initial
state to the final state at finite temperature can be ob-
tained,

m*
I'

Kr

S1 1 + ( +I /m I )Sig

S2& + (a~ /mI' )S22
(3)

for the material parameters of GaAs.

III. RESULTS

In calculating an arbitrary potential, the quantum well is
divided into several sublayers. Each sublayer contains
only a linear potential (tilted or constant). The transfer
matrix S is the product of transfer matrices of the sub-
layers. The explicit expressions of the subtransfer matrix
are given in Ref. 11 for a linear potential by the effective
mass, two- and three-band models, respectively. The
dispersion relations for two- and three-band models are
obtained by substituting a/m ' in Eq. (3) with

K

E —V
(4)

K 2 1~K +m~ E —V E —V

where V and V, are the light-hole band and split-off
band maximum, respectively. " The wave functions can
be constructed once the energy states are determined.

The absorption coeScient of the intersubband transi-
tion from initial state n to the final state n' in the dipole
approximation is given by

me Acpo
2

f„„J„„(co)X AN,
2m *n,

where po is the permeability and c is the speed of light.
The index of refraction n„and the effective mass m * are
considered to be the average values in the quantum-well
structure. The oscillator strength f„„is given by

(6)

where P„„ is the momentum matrix element and

Eg =E„—E„ is the transition energy. The joint density
of states J„„in intersubband transitions is a 6 function

The coupled quantum well structure comprising two
wells A and B of dimension Wz ——100 A (35 monolayers)

0
and Ws =50 A (17 monolayers) and a barrier of dimen-

0
sion 30 A (11 monolayers) inserted between 2 and B is
investigated. This coupled-quantum-well structure is
bounded by thick n + barriers such that the voltage drops
only in the wells and the thin barrier. All the wells are
assumed GaAs and the barriers Alo 36ao 7As. The
0.6:0.4 rule is used for the ratio of the conduction-band
offset to the valence-band offset in Al, Ga& „/GaAs
heterojunctions.

In the discussion that follows, first the energy states
and wave functions are calculated to illustrate how the
wells are coupled. It is instructive to relate the energy
states of the double well coupling case to the original
single-well states. The term "interwell transition" refers
to the intersubband transition whose initial state and final
state are originated from different wells, while the term
"intrawell transition" is for the transition between two
states in the same well. The transition energy of the in-
terwell transition is a strong function of the applied elec-
tric field. However, the oscillator strength of the interwell
transition is in general smaller than that of the intrawell
transition. The oscillator strength as a function of the
well dimension, the barrier dimension, and the electric
field is discussed secondly.

A. Energy states and wave functions

The energy states versus the well dimension of the 8
well is shown in Fig. 2(a). The two states at around 30
and 120 meV are originated from the A well and are la-
beled as n„=1~, and 2~ in Fig. 2. The three falling
states come from the 8 well and are labeled as n~ =1~,
2~, and 3~. For example, the 1~2 transition corre-
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FIG. 2. Energy states as a function of (a) the well width, (b) the barrier width, and (c) the applied electric field for the coupled
quantum wells comprising two wells A and B and a thin barrier in between. (a) Energy states as a function of the width of the B well
when the A well is 100 A and thin barrier is 30 A. The energy states originated from the A well are labeled as n& ——1& and 2& and
those from the B well are labeled as n& ——1&, 2q and 3z in order to distinguish the interwell transitions from the intrawell transitions.
(b) Energy states as a function of the width of the thin barrier when the A well is 100 A and B well is 50 A. (c) Energy states as a
function of the electric field when the A well is 100 A, the B well is 50 A, and thin barrier is 30 A. The 1& state intersects the 2& state
at the field —50 kV/cm, while it intersects the 1& states at 50 kV/cm. The transition energies of the 1& ~1& and the 1~~2& transi-
tions is very sensitive to the applied electric field.

sponds to the 1&~1& interwell transition when the 8
0

well is 50 A while it corresponds to the 1~~2„ in-
trawell transition when the 8 well is 20 A.

The energy states versus the barrier dimension is
shown in Fig. 2(b). The barrier dimension has small
effect on the energy states when the barrier width is
larger than 30 A.

The electric field dependence of the energy states is
shown in Fig. 2(c). The polarity of the electric field is
shown in the inset. The energy states originated from the
A well and the 8 well are labeled in a way as in Fig. 2(a).
The transition energy of the 1„~2& intrawell transition
does not change much by the electric field but the
1~ —+1~ interwell transition does. Depending on the po-

larity of the applied field, the transition energy can shift
to small energy (red shift), or large energy (blue shift).

Shift of the absorption peak as large as 75 meV is pre-
dicted for the interwell transition case (the 1„~1~or
equivalently, the 1~2 transition between the field —50
and 50 kV/cm). For comparison, the single well case has
only a shift of 1.6 meV under an applied field of 36
kV/cm. According to the recent intersubband experi-
ments, ' the full width at half maximum (FWHM) of the
absorption coefficient is about 19 meV, which is much
smaller than the shift of this interwell transition in cou-
pled quantum wells by applying an electric field.

The wave functions of the lowest three states are
shown in Fig. 3, for the zero field, —50 and 50 kV/cm,
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respectively. The wave function oscillates in its own orig-
inal well and decays in the other well in the zero field or
small field cases. Thus the overlap of the interwell wave
functions is considerably smaller than that of the in-
trawell wave functions. The —50 kV/cm fields are
chosen such that the 1& and 2~ states are mixed, thus the
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FIG. 3. Wave functions of the lowest three states in the cou-

pled quantum wells described in Fig. 2(c) for the zero field, and
+50 kV/cm, respectively.
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FIG. 4. Oscillator strength as a function of (a) the well width,

(b) the barrier width, and (c) the applied electric field for the

coupled quantum wells described in Fig. 2. (a) Oscillator
strength as a function of the width of the B well. The oscillator

strength is labeled in each section as the 1 ~ ~1&,1 & ~2& tran-

sitions, etc., according to the labeling in Fig. 2(a). The interwell

transitions usually have small strength. (b) Oscillator strength

as a function of the width of the thin barrier. The interwell

transition 1„~1&has large strength when the thin barrier is
0

smaller than 30 A. (c) Oscillator strength as a funcf;ion of the

electric field. The oscillator strength is proportional to the ab-

sorption coefficient by Eq. (9).



38 INTERSUBBAND OPTICAL ABSORPTION IN COUPLED. . . 8381

(a)Multiple quantum wells
doped in the thick barriers

width is shown in Fig. 4(b). For a thinner barrier the two
wells are strongly coupled and the interwell wave func-
tions have large overlap and thus large oscillator strength
while for a thicker barrier the two wells are decoupled
and this approaches the single-well limit.

The oscillator strength versus electric field is shown in
Fig. 4(c), where the transitions are labeled according to
that in Fig. 2(c). The oscillator of the interwell transi-
tions is 1 order of magnitude smaller than that of the in-
trawell transitions in the present example. The interwell
oscillator strength peaks at the electric field when the en-

ergy levels are mixed.

IV. STRUCTURAL CONSIDERATION

(b)Superlattice
doped in the wells

FIG. 5. Arrangement of the coupled quantum wells for
electro-optical applications. (a) Multiple-quantum-well case:
the undoped coupled quantum wells are inserted between heavi-

ly doped thick barriers. The electric field is distributed only in

the coupled quantum wells. Thus the result in Sec. III can be
directly applied. The peak absorption energy of the interwell

transition can shift to red or blue by the electric field. (b) Super-
lattice case: a superlattice incorporates the coupled quantum
wells as its basis. Only the well regions are heavily doped.
High-electric-field domains are expanding well by well in the
barrier regions so that the energy levels in each well are aligned.
The transition energy of the interwell transition does not change
with the electric field. But the absorption magnitude decreases
as the domains expand since the absorbent wells available are
decreasing.

In Sec. III we have assumed a uniform electric field ap-
plied only in the well regions and thin barrier. This is a
good approximation if the contact barriers are heavily
doped while the wells and the thin barrier are undoped,
as schematically shown in Fig. 5(a). Multiple-coupled
wells are required to enhance the absorption. The con-
tact barriers should be thick enough () 100 A) in order
to decoupled the individual coupled quantum wells. In
this case both the blue shift and the red shift are possible.

The second possible arrangement is shown in Fig. 5(b),
where the individual coupled wells are also coupled to the
neighbors. The well regions should be heavily doped to
ensure carriers accumulated in the ground state while the
barriers are not doped. As the voltage is applied, the
bands tend to align one by one, ' as is shown schematical-
ly. Thus one may not expect an energy shift of the ab-
sorption peak, but the magnitude of the peak will drop
since the number of absorbent wells available are decreas-
ing as the number of aligned wells increases when the
electric field is applied.

wave functions of the 1~ and 2„states are oscillatory in

both wells. While at the field 50 kV/cm, the ls and 1„
states are mixed, where the wave functions of the 1& and

1~ states are oscillatory in both wells.

B. Oscillator strength and absorption coef5cient

To show that the intrawell transitions are usually
stronger than the interwell transition, the oscillator
strength versus the well dimension of the 8 well is plotted
in Fig. 4(a). The 1~2, 1~3, and 2~3 transitions are la-

beled as 1~ 1~, 1~~1~, 1~ 2~, and 1~ 2~ transi-
tions in the corresponding regions in order to distinguish
the interwell transition from the intrawell transitions.
They are labeled according to the labeling in Fig. 2(a).

The thin barrier plays an important role for the in-
terwell transitions. The oscillator strength versus barrier

V. CONCLUSION

In conclusion, we have developed a formalism based on
the transfer matrix to calculate the energies and wave
functions in an arbitrary quantum-well structure. The in-

tersubband optical transitions of the coupled quantum
wells under an applied electric field are analyzed using
this formalism. Very large Stark shift by the interwell
transitions is predicted. However, the oscillator strength
of the interwell transition is one order of magnitude
smaller than the intrawell transition.
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