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Abstract. On the basis of a non-local theory, the linear intersubband optical response in quantum
wells embedded in an asymmetric microcavity is investigated. Starting from the Maxwell–Lorentz
equations, the field in the quantum-well microcavity is derived, and the expression for the optical
absorption is given. Detailed numerical simulations show that modifying the field modes via
changing the number of distributed Bragg reflecting layers in front of the cavity can lead to
significant change of the absorption spectrum: Rabi splitting of the absorption, more peaks
appearing in the spectrum, even formation of an absorption bandgap, and the centre and width
of the bandgap can be modified by changing the corresponding wavelength of the distributed Bragg
reflecting layers.

1. Introduction

Due to the unique opportunity offered by the quantum-well microcavity structure, the optical
properties of such a structure have attracted much attention for both fundamental physics and
applications reasons [1–11]. In such a structure, the electrons and field are both confined in
one direction by the quantum wells and the cavity, respectively. It thus allows us to carry out
a study of the light–quantum-well interaction in such a manner that by detuning the coupling
between the quantum wells and the modes of the optical field available in the microcavity, the
interaction between the light and the quantum well can be well controlled. To date, most of
the theoretical and experimental results have been concentrated on interband transitions [1–7].
Also, investigations of the non-linear response arising from interband transitions—second-
harmonic generation and bistability—have been carried out [8–10]. For a detailed review, the
reader is referred to reference [11].

Recently, the optical responses of quantum wells arising from intersubband transitions in
quantum wells have also been explored [12–21]. It has been demonstrated that, to obtain an
accurate prediction of optical properties of quantum-well structures, it is necessary to include
the local-field effects—that is, the field in those structures has to be treated in a self-consistent
manner [12]. Along such lines, the asymmetric shape of the photon drag current in quantum
wells has been shown to be in good agreement with experimental results [15]; the influence of
the radiative coupling among quantum wells on the linear absorption [16], second-harmonic
generation [17], and photon drag [15] have also been studied; meanwhile the intrinsic optical
bistability in single quantum wells due to local-field feedback has been investigated [18, 19];
the effects of magnetic and electric fields on the linear optical response have been explored as
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well [20, 21]. In this paper a local-field theory has been used to investigate the linear optical
absorption of quantum wells embedded in an asymmetric microcavity.

This paper is organized as follows. In section 2, starting from the Maxwell–Lorentz
equations, the expression for the field in each layer constituting the basic cavity is given, and
the field in the quantum wells is determined via an integral equation. Then, by matching the
boundary conditions, the field in the quantum-well microcavity structure is determined, and
the determined field is used to calculate the quantum-well absorption. In section 3, on the basis
of the theory developed in the previous section, detailed numerical calculations for different
numbers of distributed Bragg reflecting layers in front of the microcavity are performed, and
the influences of the narrowness of the microcavity on the intersubband absorption are shown.

2. Theoretical framework

Described in Cartesian coordinates, the basic structure under consideration is constructed of
three layers (a/b/c) which are characterized by their dielectric constants:

ε(z) =


εa z < 0 layer a

εb 0< z < L layer b

εc z > L layer c

. (1)

There areN quantum wells of well widthd located in the central layer b, in which the first well
is located atL1; the widths of the barriers between adjacent wells aredb, which is wide enough
for the electronic coupling to be neglected. To enhance the discrimination of the microcavity,
two stacks of distributed Bragg reflecting (DBR) layers are placed in front of and behind the
basic cavity of lengthL(1); cf. figure 1.
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Figure 1. A schematic view of the quantum-well cavity structure.

In this paper, only a p-polarized (TM) incident field is applied to the structure, so the
y-component of the field can be omitted in the following analysis. Let us first consider the
field in the basic cavity structure, and deal with the effect of the DBR layers later. According
to the Maxwell–Lorentz equations, the electric field in each layer is determined by the wave
equations, and the electric field has the form

EEι(z) = (αιeiq(ι)⊥ z + βιe
−iq(ι)⊥ z)Eex − q‖

q
(ι)
⊥
(αιe

iq(ι)⊥ z − βιe−iq(ι)⊥ z)Eez in layerι = a or c. (2)

Due to the presence of the quantum wells, the field in layer b is modified [13, 15–17]:

EEB(z) = EEb(z)− iµ0ω

N∑
j=1

∫ ∫ ↔
G(z− z′)↔σ

(j)

(z′, z′′) EEB(z′′) dz′′ dz′ (3)
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where the background field,EEb(z), is the field with no quantum wells in the central layer b,
which has the same form as is given in equation (2).

↔
G(z− z′) and

↔
σ
(j)

(z′, z′′)
are the appropriate propagator [12] and the non-local linear conductivity tensor of the wells.
To specify the non-local conductivity tensor, it is assumed that in each quantum well there are
two confined states in the conduction band, which is a good approximation when the incident
photon energy is close to the energy separation considered. Of these two states, only the lower
state is populated by electrons. Then it can be found from the density-matrix approach that the
linear conductivity tensor takes a diagonal form, and the non-zero elements are given by [13]

σ (j)xx (z
′, z′′) = ie2

0

2πh̄2ω

(ε
(j)

2 − ε(j)1 )
[
EF − ε(j)1

]2

[h̄(ω + i/τ)]2 −
[
ε
(j)

2 − ε(j)1

]2φ
(j)(z′)φ(j)(z′′) (4)

σ (j)zz (z
′, z′′) = ie2

0

2πmω

(ε
(j)

2 − ε(j)1 )(EF − ε(j)1 )

[h̄(ω + i/τ)]2 −
[
ε
(j)

2 − ε(j)1

]28
(j)(z′)8(j)(z′′) (5)

and two abbreviations are introduced:

φ(j)(z) = ψ(j)

1 (z)ψ
(j)

2 (z) 8(j)(z) = ψ(j)

1 (z)
dψ(j)

2 (z)

dz
− ψ(j)

2 (z)
dψ(j)

1 (z)

dz
. (6)

In the equations above,e0 is the electron charge,mdenotes the effective mass,τ is the relaxation
time describing the intersubband transition dephasing process.ε

(j)

2 andε(j)1 are the ground- and
excited-state energies of thej th well, andψ(j)

2 (z) andψ(j)

1 (z) are the corresponding ground-
and excited-state wavefunctions, respectively. On the basis of the global charge neutrality
condition, the Fermi energy,EF , can be obtained via

EF = ε1 +
πh̄2

m
Ns

whereNs is the surface electron density.
The tensor forms of the propagator and the conductivity allow us to rewrite equation (3)

in matrix notation as

EEB(z) = EEb(z) +
N∑
j=1

↔
4
(j)

(z) Eγ (j) (7)

where
↔
4
(j)

(z) =
[∫ ↔

G(z− z′)↔T
(j)

(z′) dz′
]↔
ζ
(j)

(8)

Eγ (j) =
∫ ↔
T
(j)

(z′′) EEB(z′′) dz′′. (9)

The explicit expressions for
↔
T
(j)

(z′′) and
↔
ζ
(j)

are given by

↔
T
(j)

(z) =
(
φ(j)(z) 0

0 8(j)(z)

) ↔
ζ
(j)

=
(
ζ
(j)
xx 0

0 ζ
(j)
zz

)
(10)

and the non-zero elements of
↔
ζ
(j)

are given by

ζ (j)xx =
2m(EF − ε(j)1 )

h̄2 ζ (j)zz =
µ0e

2
0

πh̄2

(ε
(j)

2 − ε(j)1 )
[
EF − ε(j)1

]2

[h̄(ω + i/τ)]2 −
[
ε
(j)

2 − ε(j)1

]2 . (11)



2474 Xin Chen

In the following, only thez-component of the field in layer b is considered. Noting that
thex-component is slowly varying across the well [12] and assuming that thex-component
is constant across the wells leads toγ (i)x = 0. Multiplying the z-part of the local field
(equation (7)) with8(i)(z) and thereafter integrating the resultant equation leads to

↔
Uγ

(i)
z −

N∑
j=1

S(i,j)zz γ (j)z = −
q‖
q
(b)
⊥

[
αb

∫
8(i)(z)eiq⊥z dz− βb

∫
8(i)(z)e−iq⊥z dz

]
(12)

where

S(i,j)zz =
∫
8(i)(z)4(j)zz (z) dz.

Here it is assumed that the light is totally reflected at the interface b/c. Thus,αc = αf ,
andβc = 0. In order to determine (as yet) unknownαb andβb, one has to match the boundary
conditions—namely, the continuities ofEx(z) andDz(z)—at the interfaces:z = 0 and
z = L. Thereafter, eliminatingαc andβa in favour ofαb andβb, and insertingαb andβb

into equation (12), one finally obtains

↔
Uγ

(i)
z +

N∑
j=1

0(i,j)γ (j)z = κ(i) (13)

where

0(i,j) =
[(∫

8(i)(z) dz q‖

)/[
(1 + rabrbce

2iq(b)⊥ L)q
(b)
⊥
]]

×
[
rab(1 + rbce

2iq(b)⊥ L)4(j)xz (0) + tabrbce
iq(b)⊥ L4(j)xz (L)

]
− S(i,j)zz (14)

and

κ(i) = −αatabq‖(1 + rbce2iq(b)⊥ L)

(1 + rabrbce2iq(b)⊥ L)q
(b)
⊥

∫
8(i)(z) dz (15)

whererabandrbc are the amplitude reflection coefficients at interfaces a/b and b/c, respectively,
andtab= 1− rab.

With the knowledge of the local field in the quantum-well microcavity system, and
according to the definition of the Fresnel reflection coefficient (Rp), the reflection reads

Rp = −βa

αa
= rp − 1 + rab

1 + rabrbce2iq(b)⊥ L

N∑
j=1

[
4(j)xz (0)− rbce

iq(b)⊥ L4(j)xz (L)
]
γ (j)z (16)

whererp is the reflection coefficient in the absence of the wells, which is given by

rp = rab + rbce2iq(b)⊥ L

1 + rabrbce2iq(b)⊥ L
.

In the absence of the quantum wells, the equations derived above, as expected, coincide
with that for a standard three-layer structure. That is one of the reasons for which we
deliberately consider the basic cavity first. The effects of DBR layers can be easily included
via a transfer-matrix approach after obtaining the local field in the basic cavity. The amplitudes
of the incoming field and the field immediately behind the DBR layer can be determined via
the relation [22](

αi
βi

)
= ↔M

n
(
αa

βa

)
= ↔Mn

(
αa

βa

)
(17)
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where
↔
M is the 2× 2 transfer matrix, andn is the number of the paired layers constructing the

DBR layer. It can easily be found that

r = −βi
αi
= Mn(2, 2)Rp −Mn(2, 1)

Mn(1, 1)−Mn(1, 2)Rp
. (18)

It can be seen from equation (18) that without a DBR layer in front of the cavity, namely when
↔
Mn = 1

we haveαi = αa andr = Rp, as expected. Since the light is totally reflected at the interface
b/c, the absorptionAp is thus determined via

Ap = 1− |r|2 = 1−
∣∣∣∣Mn(2, 2)Rp −Mn(2, 1)

Mn(1, 1)−Mn(1, 2)Rp

∣∣∣∣2 . (19)

3. Numerical results and discussion

In this section, detailed numerical calculations for the linear optical absorption arising from
intersubband transitions are presented. The parameters used in the calculations are given
as follows: the widths of the chosen Al0.3Ga0.7As/GaAs quantum wells ared = 80 Å
and db = 100 Å, the electron density is 7× 1011 cm−2, and the normalizing factor is
ω21 = (ε2 − ε1)/h̄. In the calculation of the eigenstates, the ratio 60:40 has been used
for the split of the conduction and valence bands, and the potential bending due to the doping
is neglected for simplicity. The quantum wells are located symmetrically in the cavity in all
of the cases, and the width of the cavity isL(1) = λ21. The dielectric constants of layers a, b,
and c areεa = εb = 12.2 (Al0.3Ga0.7As) andεc = 1.0 (vacuum). The materials constructing
the front DBR layers are GaAs and Al0.67Ga0.63As; thus the dielectric constants are 13.1 and
11.0, respectively. The angle of incidence is 60◦, andh̄/τ = 3 meV.

Figure 2 shows the intersubband absorption as a function of normalized photon energy for
different numbers of DBR layers. The numbers of wells are: 1 (figure 2(a)), 20 (figure 2(b))
and 50 (figure 2(c)). The width of each of the DBR layers is chosen to be a quarter of
λβ = λ21. The numbers of DBR layers are indicated in the figures. As shown in figure 2(a),
with only one pair of DBR layers there is only one absorption peak in the spectrum, which
is corresponding to the transition between the two confined states, and the spectrum shows
a symmetric shape; the location of the peak is somewhat blue-shifted to∼1.05ω21 due to
the local-field corrections [17]. Since in this case the cavity has a weak coupling with the
quantum well, the system is in the so-called weak-coupling region—that is, the availability
of continuum photon modes in the cavity is just slightly modified. With six pairs of DBR
layers in front of the cavity, the Rabi splitting of the absorption occurs, and the size of the
Rabi splitting is∼0.1ω21. This therefore indicates that on increasing the field confinement,
the enhanced interaction between the quantum well and the cavity leads to a Rabi splitting,
which is contrary to the conclusion [14] suggesting that only increase of the number of wells
can yield Rabi splitting of intersubband transitions. It is also noticed that, due to the coupling
of the quantum well and the microcavity, the location of the peak on the high-energy side is
slightly blue-shifted in comparison with that of one-pair DBR layers. The amplitudes of the
two peaks are roughly the same. With an increase of the number of DBR layers added to the
cavity, the peak at∼1.05ω21 is then reduced and blue-shifted, and the Rabi-splitting peak at
∼0.95ω21 is also blue-shifted and the amplitude is increased by more than a factor of two;
two additional peaks appear in the spectrum. With more and more DBR layers added, this
tendency becomes clearer; it is also noticed that the distances between the peaks are reduced;
the valley between them centred at∼ω21 is eventually developed into a bandgap.
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Figure 2. Absorption as a function of normalized photon energy for different numbers of DBR
pairs. The numbers of wells are: 1 (a), 20 (b) and 50 (c). The width of each of the DBR layers is
chosen to be a quarter ofλβ = λ21. The numbers of paired DBR layers are shown in the panels.

In figure 2(b) there are twenty wells in the cavity, due to the radiative coupling among
the quantum wells; the peak due to the transition between the bound states is blue-shifted
and the HWHM (half-width at half-maximum) is greater than with that when there is only one
well [16]. We note that if the local-field effects are neglected, the HWHM will remain constant,
and this constant entirely depends on the value of ¯h/τ used (3 meV in this case). When six pairs
of DBR layers are added to the cavity, the Rabi splitting is∼0.102ω21, larger than that when
there is one quantum well, as was shown in the case of interband transitions [4]. An inspection
of figure 2(b) shows that with the increase of the number of DBR layers, the peaks become
narrower, and the distances between adjacent peaks become less, so more peaks appear in the
fixed energy range; the HWHMs of the peaks on the lower-energy side are generally narrower
than those of the peaks on the higher-energy side, while the absorption on the lower-energy
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Figure 2. (Continued)

side is stronger than that on the higher-energy side; this asymmetric tendency becomes clearer
as more DBR layers are added to the cavity due to the asymmetric nature of the microcavity.

With fifty quantum wells in the cavity, as shown in figure 2(c), in the case of one DBR
layer in front of the cavity, the peak due to the intersubband transitions is located at∼1.07ω21

and the HWHM is considerably broadened as compared with those for the cases shown in
figures 2(a) and 2(b). This can be understood by an inspection of equation (13): due to the
strong radiative coupling among quantum wells [16,17], the resonance conditions forγ (i)z are
different from well to well; that is, there is a distribution forγ (i)z , and the absorption peak
shown in the spectra is due to the resonance of theγ (i)z , so the spectrum becomes broadened.
Again, exclusion of the local-field effects leads to almost the same resonance condition forγ (i)z ,
since only the background field is slightly changed due to the change of the phase factor [16].
The Rabi splitting, which reaches∼1.05ω21, increases, as expected. From these figures it
is found that the increase of the field confinement induced by means of adding more DBR
layers in front of the cavity leads to there being fewer field modes available in the microcavity,
indicating that fewer field modes can interact with the quantum wells in the cavity. Bearing in
mind that the field is totally reflected at the interface b/c, in the case where no quantum well is
embedded in the cavity there is no absorption; that is, the incoming light is totally reflected (no
transmission). In all three situations, when the number of DBR paired layers becomes greater
than fifteen, the absorption bandgap becomes apparent and the centre of the bandgap is atω21;
this behaviour indicates that the field in the region close toω21 is not available, although the
quantum wells are able to absorb light in that region. It can also be seen that the field strength
is greatly enhanced due to the strong cavity confinement, resulting in fewer field modes being
available; this manifests itself via the strong peaks appearing on the lower-energy side.

Changing the corresponding wavelength of the front DBR paired layers toλβ =
λ21/1.05—namely, at the absorption peak—leads to the centre of the absorption bandgap being
at 1.05ω21; this is shown in figure 3. The other parameters used are the same as for figure 2.
With the change of the DBR layer widths, the field in the cavity is also correspondingly
modified, and the peak due to the transition between the two bound states is blue-shifted.
With six paired DBR layers put in front of the cavity, the Rabi splitting becomes smaller in
comparison with that of figure 2(a), due to the splitting peak moving towards the peak due to the



2478 Xin Chen

Figure 3. Absorption as a function of normalized photon energy for different numbers of DBR
pairs. The numbers of wells are: 1 (a), 20 (b), and 50 (c). The width of each of the DBR layers
is chosen to be a quarter ofλβ = λ21/1.05. The numbers of paired DBR layers are shown in the
panels.

transitions between the two bound states. Due to the enhancement of the field confinement, the
peak at∼1.05ω21 is gradually smeared out, and the absorption bandgap is formed. As shown
in figures 3(b) and 3(c), with more wells embedded in the cavity the absorption at∼1.05ω21

becomes stronger and the peak is blue-shifted; as a result, there is still a shoulder present at
∼1.08ω21. As the field confinement is enhanced, it is found that more peaks appear in the
spectrum and that the HWHM becomes broadened as the peaks move away from the bandgap.

In conclusion, the intersubband absorption in quantum wells embedded in an asymmetric
cavity has been studied. By means of increasing the number of DBR layers in front the basic
cavity, the field modes available to the quantum wells can be modified. Weak-, intermediate-,
and strong-coupling (between the cavity and quantum wells) regimes are shown: it is found
that for the weak-coupling regime there is only an symmetric absorption peak present in the
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Figure 3. (Continued)

spectrum; in the intermediate-coupling regime the Rabi splitting occurs, even for the one-
quantum-well case, and the Rabi splitting increases with the increase of the number of wells;
for a high-finesse cavity the absorption bandgap is finally formed, and more absorption peaks
appear in the spectrum, The width of the bandgap can be altered by changing the corresponding
wavelength of the DBR layers.
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