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Rabi splitting of the optical intersubband absorption line of multiple quantum wells
inside a Fabry-Pérot microcavity

Ansheng Liu
Institute of Physics, Aalborg University, Pontoppidanstr,de 103, DK-9220 Aalborg O” st, Denmark

~Received 1 May 1996; revised manuscript received 3 September 1996!

In a nonlocal semiclassical local-field approach and by using a simple one-band model in which the
conduction-band nonparabolicity is taken into account in an energy-dependent effective-mass scheme, we have
derived a rigorous expression for thep-polarized optical intersubband absorption coefficient of a multiple-
quantum-well ~MQW! structure inside an asymmetric Fabry-Pe´rot microcavity. For a GaAs/AlxGa12xAs
MQW structure sandwiched between a GaAs/AlAs distributed Bragg reflector and vacuum, we performed
numerical calculations of the optical-absorption spectra for different parameters such as the cavity length, the
angle of incidence, the electron concentration, and the number of quantum wells~QW’s! in the structure. In the
strong-coupling regime, our results show that the so-called Rabi splitting of the absorption spectrum, which is
due to the electromagnetic interactions between the cavity modes and the intersubband modes, is increased in
size with an increase in the QW number and in the sheet electron density. The contrast of the splitting is also
found to be strongly dependent of these parameters. Finally, it is demonstrated that the Rabi splitting of the
intersubband absorption line can be easily tuned by varying either the cavity length or the angle of incidence.
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I. INTRODUCTION

Since the experimental observation of the optical int
subband transition in semiconductor quantum well~QW!
systems by West and Eglash,1 the linear optical absorption o
a multiple-quantum-well~MQW! structure has been exten
sively studied.2–6 The main attention of the previous wor
was devoted to a fundamental understanding of the ma
body effect and the dynamic screening in quasi-tw
dimensional systems.4–10 Recently there were a number o
publications dealing with the radiative electromagnetic int
actions of QW’s in conjunction with both intersubband11 and
interband~excitonic! transitions.12–14 By use of a nonlocal
optical conductivity or susceptibility describing the electr
magnetic response of the QW system, it has been shown
the QW optical spectra can be significantly modified
varying the QW number11 and the QW separation~the bar-
rier thickness! in the structure.14 In a more recent paper,15 the
present author also showed that the electromagnetic inte
tion among QW’s can be enhanced through the light to
reflection from a barrier material-vacuum interface. As a
sult, the optical intersubband absorption spectra of the MQ
structure are significantly changed by an inclusion of
barrier-vacuum boundary.15 On the basis of these studie
one would expect that the optical properties of MQW
should also be modified with the presence of a microcav
Indeed, it has been shown both theoretically and experim
tally that the absorptive and radiative properties of excito
in semiconductor QW’s embedded in a microcavity can
substantially different from those of the free-standi
QW’s.16–23 In particular, it has been experimentally demo
strated that, due to the electromagnetic coupling betw
cavity modes and excitons, the so-called normal-mode
vacuum-field Rabi splitting of the excitonic transmissio
absorption spectrum can occur.17,20,23In contrast, the micro-
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cavity effect on the intersubband absorption line has o
been investigated theoretically and unsystematically. In
early work of Dahl and Sham,24 the coupling of the intersub
band modes and cavity modes was partially discussed in
context of the electromagnetic properties of the quasi-tw
dimensional electrons in inversion layers in metal-oxid
semiconductor junctions. Neglecting the line broadening
fect, which is unavoidable for actual samples, the auth
demonstrated the existence of the splitting of the inters
band modes and the cavity modes. However, the size of s
splitting was estimated to be very small, and typically mu
less than the width of the intersubband resonance.24 There-
fore, it seems impossible to experimentally observe s
splitting in the electron systems treated in that paper.24 Quite
recently, the present author suggested that the Rabi spli
of the intersubband absorption line of MQW’s placed b
tween a dielectric prism and vacuum can be observable,
vided that a sufficiently large number of QW’s are involve
in optical transitions.25 Nevertheless, in that paper,25 the de-
pendence of the size of the Rabi splitting on the cavity a
QW parameters was not discussed in detail.

The aim of the present paper is to present a compreh
sive investigation of the microcavity effect in the linear o
tical intersubband response of MQW’s inside a Fabry-Pe´rot
microcavity. Our attention is especially focused on the el
tromagnetic coupling between cavity modes and inters
band modes in the strong-coupling regime. The depende
of the Rabi splitting of the intersubband absorption spectr
on various cavity and QW parameters such as the ca
length, the number of QW’s, the electron intersubband rel
ation time, and the electron concentration is numerically
vestigated. Being different from the previous work,24,25 the
present paper deals with an asymmetric cavity in which o
mirror is asingledistributed Bragg reflector~DBR! and the
other is a light-total-reflection dielectric interface.

In Sec. II, we derive a general and rigorous expression
7101 © 1997 The American Physical Society
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7102 55ANSHENG LIU
the optical intersubband absorption coefficient of the MQ
embedded microcavity in a combined transfer-matrix a
Green’s-function approach. Namely, we use the trans
matrix method to describe the optical response of the ho
geneous multilayers in the DBR, and employ the qua
vacuum Green’s function to analyze the nonlocal respons
the electronic intersubband transition in the QW’s. T
Green’s-function formalism has also been adopted pr
ously in the work of Dahl and Sham.24 In their prescription,
the defined electromagnetic propagator that describes
propagating properties of light in the whole system in t
absence of the electron gas contains two coefficients dep
ing on the particular geometry of the layers. For two sem
infinite media and for a waveguide structure confined by t
perfect conductors, the explicit expression for the Gree
function was derived.24 However, for the multilayer configu
ration studied in the present paper, we find our combin
transfer-matrix and Green’s-function method is more con
nient and applicable. In addition, our approach is capable
calculating the optical spectrum of a MQW structure w
well and barrier width fluctuations.15 In Sec. III, we present
numerical calculations of the optical absorption spectra o
GaAs/AlxGa12xAs MQW structure bounded on one side b
vacuum and on the other side by a GaAs/AlAs DBR f
lowed by a GaAs prism. The influence of the structure
rameters on the absorption spectrum is discussed.

II. THEORY

Consider a MQW structure consisting ofN n-type doped
quantum wells~not necessarily identical! embedded arbi-
trarily in a barrier material characterized by a relative diel
tric constant«2~v!. The MQW structure is sandwiched be
tween a semi-infinite medium of a dielectric constant«3~v!
and a distributed Bragg reflector constructed fromNm peri-
ods of two alternating component media having dielec
constants of«1~v! and«4~v!. The thicknesses of media 1~«1!
and 4~«4! areL1 andL4 , respectively. The spatial period o
the DBR is denoted byL5L11L4 . The last constitutive
layer in the DBR is medium 1, which connects with th
barrier medium 2~«2!. The other side of the DBR is limited
by a semi-infinitely extended medium 1 serving as a pris
In a Cartesianxyzcoordinate system, it is assumed that thz
axis points along the direction normal to the interfaces of
MQW structure, and that the media 1-2 and media
boundaries are positioned atz50 and z5L, respectively.
Furthermore, we assume that the QW’s in the MQW str
ture are well separated in space, and there is no overla
the envelope functions belonging to different quantum we
As a result, the subbands of the MQW structure are pra
cally indistinguishable from those of an isolated quant
well. It is also assumed that each QW in the MQW struct
has only two bound subbands involved in intersubband tr
sitions within the conduction band. Consequently, lig
induced current density in each quantum well can be
garded as being localized within an effective widthdm (m
51,2,...,N), which is somewhat larger than the thickness
the corresponding well layer. Along thez axis, the effective
well layers are positioned atDm (m51,2,...,N) with D1
5a andDN5L2dN2b, wherea andb denote the thick-
nesses of barrier layers between the DBR and the first
-
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layer and between the last well layer and medium 3. The
fore, for a given value of well and barrier widths in th
MQW structure, the total length of the microcavity denot
byL is determined by the total number of QW’s as well asa
andb.

Let us now assume that ap-polarized electromagnetic
wave of angular frequencyv is incident at an angleu from
the prism onto the MQW structure, and that the scatter
plane is placed parallel to thexz plane. Due to the transla
tional invariance of our system parallel to the interfaces~xy
plane!, all vector field components (F) appearing in the
analysis have the general form

F~r ,t !5F~z!ei ~qix2vt !, ~1!

qi5(v/c0)A«1 sinu being thex component of the wave vec
tor of light. Therefore thez-dependent local electric field
E(z)5@Ex(z),0,Ez(z)# satisfies the following wave equa
tion:

LJ•E~z!52 im0vJ~z!. ~2!

In the above equation, the tensorial operatorLJ is given in
dyadic form by

LJ5UIF«~v,z!
v2

c0
22qi

21
]2

]z2G
2S iq iex1ez

]

]zD S iq iex1ez
]

]zD , ~3!

whereUI is the unit tensor, andex andez are the unit vectors
along thex and z directions, respectively. For the MQW
embedded microcavity structure under consideration, the
cal, isotropic dielectric constant in the different regions
given by

«~v,z!55
«4~v!, ~n21!L,z,~n21!L1L4

~n52Nm11,2Nm12,...,0!

«2~v!, 0<z<L

«3~v!, z.L

«1~v!, otherwise. ~4!

Note that, for simplicity, we have ignored the small diffe
ence of the background dielectric constants between the
rier and well layers inside the MQW region (0,z,L). The
effect of the dielectric mismatching between constitue
semiconductors on the collective intrasubband and inters
band excitation of a single QW structure was previously c
sidered by Wendler and Ka¨ndler.26 On the right-hand side o
Eq. ~2!, J(z) is the light-induced current density associat
with the intersubband transition of QW’s. On the basis of t
above-mentioned assumption,J(z)50 whenz is outside the
effective well layers, and

J~z!5E
Dm

Dm1dm
sI~m!~z,z8!•E~z8!dz8 ~5!

for Dm,z,z8,Dm1dm . In Eq. ~5!, the tensorsI (m)(z,z8) is
the paramagnetic~current-current correlated! part of the lin-
ear nonlocal conductivity response function of themth quan-
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55 7103RABI SPLITTING OF THE OPTICAL INTERSUBBAND . . .
tum well. Since only thez component of the local electri
field induces an electric-dipole-allowed intersubband tran
tion, it is a good approximation to neglect thexx component
of the nonlocal conductivity tensor of QW’s in our analys
In a simple one-band scheme, and within the framework
the random-phase approximation, the relevant nonzero
ment of the nonlocal conductivity tensor is given, in the s
called long-wavelength (qi→0) and low-temperature
(T→0) limits, by27–29

szz
~m!~z,z8!5

ie2

4pv~m* !2
mi1*

~m!mi2*
~m!

mi1*
~m!2mi2*

~m! F~m!~z!F~m!~z8!

3 lnS @\~v1 i /t!#22@E2
~m!2E1

~m!#2

@\~v1 i /t!#22@E2
~m!2E1

~m!1DE~m!#2
D ,
~6!

DE~m!5Smi1*
~m!

mi2*
~m!21D @EF

~m!2E1
~m!#, ~7!

with

F~m!~z!5c1
~m!~z!

dc2
~m!~z!

dz
2c2

~m!~z!
dc1

~m!~z!

dz
. ~8!

In Eq. ~6! m* is the effective mass of electrons,t is a phe-
nomenological relaxation time in connection with intersu
band transitions, and finallymi j*

(m) ( j51,2) is the so-called
parallel effective mass of themth quantum well, which origi-
nates in the conduction-band nonparabolicity effect.30 In the
present paper the nonparabolicity effect was taken into
count in the energy-dependent effective-mass scheme
posed by Ekenberg.30 Thus the anisotropy of the conductio
band has been included. The quantityEF

(m) appearing in Eq.
~7! is the Fermi energy ofmth quantum well, which is de-
termined from the surface electron density in the well. N
that, in our theory,t is only due to ‘‘pure dephasing’’ pro
cesses such as scattering with other quasiparticles, w
leads to a homogeneous line broadening. In addition,
band nonparabolicity contribution to the line broadening
also incorporated through Eqs.~6! and ~7!. The single-
particle envelope wave functions@c1

(m)(z) and c2
(m)(z), m

51,2,...,N# and the corresponding energy eigenvalu
(E1

(m) and E2
(m) , m51,2,...,N! are calculated self-

consistently by solving the coupled one-band effective-m
Schrödinger equation and Poisson equation,31 with taking
into account the exchange and correlation effects in
local-density approximation.

Recalling the fact that the current densityJ(z) vanishes
outside the effective well layers, it is straightforward to sol
Eq. ~2! in the regions ofz,0 andz.L. The electric field
distribution with each homogeneous layer inside these
gions ~including layers in the DBR! can be expressed as
sum of a forward-propagating plane wave and a backwa
propagating plane wave. Denoting thex components of the
incident and reflected amplitudes of the electric field in
prism (z,2NmL) by A0 and B0 , and following the
transfer-matrix method of Yeh, Yariv, and Hong,32 we find
the x components of the forward (A1) and backward (B1)
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amplitudes in the last layer of the DBR (2L1,z,0) are
determined from the matrix equation

SA0

B0
D5ST11T21

T12
T22

D Nm SA1

B1
D[T̃ISA1

B1
D . ~9!

Here, the 232 matrix TI is called the transfer matrix. Fo
p-polarized light, the matrix elements are32

T115e2 iq'1L1Fcos~q'4L4!

2
i

2 S «4q'1

«1q'4
1

«1q'4

«4q'1
D sin~q'4L4!G , ~10!

T125eiq'1L1F2
i

2 S «4q'1

«1q'4
2

«1q'4

«4q'1
D sin~q'4L4!G , ~11!

T215e2 iq'1L1F i2 S «4q'1

«1q'4
2

«1q'4

«4q'1
D sin~q'4L4!G , ~12!

T225eiq'1L1Fcos~q'4L4!

1
i

2 S «4q'1

«1q'4
1

«1q'4

«4q'1
D sin~q'4L4!G , ~13!

q' i5Fv2

c0
2 « i~v!2qi

2G1/2, i51,2,3,4, ~14!

being the perpendicular (z) component of the wave vector o
the plane wave in mediumi . In the region of2L1,z,0, the
electric field can be written as

E~z!5~A1e
iq'1z1B1e

2 iq'1z!ex

2
qi

q'1
~A1e

iq'1z2B1e
2 iq'1z!ez . ~15!

Inside medium 3 (z.L), because there exists no backwar
propagating wave, the electric field takes the form

E~z!5A3e
iq'3zex2

qi

q'3
A3e

iq'3zez , ~16!

whereA3 is thex component of the amplitude of the tran
mitted field.

In the region 0<z<L the solution of the wave equatio
is more complicated because of the existence of the lig
induced current density. In the electromagnetic scatter
formalism, a formal solution of the wave equation can
written as11

E~z!5EB~z!2 im0v (
m51

N E E
Dm

Dm1dm
GI~z,z8!

•sI~m!~z8,z9!•E~z9!dz9dz8, ~17!

where
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EB~z!5~A2e
iq'2z1B2e

2 iq'2z!ex

2
qi

q'2
~A2e

iq'2z2B2e
2 iq'2z!ez ~18!

is the so-called background field with two so-fa
undetermined constantsA2 and B2 . The background field
satisfies the homogeneous part of Eq.~2!. The second term
on the right-hand side of Eq.~17! is regarded as a particula
solution of Eq.~2!. Note that in this paper we have used t
convention that the imaginary part of thez component of the
wave vector, i.e.,q' i ( i52,3,4) is positive if it is complex
(q'1 is assumed to be real!. The tensorGI (z,z8) entering Eq.
~17! is the quasivacuum electromagnetic propagator~Green’s
function!, which is defined via

LJ8•GI~z,z8!5UId~z2z8!, ~19!

whered is the Dirac delta function, andLJ8 is obtained from
Eq. ~3! by letting«(v,z)5«2(v). The Green’s function has
been derived by a number of authors, and the relevant c
ponents are given by26,33

Gxz~z,z8!5
qi

2i«2
S c0v D 2sgn~z82z!exp~ iq'2uz2z8u!, ~20!

Gzz~z,z8!5
qi
2

2i«2q'2
S c0v D 2exp~ iq'2uz2z8u!

1S c0v D 2 1«2 d~z2z8!, ~21!

where sgn(x) is the usual sign function, i.e., sgn(x)51 for
x.0 and sgn(x)521 for x,0.

Inserting Eq. ~6! into Eq. ~17!, one obtains, for 0<z
<L,

Ex~z!5Ex
B~z!1 (

m51

N

a~m!~v!Fxz
~m!~z!b~m!, ~22!

Ez~z!5Ez
B~z!1 (

m51

N

a~m!~v!Fzz
~m!~z!b~m!, ~23!

where

a~m!~v!5
m0e

2

4p~m* !2
mi1*

~m!mi2*
~m!

mi1*
~m!2mi2*

~m!

3 lnS @\~v1 i /t!#22@E2
~m!2E1

~m!#2

@\~v1 i /t!#22@E2
~m!2E1

~m!1DE~m!#2
D ,
~24!

Fxz
~m!~z!5E

Dm

Dm1dm
Gxz~z,z8!F~m!~z8!dz8, ~25!

and

Fzz
~m!~z!5E

Dm

Dm1dm
Gzz~z,z8!F~m!~z8!dz8. ~26!

As a definition, the quantitiesb (m) (m51,2,...,N) are re-
lated to the local field by
-

b~m!5E
Dm

Dm1dm
Ez~z9!F~m!~z9!dz9. ~27!

For nonmagnetic materials studied in this paper, the d
placement field vector is related to the electric field via

D~z!5«0E F«~v,z!UId~z2z8!1
isI~z,z8!

«0v
G•E~z8!dz8.

~28!

By combining Eqs.~15! and ~16! with Eqs. ~22! and ~23!,
and by using the usual electromagnetic boundary conditio
i.e., continuities ofEx andDz across the interfaces atz50
andL, one obtains the following linear equations:

A11B15A21B21 (
m51

N

a~m!Fxz
~m!~0!b~m!, ~29!

A12B15
«2q'1

«1q'2
~A22B2!2

«2q'1

«1qi
(
m51

N

a~m!Fzz
~m!~0!b~m!,

~30!

A3e
iq'3L5A2e

iq'2L1B2e
2 iq'2L1 (

m51

N

a~m!Fxz
~m!~L!b~m!,

~31!

A3e
iq'3L5

«2q'3

«3q'2
~A2e

iq'2L2B2e
2 iq'2L!

2
«2q'3

«3qi
(
m51

N

a~m!Fzz
~m!~L!b~m!, ~32!

where

Fzz
~m!~0!5

qi

q'2
Fxz

~m!~0!

5S c0v D 2 qi
2

2i«2q'2
E
Dm

Dm1dm
eiq'2z8F~m!~z8!dz8,

~33!

and

Fzz
~m!~L!52

qi

q'2
Fxz

~m!~L!

5S c0v D 2 qi
2

2i«2q'2
eiq'2LE

Dm

Dm1dm
e2 iq'2z8

3F~m!~z8!dz8. ~34!

Substituting Eq.~23! into Eq. ~27!, one realizes that theN
unknownsb (m) (m51,2,...,N) are determined from the fol
lowing N linear equations
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b~n!2 (
m51

N

K ~n,m!a~m!b~m!52
qi

q'2
@A2S1

~n!2B2S2
~n!#, ~35!

where

K ~n,m!5E
Dn

Dn1dn
F~n!~z!Fzz

~m!~z!dz ~36!

and

S6
~n!5E

Dn

Dn1dn
F~n!~z!e6 iq'2zdz. ~37!

By combining Eqs.~29!–~32! with Eq. ~35! and eliminating
B1 , A2, B2, andA3, one arrives at

b~n!2 (
m51

N

K ~n,m!a~m!b~m!1U ~n! (
m51

N

a~m!b~m!Fzz
~m!~0!

1V~n! (
m51

N

a~m!b~m!Fzz
~m!~L!5W~n!A1 , ~38!

where
U ~n!5
r 12

11r 12r 23 exp~2iq'2L!

3@S1
~n!1r 23 exp~2iq'2L!S2

~n!#, ~39!

V~n!5
r 23exp~ iq'2L!

11r 12r 23 exp~2iq'2L!
@r 12S1

~n!2S2
~n!#, ~40!

W~n!52
qi

q'2

12r 12
11r 12r 23 exp~2iq'2L!

3@S1
~n!1r 23 exp~2iq'2L!S2

~n!#, ~41!

with

r i j5
q' i« j~v!2q' j« i~v!

q' i« j~v!1q' j« i~v!
, i51,2; j52,3 ~42!

being the well-knownp-polarized Fresnel’s amplitude re
flection coefficient between mediumi and mediumj . If we
regardA1 as a known quantity,b

(m) can be solved from Eq
~38!. In turn, other unknowns includingB1 andA3 are also
determined. Combining Eqs.~29!–~32!, we obtain
r p[2
B1

A1
5r p

02
q'2

qi

11r 12
11r 12r 23 exp~2iq'2L! (m51

N

a~m!b̃~m!Fzz
~m!~0!2

q'2

qi

~11r 12!r 23exp~ iq'2L!

11r 12r 23 exp~2iq'2L! (m51

N

a~m!b̃~m!Fzz
~m!~L!,

~43!

tp[
A3

A1
5tp

01
~12r 23!exp~2 iq'3L!

11r 12r 23 exp~2iq'2L! H q'2

qi
r 12 exp~ iq'2L! (

m51

N

a~m!b̃~m!Fzz
~m!~0!

1F S q'2

qi
21D r 12r 23 exp~2iq'2L!21G (

m51

N

a~m!b̃~m!Fzz
~m!~L!J , ~44!
he
where

r p
05

r 121r 23 exp~2iq'2L!

11r 12r 23 exp~2iq'2L!
, ~45!

tp
05

~12r 12!~12r 23!

11r 12r 23 exp~2iq'2L!
exp@ i ~q'22q'3!L#, ~46!

and

b̃~m!5
b~m!

A1
. ~47!
With the aid of Eqs.~43! and~44!, we immediately find from
Eq. ~9! that the amplitude reflection (r̃ p) and transmission
( t̃ p) coefficients of the MQW structure are given by

r̃ p[2
B0

A0

5
T̃22r p2T̃21

T̃112T̃12r p
, ~48!

t̃ p[
A3

A0

5
tp

T̃112T̃12r p
. ~49!

Note that, if there is no DBR between the prism and t

barrier layer,T̃I5U, and Eq.~48! is reduced to that given in
Ref. 25.
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If medium 3 is transparent@«3~v! is real# and the total
reflection condition is not reached for the barrier-medium
boundary~q'3 is real!, it can be shown that the power tran
mission coefficient of the MQW structure is given by34

Tp5
q'1«3
q'3«1

u t̃ pu2. ~50!

The optical absorption coefficient of the MQW structure
then defined, from energy flux conservation, as

Ap512u r̃ pu22Tp . ~51!

In this paper, however, we are interested in the case w
light is totally reflected from the barrier-medium 3 interfa
in order to enhance the electromagnetic interaction am
QW’s, and thereforeTp50.

III. NUMERICAL CALCULATIONS AND DISCUSSION

In this section we present various numerical calculatio
of the optical intersubband absorption spectra of
GaAs/Al0.33Ga0.67As MQW structure containingN identical
QW’s positioned between vacuum@«3~v!51.0# and a
GaAs/AlAs DBR followed by a GaAs prism. Experimen
tally, the prism can be realized by cleaving the side face
the GaAs substrate. In our calculations the following ma
rial parameters, which are appropriate for this structure, w
adopted. The barrier height is 256 meV,m*50.067m0 ,
«2~v!'10.0, «1~v!'10.9, and«4~v!'8.4.35 The static rela-
tive dielectric constant that enters the Poisson equatio
« r513.0. For each QW in the MQW structure, we assu
that only the well layer is uniformly doped. The well an
barrier widths in the MQW structure are taken to be 80 a
200 Å, respectively. The thicknesses of GaAs and AlAs l
ers forming the DBR areL151.289mm andL452.342mm.
Without special notification the sheet electron density isNs
51.231012 cm22, \/t55.0 meV, andu555.0°. Note that,
when the angle of incidence is larger than 17.6°, the ligh
totally reflected from the Al0.33Ga0.67As-vacuum interface for
our structure under consideration. In addition, we assum
this paper that the MQW’s are always placed in the mid

FIG. 1. Optical-absorption spectra of MQW’s inside the micr
cavity for different QW numbers at a fixed cavity length
L52.978mm. The period number of the DBR isNm55.
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of the cavity, i.e.,a5b, although our theory is able to dea
with other geometries.

In Fig. 1 we show the optical-absorption spectra of t
MQW-embedded microcavity for different values ofN and
for a fixed effective cavity length ofL52.978mm. In all
calculations the period number of the DBR isNm55. It ap-
pears from Fig. 1 that, when a single QW (N51) is placed
inside the microcavity, the absorption spectrum of the str
ture has only one absorption peak in the frequency ra
used in Fig. 1. This peak corresponds to the local-fie
shifted intersubband resonance.11,15 In this case, the coupling
between the intersubband mode and the cavity mode is
sufficiently strong, resulting in a noticeable splitting of th
absorption spectrum because a finite relaxation time of e
trons was taken into account in our calculations. At th
point, we would like to remind the reader that, if the lin
broadening effect and the conduction-band nonparaboli
are neglected, the splitting of the intersubband mode and
cavity mode should always exist.24 We have also checked
that, in the case where the electron relaxation time tend

FIG. 2. The QW-number dependence of the Rabi splitting of
intersubband absorption spectra of a MQW structure. In the ca
lation, a cavity length ofL52.978mm was used. The period num
ber was taken to beNm55.

FIG. 3. Optical-absorption spectra of a MQW structure hav
35 QW’s for different values of the relaxation time, i.e.,\/t53.0
~curve 1!, 6.0~curve 2!, and 9.0 meV~curve 3!. The cavity length is
L52.978mm, and the period number isNm54.
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infinity and the band nonparabolicity effect is included, t
splitting exists as well. This result may be due to the fact t
the local-field ~depolarization! effect strongly compensate
the nonparabolicity-induced line broadening.36 It in turn im-
plies that the nonparabolic dispersion of the electronic s
bandsdoes notsignificantly affect the splitting of the inter
subband absorption spectrum. When more QW’s
included in the cavity, one can see clearly from Fig. 1 that
obvious splitting of the spectrum occurs~see curves 2–5 fo
N>5!. This result suggests that, only when the effect
oscillator strength of the MQW structure that is essentia
proportional to the number of QW’s is large enough, t
Rabi splitting of the intersubband absorption line can h
pen. One can also see from Fig. 1 that, as the QW numb
increased, the size of the splitting is substantially increas
A detailed graphic illustration of the QW-number depe
dence of the Rabi splitting is given in Fig. 2. Note that
parameters used in Fig. 2 are identical to those in Fig. 1
appears from Fig. 2 that the size of the Rabi splitting
creases roughly in proportion to the square root of the w
number, as has been recently shown for the Rabi splittin

FIG. 4. Optical-absorption spectra of a MQW structure hav
40 QW’s for different values of the period numberNm . The cavity
length isL52.978mm.

FIG. 5. Optical-absorption spectra of a MQW structure hav
25 QW’s for different values of the cavity length, i.e.,L52.383
~curve 1!, 2.978~curve 2!, 3.574~curve 3!, and 4.170mm ~curve 4!.
The period number isNm53.
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the exciton-polariton branches by Ivchenkoet al.37 In addi-
tion, we also note from Fig. 1 that the contrast of the R
splitting that is characterized by the ratio between the heig
of the peak and the bottom in the spectrum becomes big
whenN is larger.

In order to see the influence of the relaxation time on
Rabi splitting of the absorption spectra, we have calcula
the optical spectra for different values of\/t, namely,\/t
53.0, 6.0, and 9.0 meV. The calculated results forN535,
andNm54 are presented in Fig. 3. The cavity length used
this figure is the same as in Fig. 1. From Fig. 3 one sees t
ast is increased, the separation between the two main pe
is slightly increased. As one would expect, however, the c
trast of the Rabi splitting becomes better when\/t is smaller.

We now investigate the effect of the period numberNm
on the Rabi splitting of the absorption spectra of the MQW
Because the optical reflection coefficient of the DB
strongly depends on the value ofNm ,

32 one can expect tha
the variation ofNm leads to a large modification of the ab

FIG. 6. The peak positions of the Rabi-splitted absorption sp
trum as a function of the cavity length. In the calculation we ha
chosenN525 andNm53. The local-field-shifted resonance energ
of the free-standing QW’s is indicated by the dashed line.

FIG. 7. Optical-absorption spectra of a MQW structure have
QW’s for different values of the angle of incidence, i.e.,u551.0°
~curve 1!, 53.0°~curve 2!, 55.0°~curve 3!, and 57.0°~curve 4!. The
period number of the DBR isNm53, and the cavity length is
L52.978mm.



re

rly
i-
t
th

d
ec

e

e
i
e
ro
de
n

W

th
i
ng
si

e
di
m
si
io
nt
th
en
d

th
th

i-
the

ron
ec-
ctra

al-

It is
he
up-
ove.
ted
’s is

only
ize
ron
eak
. 8
of
the
uc-

on
b-
and
de-
ab-
et-
a
x-
f a
n
ub-
the

ing eet

7108 55ANSHENG LIU
sorption spectrum. This is illustrated in Fig. 4. In this figu
we show the absorption spectra of the MQW’s withN540
for different values ofNm . Again, a cavity length of
L52.978mm was used in the calculations. We can clea
see from Fig. 3 thatNm has a large influence on the magn
tude of the absorption coefficient as well as on the contras
the Rabi splitting. However, it seems that the size of
splitting is only slightly dependent of the periodNm . One
also notes from Fig. 3 that, when the number of the perio
large (Nm57), more absorption peaks appear in the sp
trum. This result stems from the multiple reflection~interfer-
ence effect! of the light among the multilayers inside th
DBR.32

Since the cavity resonance frequency is strongly dep
dent of the cavity length and the angle of incidence, it
expected that the Rabi splitting can be tuned by varying
ther the cavity length or the angle of incidence in an app
priate range.~To avoid the appearance of a new cavity mo
interacting with the intersubband mode, the cavity length a
the angle of incidence should not be changed too much.! In
Fig. 5 we show the optical-absorption spectra of our MQ
structure for different cavity lengths, ranging fromL52.383
to 4.170mm. In the calculationsN525 andNm53 were
employed. By a view of Fig. 5 one clearly sees that, as
cavity length is changed, the positions of the two peaks
the optical spectra are also varied. A summary of this cha
is shown in Fig. 6. In this figure we display the peak po
tions of the coupled cavity-quantum-well modes~solid lines
with points! as a function of the cavity length. For referenc
the intersubband resonance energy of the free-stan
MQW’s is also indicated in Fig. 6 by the dashed line. Fro
Fig. 6 one can clearly observe the characteristic anticros
splitting. Returning to Fig. 5, one notices that the absorpt
line shape and the peak value are also strongly depende
the cavity length. This suggests that to characterize fully
photon-mode–intersubband-excitation coupling, it is in g
eral necessary to analyze the absorption line shape in a
tion to the peak positions.

In Fig. 7 are shown the optical-absorption spectra of
MQW structure as a function of the angle of incidence. In

FIG. 8. Optical-absorption spectra of a MQW structure hav
30 QW’s for different values of the sheet electron concentration~in
units of 1012 cm22!, i.e.,Ns50.5 ~curve 1!, 1.0~curve 2!, 1.5~curve
3!, and 2.0~curve 4!. The period number of the DBR isNm53, and
the cavity length isL52.978mm.
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calculationsN530,Nm53, andL52.978mm were used. As
in Fig. 5, we see from Fig. 7 that varying the angle of inc
dence also leads to an obvious change in the size of
splitting and in the absorption spectrum.

Finally, let us discuss the influence of the sheet elect
concentration on the Rabi splitting of the absorption sp
trum. To this end, we have calculated the absorption spe
of the MQW’s for different values ofNs ranging from 0.5 to
2.531012 cm22. The other parameters employed in our c
culations areN530,Nm53, andL52.978mm. Some of the
calculated absorption spectra are presented in Fig. 8.
interesting to notice from Fig. 8 that, with an increase in t
sheet electron density, the higher-energy peak is shifted
wards, whereas the lower-energy peak almost does not m
This result should be expected, since the local-field-shif
intersubband resonance energy of the free-standing QW
shifted upward with increasingNs ,

11 whereas the cavity
resonance energy does not change. As a consequence,
the higher-energy peak is noticeably shifted. In turn, the s
of the Rabi splitting increases with increasing the elect
density. This electron concentration dependence of the p
separation is shown in Fig. 9. Also, one can see from Fig
that the contrast of the splitting is strongly dependent
Ns . The larger the sheet electron density is, the better
contrast is. This indicates that a heavily doped MQW str
ture is more favorable to observe a large Rabi splitting.

IV. CONCLUSION

Using a combined transfer-matrix and Green’s-functi
formalism in which nonlocal effects in the optical intersu
band response of the MQW system and the conduction b
nonparabolicity effect are taken into account, we have
rived a rigorous expression for the intersubband optical
sorption coefficient of a MQW structure inside an asymm
ric Fabry-Pe´rot microcavity that is formed from a DBR and
light-total-reflection dielectric interface. As a numerical e
ample, we calculated the optical-absorption spectra o
GaAs/Al0.33Ga0.67As MQW structure positioned betwee
vacuum and a GaAs/AlAs DBR. To enhance the inters
band interactions of our MQW system, we considered

FIG. 9. The size of the Rabi splitting as a function of the sh
electron density. The QW number isN530, the period number of
the DBR isNm53, and the cavity length isL52.978mm.
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case where the incident light is coupled into the MQW str
ture from a GaAs prism. In numerical calculations, we p
special attention to the influence of various cavity and Q
material parameters on the Rabi splitting of the intersubb
absorption spectrum in the strong-coupling regime. Our c
culations show that, with an increase in the QW number
in the electron concentrations, the size of the Rabi splittin
.

J

. E

K

k

p-
e

S
o

ch

ev

s

in
-

d
l-
d
is

increased, and the contrast of the splitting becomes bette
well. In addition, it has been shown that varying the peri
numberNm of the DBR results in a large modification of th
contrast of the Rabi splitting. However, the size of the sp
ting is only slightly dependent onNm . Finally, we demon-
strated that the Rabi splitting can be easily tuned by vary
either the cavity length or the angle of incidence.
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