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Rabi splitting of the optical intersubband absorption line of multiple quantum wells
inside a Fabry-Peaot microcavity
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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 tipepolarized optical intersubband absorption coefficient of a multiple-
quantum-well (MQW) structure inside an asymmetric Fabryrétemicrocavity. For a GaAs/AGa_,As
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 quantun{@Mlls) 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.
[S0163-18207)07111-1

[. INTRODUCTION cavity effect on the intersubband absorption line has only
been investigated theoretically and unsystematically. In the
Since the experimental observation of the optical inter-early work of Dahl and Sharif,the coupling of the intersub-
subband transition in semiconductor quantum w&Ww) band modes and cavity modes was partially discussed in the
systems by West and EglaSthe linear optical absorption of context of the electromagnetic properties of the quasi-two-
a multiple-quantum-wel[MQW) structure has been exten- dimensional electrons in inversion layers in metal-oxide-
sively studied® The main attention of the previous work Se€miconductor junctions. Neglecting the line broadening ef-

was devoted to a fundamental understanding of the many€ct: which is unavoidable for actual samples, the authors
body effect and the dynamic screening in quasi_two_demonstrated the existence of the splitting of the_ intersub-
dimensional systenfs1® Recently there were a number of band modes and the cavity modes. However, the size of such

publications dealing with the radiative electromagnetic inter-Spllttlng was estimated to be very small, and typically much

actions of QW's in conjunction with both intersubbahend :cgfg trilagetgrismi?r:hoosfs:glee I?(;eg?bebriar:gnrtzflonfsgi;\e/;e-such
interband(excitonig transitionst>~1* By use of a nonlocal ' P P y

. - - - splitting in the electron systems treated in that p&p@uite
optical gonductlwty or susceptibility degcnbmg the electro- rgcentlij/, the present aut);mr suggested that thg Rﬁaegi splitting
magnetic response of the QW system, it has been shown that 0 intersubband absorption line of MQW's placed be-
the QW optical spectra can be significantly modified by

) a , tween a dielectric prism and vacuum can be observable, pro-
varying the QW number and the QW separatiofihe bar-  \jged that a sufficiently large number of QW’s are involved

rier thicknessin the structure’ In a more recent papef.the  in optical transitionZ® Nevertheless, in that pap&tthe de-
present author also showed that the electromagnetic interagendence of the size of the Rabi splitting on the cavity and
tion among QW’s can be enhanced through the light totaQ\w parameters was not discussed in detail.

reflection from a barrier material-vacuum interface. As are- The aim of the present paper is to present a comprehen-
sult, the optical intersubband absorption spectra of the MQWéive investigation of the microcavity effect in the linear op-
structure are significantly changed by an inclusion of thetical intersubband response of MQW'’s inside a FabryePe
barrier-vacuum boundary. On the basis of these studies, microcavity. Our attention is especially focused on the elec-
one would expect that the optical properties of MQW’stromagnetic coupling between cavity modes and intersub-
should also be modified with the presence of a microcavityband modes in the strong-coupling regime. The dependence
Indeed, it has been shown both theoretically and experimersf the Rabi splitting of the intersubband absorption spectrum
tally that the absorptive and radiative properties of exciton®n various cavity and QW parameters such as the cavity
in semiconductor QW's embedded in a microcavity can bdength, the number of QW's, the electron intersubband relax-
substantially different from those of the free-standingation time, and the electron concentration is numerically in-
QW’s.¥6-2%|n particular, it has been experimentally demon-vestigated. Being different from the previous wéfi® the
strated that, due to the electromagnetic coupling betweepresent paper deals with an asymmetric cavity in which one
cavity modes and excitons, the so-called normal-mode omirror is asingledistributed Bragg reflectafDBR) and the
vacuum-field Rabi splitting of the excitonic transmission- other is a light-total-reflection dielectric interface.

absorption spectrum can occdr®?3In contrast, the micro- In Sec. Il, we derive a general and rigorous expression for
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the optical intersubband absorption coefficient of the MQW-layer and between the last well layer and medium 3. There-
embedded microcavity in a combined transfer-matrix andore, for a given value of well and barrier widths in the
Green's-function approach. Namely, we use the transferMQW structure, the total length of the microcavity denoted
matrix method to describe the optical response of the homaby A is determined by the total number of QW's as welkas
geneous multilayers in the DBR, and employ the quasiandb.
vacuum Green'’s function to analyze the nonlocal response of Let us now assume that p-polarized electromagnetic
the electronic intersubband transition in the QW’'s. Thewave of angular frequency is incident at an angl@ from
Green’s-function formalism has also been adopted previthe prism onto the MQW structure, and that the scattering
ously in the work of Dahl and Shaff.In their prescription, plane is placed parallel to thez plane. Due to the transla-
the defined electromagnetic propagator that describes th@nal invariance of our system parallel to the interfaCeg
propagating properties of light in the whole system in theplang, all vector field componentsH) appearing in the
absence of the electron gas contains two coefficients dependnalysis have the general form
ing on the particular geometry of the layers. For two semi- _
infinite media and for a waveguide structure confined by two F(r,t)=F(z)e'@*~«Y, (]
perfect conductors, the explicit expression for the Green’
function was derived? However, for the multilayer configu-
ration studied in the present paper, we find our combine
transfer-matrix and Green’s-function method is more conve:. ~ .
. ) " . on:
nient and applicable. In addition, our approach is capable o?
calculating th.e op'tlcal spectrgm of a MQW structure with L-E(2)=—ipowd(2). )
well and barrier width fluctuation.In Sec. Ill, we present -
numerical calculations of the optical absorption spectra of dn the above equation, the tensorial operafois given in
GaAs/ALGa, _,As MQW structure bounded on one side by dyadic form by
vacuum and on the other side by a GaAs/AlAs DBR fol-

%= (w/co) Ve, sing being thex component of the wave vec-
or of light. Therefore thez-dependent local electric field
(2)=[E«(2),0,E,(2)] satisfies the following wave equa-

2 2
lowed by a GaAs prism. The influence of the structure pa- =0 e(w Z)“’__ G2+ —
rameters on the absorption spectrum is discussed. ey M gz?
. I\, J
Il. THEORY AT & | 1St & )

Consider a MQW structure consisting Nfn-type doped  \yhere(J is the unit tensor, and, ande, are the unit vectors
guantum wells(not necessarily identicalembedded arbi- along thex and z directions, respectively. For the MQW-
trarily in a barrier material characterized by a relative dielecmpedded microcavity structure under consideration, the lo-

tric constantsy(w). The MQW structure is sandwiched be- ¢4 "isotropic dielectric constant in the different regions is
tween a semi-infinite medium of a dielectric constaglw) given by

and a distributed Bragg reflector constructed frii peri-

ods of two alternating component media having dielectric eqw), (N—1)L<z<(n—1)L+L,
constants o&;(w) ande,(w). The thicknesses of media(4,) _

and 4(e,) areL, andL, , respectively. The spatial period of (n==Np+1=Nn+2...0
the DBR is denoted by =L,+L,. The last constitutive e(w,2)={ &x(w), 0szsA

layer in the DBR is medium 1, which connects with the ea(w), Z>A
barrier medium Qe,). The other side of the DBR is limited ’ ]
by a semi-infinitely extended medium 1 serving as a prism. e1(w), otherwise. 4)

In a Cartesiaxyzcoordinate system, it is assumed thatzhe

axis points along the direction normal to the interfaces of theyote that, for simplicity, we have ignored the small differ-
MQW structure, and that the media 1-2 and media 2-3ance of the background dielectric constants between the bar-
boundaries are positioned a=0 andz=A, respectively. rier and well layers inside the MQW region€@<A). The
Furthermore, we assume that the QW's in the MQW struceffect of the dielectric mismatching between constituent
ture are well separated in space, and there is no overlap @emiconductors on the collective intrasubband and intersub-
the envelope functions belonging to different quantum wellspand excitation of a single QW structure was previously con-
As a result, the subbands of the MQW structure are practisjgered by Wendler and Kaller?® On the right-hand side of
cally indistinguishable from those of an isolated quantumeq, (2), J(z) is the light-induced current density associated
well. It is also assumed that each QW in the MQW structureyith the intersubband transition of QW’s. On the basis of the

has only two bound subbands involved in intersubband trangpove-mentioned assumptial{z) =0 whenz is outside the
sitions within the conduction band. Consequently, light-effective well layers, and

induced current density in each quantum well can be re-

garded as being localized within an effective widthj (m Dm+dm,,

=1,2,...N), which is somewnhat larger than the thickness of J(Z):f o'™(z,2')-E(z')dZ (5
the corresponding well layer. Along ttzeaxis, the effective "

well layers are positioned @, (m=1,2,...N) with D;  for D,,<z,z’<D,,+d,. In Eq.(5), the tensoio{™(z,2’) is
=a andDy=A —dy—b, wherea andb denote the thick- the paramagnetitcurrent-current correlatg¢gbart of the lin-
nesses of barrier layers between the DBR and the first wektar nonlocal conductivity response function of thih quan-
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tum well. Since only the component of the local electric amplitudes in the last layer of the DBR-(;<z<0) are
field induces an electric-dipole-allowed intersubband transidetermined from the matrix equation

tion, it is a good approximation to neglect the component

of the nonlocal conductivity tensor of QW'’s in our analysis. Ao\ [Ti1 T2 Nm (A, o =A
In a simple one-band scheme, and within the framework of Bo) Ty To B,/ '\By/ ©)
the random-phase approximation, the relevant nonzero ele- -

ment of the nonlocal conductivity tensor is given, in the so-Here, the X2 matrix T is called the transfer matrix. For
called long-wavelength ¢—0) and low-temperature P-polarized light, the matrix elements &fe
(T—0) limits, by?’=2°

ie2 mﬁrl(m)mﬁcz(m) Tyy=e 911 cogq, 4L,)
U(Z?)(Z’Z,):M-rw(m*)z (M) — e (M) D™ (2)d™(z") ]
i1 2 I(s4qu glqM) o )} 10
—= si ,
|< [+ i/7) P~ [ES" (]2 2lesaia ag
n
Klw-+i/ 2_ E(m)_E(m)+AE(m) 2] .
Ao ] T =ei%1L1[—'—(8“q“—81q“>sin(q La)|, (1)
©®) 12 2\e1014 €40:1 A
it | i
Ae<m>=(—1(m)—1 [EE—E{™], (7) Ty =e il _(_’34%_ slm“)sm(qﬂu)}, (12)
2 2\e1014 &4011
with
m - Tyo=€'%111) cogq, 4L )
dyy"(2) dyi™(2)
P @)=y (DD )

[ (84%1 €1014

€1014 €4011

5 )Sin(CIL4L4)}a (13

In Eq. (6) m* is the effective mass of electronsjs a phe-
nomenological relaxation time in connection with intersub-

band transitions, and finalig,(™ (j=1,2) is the so-called q.=

parallel effective mass of thath quantum well, which origi-

nates in the conduction-band nonparabolicity eff8¢h the . .

. . being the perpendiculaz) component of the wave vector of
present paper the nonparabolicity effect was taken into a he plane wave in mediuin In the redion of- L.<z<0. the
count in the energy-dependent effective-mass scheme pro- P 9 L '

posed by Ekenberd. Thus the anisotropy of the conduction electric field can be written as

2

o 12
?Si(w)—(ﬁ} , 1=1,2,34, (14
0

band has been included. The quantiy” appearing in Eq. E(2)= (Ae9174 B,e 101 12)g,

(7) is the Fermi energy ofmth quantum well, which is de-

termined from the surface electron density in the well. Note o] S Cia

that, in our theory,r is only due to “pure dephasing” pro- — —(Ae'N 1 —Be 1%)e,. (15

cesses such as scattering with other quasiparticles, which i1

leads to a homogeneous line broadening. In addition, thénside medium 3£>A), because there exists no backward-

band nonparabolicity contribution to the line broadening ispropagating wave, the electric field takes the form

also incorporated through Eq$6)(a)nd (7). Trze) single-

particle envelope wave functiof/;™(z) and 3™ (z), m . 4

=1,2,...N] and the corresponding energy eigenvalues E(z)=Ase'% 3%~ %Aﬁ"hszez, (16)

(E™ and E{”, m=12,...N) are calculated self- .

consistently by solving the coupled one-band effective-maswhereA; is thex component of the amplitude of the trans-

Schralinger equation and Poisson equatiorwith taking — mitted field.

into account the exchange and correlation effects in the In the region Gsz=<A the solution of the wave equation

local-density approximation. is more complicated because of the existence of the light-
Recalling the fact that the current densitfz) vanishes induced current density. In the electromagnetic scattering

outside the effective well layers, it is straightforward to solveformalism, a formal solution of the wave equation can be

Eq. (2) in the regions oz<0 andz>A. The electric field written ag’

distribution with each homogeneous layer inside these re-

gions (including layers in the DBRcan be expressed as a N Dt dme

sum of a forward-propagating plane wave and a backward- E(2)=E%(2)—iuow 2, f f G(z,2')
propagating plane wave. Denoting tkecomponents of the m=1 Om

incident and reflected amplitudes of the electric field in the .o'™(z',7")-E(Z")dZ'dZ, (17

prism (z<-NgL) by A, and By, and following the
transfer-matrix method of Yeh, Yariv, and Hoffgwe find
the x components of the forwardAj) and backward B,) where
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BzefiCMZZ)eZ
a.2

(18
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Dmtdn
Bm = f E,(Z")®™(2")dZ". (27)
Dm

For nonmagnetic materials studied in this paper, the dis-

is the so-called background field with two so-far- placement field vector is related to the electric field via

undetermined constan#s, and B, .

convention that the imaginary part of taeeomponent of the
wave vector, i.e.q,; (i=2,3,4) is positive if it is complex
(q, 1 is assumed to be realThe tensolG (z,z') entering Eq.
(17) is the quasivacuum electromagnetic propage®seen’s
function), which is defined via

Z’-é(z,z’)=U§(z—z’), (19

where is the Dirac delta function, anff’ is obtained from

Eq. (3) by lettinge(w,z) =¢,(w). The Green’s function has

The background field
satisfies the homogeneous part of E2). The second term
on the right-hand side of E17) is regarded as a particular
solution of Eq.(2). Note that in this paper we have used the

- io(z,2")
e(w,2)U8(z—2")+
EqWw

-E(z')dZ'.
(28

D(z)=sof

By combining Eqgs.(15) and (16) with Egs. (22) and (23),

and by using the usual electromagnetic boundary conditions,
i.e., continuities ofE, andD, across the interfaces at=0
and A, one obtains the following linear equations:

N

A1+81=A2+Bz+mE:l aMEM0)B™,  (29)

been derived by a number of authors, and the relevant com-

ponents are given 8§33

2
nw_ i [Co L . .
GXZ(ZIZ )_ 2i82( (1)) Sgr(z Z)equqL2|Z z |)1 (20)
2 2
o q Co . o
G,{z.z )_Zisquz(a)) expiq o|z—2'])

Co 2
+|— (21
w
where sgnx) is the usual sign function, i.e., sggE1 for

x>0 and sgnX)=—1 for x<O0.
Inserting Eq.(6) into Eq. (17), one obtains, for &z
<A,

1
—8(z—2'),
€2

Ex(2)=E}(2) +E a™()FP (2™, (22
E.(2)=E (z>+2 M(w)FP (2™, (23
where
2™ ()= o€ mﬁ(m)mfz(m)
4ar(m*)2 ™ — k(™
o [hetiln)?-[E7 B
X
"\ [0+ P~ [ETV—EM™+ AE™]Z)"
(24
D+ dm
- [ " Toua ez, @9
DITI
and
Dytdmy
F;;m(z):f G,{z,2)®™(z')dZ . (26)
As a definition, the quantitieg™ (m=1,2,...N) are re-

lated to the local field by

N
Pt mpmg)gm
€10 m=1 “ ’
(30)

N

AgeiQL?:A:AzeiqLZA—}— Bze_iqLZA—l- 21 a<m)F§(T)(A)/3<m)-
m:

(3D
Ageldish= 2qL3(A eldr2A — B e ldL2h)
€302
€50 N
- 2% @ MEDA)B™, (32
€3Q) m=1
where
FiM(0)= L F(m 0
12
CO 2 qH Dm+dm . ,
= —= - J elqizz q)(m)(zr)dzr,
o) 2ieyq,2)p,
(33
and
FIM(A)= - F““ (A)
2
= @) _Lei%zl\fDerdme—ifhzz'
o) 2ieyq, Dm
X ®M(z)dz . (34

Substituting Eq.(23) into Eq. (27), one realizes that thal
unknownsB™ (m=1,2,...N) are determined from the fol-
lowing N linear equations
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N
q (n)— M1
(n_ (nm) (m gm— _ W pr o g o) U= .
B mzzl K a B qu[AZS+ B,S™],  (39) 14715053 €xp2iq, ,A)
where X[SIV+1,5 exp(2ig, ,A)S™], (39
K(n,m):fDn+dn(I)(n)(z)F(m)(z)dZ (36) rosexp(iq »A)
o 77 V(n>: - [rlzs(f)_s(j)]y (40)
" 1411003 €Xp2iq oA)
and
(n) Dp+dp (n) *ig, oz W(n):—& 1_r12.
S,'= 5 O (z)emxdz. (37) Or2 1+ror o3 €Xp(2ig, 2A)
X[S™M+r,5 exp(2iq, ,A)S™], (41)

By combining Eqs(29)—(32) with Eq. (35) and eliminating

B1, Ay, By, andA,, one arrives at with

_Quigj(@)—q  ei(w)

= , 1=12; j=2,3 (42
! qigj(w)+d.jei(w) : 42

N N
’B(n)_mz_l K(n,m)a(m)lg(m)+u(n)mz_l a(m)ﬁ(m)F(zT)(O)
being the well-knownp-polarized Fresnel's amplitude re-

N flection coefficient between mediumand mediumj. If we
+v(m 21 aMBMEI(A)=WMA, (38)  regardA, as a known quantity3™ can be solved from Eq.
m= (38). In turn, other unknowns includinB; and A; are also
where determined. Combining Eq$29)—(32), we obtain
N . N
B 1+r ~ 1+r)rexpiq; A ~
Mp=— _1:r8_ % 12 i 2 a(m)lg(m)p(zf;‘)(o)_ E ( 12723 Fi.qlz ) 2 a(m)ﬁ(m)p(zfg)(/\),
A1 qy 14113 exp2ig, 2A)m=1 a4y 1+rirozexp(2ig, A)m=1
(43
. N
As  , (1-ryexp—ig.3A) |q.» . ~
=—=t0+ . —Zryp expliq oA (mgmEM(Q
=R Tt exazia oa | g 2 OIGA) Z, @ METEEO)
q N
+ (qLZ—l)rlrL)r23 exp(2iq, ,A)—1 m§=‘,l aMBMEMAY (44)
|
where With the aid of Eqs(43) and(44), we immediately find from

Eg. (9) that the amplitude reflectiorr () and transmission

) t,) coefficients of the MQW structure are given b
o M2t razexp2ig,,A) (t) g y

rp_l+r12r23 exp(2iq, ,A)’

(49

- By Tofp—T
Fo=— — =t 2 (48)
Ao Ty— Tl

o (-rd-rg
p_1+r12r23exq2iqL2A) eXF[I(qLZ qLS)A]i (46)

and

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

(m) =
E(m)Z'B_ (47) barrier layer,T=U, and Eq.(48) is reduced to that given in

Ay’ Ref. 25.
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FIG. 1. Optical-absorption spectra of MQW's inside the micro-  FIG. 2. The QW-number dependence of the Rabi splitting of the
cavity for different QW numbers at a fixed cavity length of intersubband absorption spectra of a MQW structure. In the calcu-
A=2.978 um. The period number of the DBR 18,=5. lation, a cavity length ofA=2.978 um was used. The period num-

ber was taken to b#l,,=5.

If medium 3 is transparerfiz;(w) is real and the total
reflection condition is not reached for the barrier-medium 3of the cavity, i.e.,a=b, although our theory is able to deal
boundary(q, 3 is rea), it can be shown that the power trans- with other geometries.
mission coefficient of the MQW structure is given®fy In Fig. 1 we show the optical-absorption spectra of the
MQW-embedded microcavity for different values Nfand
for a fixed effective cavity length oA=2.978 um. In all
calculations the period humber of the DBRNg,=5. It ap-
pears from Fig. 1 that, when a single QW+ 1) is placed
The optical absorption coefficient of the MQW structure isinside the microcavity, the absorption spectrum of the struc-

qi183 2
T,=—|t,|°. 50
. qmslﬂ,l (50)

then defined, from energy flux conservation, as ture has only one absorption peak in the frequency range
used in Fig. 1. This peak corresponds to the local-field-
Ap=1—[T|?=T,. (51)  shifted intersubband resonande?In this case, the coupling

) _ _ between the intersubband mode and the cavity mode is in-
In this paper, however, we are interested in the case wherg,fficiently strong, resulting in a noticeable splitting of the
light is totally reflected from the barrier-medium 3 interface absorption spectrum because a finite relaxation time of elec-
in order to enhance the electromagnetic interaction amongons was taken into account in our calculations. At this

QW's, and thereford ,=0. point, we would like to remind the reader that, if the line-
broadening effect and the conduction-band nonparabolicity
II. NUMERICAL CALCULATIONS AND DISCUSSION are neglected, the splitting of the intersubband mode and the

cavity mode should always exi&t.We have also checked

In this section we present various numerical calculationghat, in the case where the electron relaxation time tends to
of the optical intersubband absorption spectra of a

GaAs/Al 3 Ga ¢ AS MQW structure containingN identical
QW's positioned between vacuurfe;(w)=1.0] and a 1.0
GaAs/AlAs DBR followed by a GaAs prism. Experimen-

tally, the prism can be realized by cleaving the side faces of

the GaAs substrate. In our calculations the following mate- 08

rial parameters, which are appropriate for this structure, were s

adopted. The barrier height is 256 mewy* =0.067n, , 0.6

g5(w)~10.0, &;(w)~10.9, ande,(w)~8.4%° The static rela- &

tive dielectric constant that enters the Poisson equation is $0.4
<€

e,=13.0. For each QW in the MQW structure, we assume
that only the well layer is uniformly doped. The well and

barrier widths in the MQW structure are taken to be 80 and
200 A, respectively. The thicknesses of GaAs and AlAs lay-
ers forming the DBR aré ;= 1.289um andL,=2.342um. 9000 110 120 130 140

Without special notification the sheet electron densitiNjs PHOTON ENERGY {meV)
=1.2x10'2 cm 2, #/7=5.0 meV, and§=55.0°. Note that,

when the angle of incidence is larger than 17.6°, the lightis FIG. 3. Optical-absorption spectra of a MQW structure having

totally reflected from the Al;Ga sASs-vacuum interface for 35 Qw’s for different values of the relaxation time, i.6/7=3.0
our structure under consideration. In addition, we assume ircurve 1, 6.0(curve 2, and 9.0 meMcurve 3. The cavity length is

this paper that the MQW's are always placed in the middlea=2.978 um, and the period number 8,,=4.

©
N

150
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FIG. 4. Optical-absorption spectra of a MQW structure having  FIG. 6. The peak positions of the Rabi-splitted absorption spec-
40 QW's for different values of the period numiéy,. The cavity  trum as a function of the cavity length. In the calculation we have
length isA=2.978 um. choserN=25 andN,,= 3. The local-field-shifted resonance energy

of the free-standing QW'’s is indicated by the dashed line.
infinity and the band nonparabolicity effect is included, the
splitting exists as well. This result may be due to the fact thathe exciton-polariton branches by Ivchen&bal 3’ In addi-
the local-field (depolarization effect strongly compensates tion, we also note from Fig. 1 that the contrast of the Rabi
the nonparabolicity-induced line broadenitdt in turn im-  splitting that is characterized by the ratio between the heights
plies that the nonparabolic dispersion of the electronic subef the peak and the bottom in the spectrum becomes bigger
bandsdoes notsignificantly affect the splitting of the inter- whenN is larger.
subband absorption spectrum. When more QW’s are In order to see the influence of the relaxation time on the
included in the cavity, one can see clearly from Fig. 1 that arRabi splitting of the absorption spectra, we have calculated
obvious splitting of the spectrum occuisee curves 2-5 for the optical spectra for different values bfr, namely,#/7
N=5). This result suggests that, only when the effective=3.0, 6.0, and 9.0 meV. The calculated results Not 35,
oscillator strength of the MQW structure that is essentiallyandN,,=4 are presented in Fig. 3. The cavity length used in
proportional to the number of QW's is large enough, thethis figure is the same as in Fig. 1. From Fig. 3 one sees that,
Rabi splitting of the intersubband absorption line can hapasris increased, the separation between the two main peaks
pen. One can also see from Fig. 1 that, as the QW number is slightly increased. As one would expect, however, the con-
increased, the size of the splitting is substantially increasedrast of the Rabi splitting becomes better wiignis smaller.
A detailed graphic illustration of the QW-number depen- We now investigate the effect of the period numbgg
dence of the Rabi splitting is given in Fig. 2. Note that all on the Rabi splitting of the absorption spectra of the MQW'’s.
parameters used in Fig. 2 are identical to those in Fig. 1. IBecause the optical reflection coefficient of the DBR
appears from Fig. 2 that the size of the Rabi splitting in-strongly depends on the value Nf, ,*? one can expect that
creases roughly in proportion to the square root of the welthe variation ofN,, leads to a large modification of the ab-
number, as has been recently shown for the Rabi splitting of
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FIG. 7. Optical-absorption spectra of a MQW structure have 30
FIG. 5. Optical-absorption spectra of a MQW structure havingQW'’s for different values of the angle of incidence, i.8551.0°
25 QW's for different values of the cavity length, i.e\,=2.383 (curve 1), 53.0°(curve 2, 55.0°(curve 3, and 57.0%curve 4. The
(curve 1), 2.978(curve 2, 3.574(curve 3, and 4.17Qum (curve 4. period number of the DBR iN,,=3, and the cavity length is
The period number i8l,,= 3. A=2.978 um.
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FIG. 8. Optical-absorption spectra of a MQW structure having g1 9. The size of the Rabi splitting as a function of the sheet
30 QW's for different values of the sheet electron concentrdiion electron density. The QW number =30, the period number of
units of 16?cm™), i.e.,N;=0.5(curve 9, 1.0(curve 3, 1.5(curve .o pBR isN,, =3, and the cavity length i4=2.978 zm.

3), and 2.0(curve 4. The period number of the DBR N,,=3, and

the cavity length isA =2.978 um. calculationsN=30,N,,=3, andA=2.978um were used. As

sorption spectrum. This is illustrated in Fig. 4. In this figurein Fig. 5, we see from Fig. 7 that varying the angle of inci-
we show the absorption spectra of the MQW’s will=40  dence also leads to an obvious change in the size of the
for different values ofN,,. Again, a cavity length of splitting and in the absorption spectrum.
A=2.978 um was used in the calculations. We can C|ear|y Finally, let us discuss the influence of the sheet electron
see from Fig. 3 thaN,, has a large influence on the magni- concentration on the Rabi splitting of the absorption spec-
tude of the absorption coefficient as well as on the contrast dfum. To this end, we have calculated the absorption spectra
the Rabi splitting. However, it seems that the size of theof the MQW's for different values o ranging from 0.5 to
splitting is only slightly dependent of the peridd, . One  2.5<10% cm 2. The other parameters employed in our cal-
also notes from Fig. 3 that, when the number of the period igulations areN= 30, N,,= 3, andA=2.978 um. Some of the
large (N,,=7), more absorption peaks appear in the speccalculated absorption spectra are presented in Fig. 8. It is
trum. This result stems from the multiple reflectionterfer-  interesting to notice from Fig. 8 that, with an increase in the
ence effect of the light among the multilayers inside the sheet electron density, the higher-energy peak is shifted up-
DBR.3? wards, whereas the lower-energy peak almost does not move.
Since the Cavity resonance frequency is Strong|y depenThiS result should be expected, since the local-field-shifted
dent of the cavity length and the angle of incidence, it isintersubband resonance energy of the free-standing QW's is
expected that the Rabi splitting can be tuned by varying eishifted upward with increasingls ,"* whereas the cavity
ther the cavity length or the angle of incidence in an approfésonance energy does not change. As a consequence, only
priate range(To avoid the appearance of a new cavity modethe higher-energy peak is noticeably shifted. In turn, the size
interacting with the intersubband mode, the cavity length an@f the Rabi splitting increases with increasing the electron
the angle of incidence should not be changed too muoh. density. This electron concentration dependence of the peak
Fig. 5 we show the optical-absorption spectra of our MQWseparation is shown in Fig. 9. Also, one can see from Fig. 8
structure for different cavity lengths, ranging fro=2.383  that the contrast of the splitting is strongly dependent of
to 4.170 um. In the calculationdN=25 andN,,=3 were Ns. The larger the sheet electron density is, the better the
emp|0yed_ By a view of F|g 5 one C|ear|y sees that, as theontrast is. This indicates that a heavily doped MQW struc-
cavity length is changed, the positions of the two peaks iffure is more favorable to observe a large Rabi splitting.
the optical spectra are also varied. A summary of this change
is shown in Fig. 6. In this figure we display the peak posi-
tions of the coupled cavity-quantum-well modgslid lines
with pointg as a function of the cavity length. For reference, Using a combined transfer-matrix and Green’s-function
the intersubband resonance energy of the free-standinigrmalism in which nonlocal effects in the optical intersub-
MQW's is also indicated in Fig. 6 by the dashed line. Fromband response of the MQW system and the conduction band
Fig. 6 one can clearly observe the characteristic anticrossingonparabolicity effect are taken into account, we have de-
splitting. Returning to Fig. 5, one notices that the absorptiorrived a rigorous expression for the intersubband optical ab-
line shape and the peak value are also strongly dependent sorption coefficient of a MQW structure inside an asymmet-
the cavity length. This suggests that to characterize fully theic Fabry-Peot microcavity that is formed from a DBR and a
photon-mode—intersubband-excitation coupling, it is in gendight-total-reflection dielectric interface. As a numerical ex-
eral necessary to analyze the absorption line shape in addkmple, we calculated the optical-absorption spectra of a
tion to the peak positions. GaAs/A| 3 6a s AS MQW structure positioned between
In Fig. 7 are shown the optical-absorption spectra of thevacuum and a GaAs/AlAs DBR. To enhance the intersub-
MQW structure as a function of the angle of incidence. In theband interactions of our MQW system, we considered the

IV. CONCLUSION
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case where the incident light is coupled into the MQW struc4increased, and the contrast of the splitting becomes better as
ture from a GaAs prism. In numerical calculations, we paidwell. In addition, it has been shown that varying the period
special attention to the influence of various cavity and QWnhumberN,, of the DBR results in a large modification of the
material parameters on the Rabi splitting of the intersubbandontrast of the Rabi splitting. However, the size of the split-
absorption spectrum in the strong-coupling regime. Our calting is only slightly dependent oN,, . Finally, we demon-
culations show that, with an increase in the QW number andtrated that the Rabi splitting can be easily tuned by varying
in the electron concentrations, the size of the Rabi splitting iither the cavity length or the angle of incidence.
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