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Local optical spectroscopy of semiconductor nanostructures in the linear regime
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We present a theoretical approach to calculateltical absorption spectrum of excitons confined in a
semiconductor nanostructure. Using the density-matrix formalism, we derive a microscopic expression for the
nonlocal susceptibility, both in the linear and nonlinear regimes, which includes a three-dimensional descrip-
tion of electronic quantum states and their Coulomb interaction. The knowledge of the nonlocal susceptibility
allows us to calculate a properly defined local absorbed power, which depends on the electromagnetic field
distribution. We report on explicit calculations of the local linear response of excitons confined in single and
coupled T-shaped quantum wires with realistic geometry and composition. We show that significant interfer-
ence effects in the interacting electron-hole wave function induce new features in the space-resolved optical
spectra, particularly in coupled nanostructures. When the spatial extension of the electromagnetic field is
comparable to the exciton Bohr radius, Coulomb effects on the local spectra must be taken into account for a
correct assignment of the observed features.

INTRODUCTION tum states plays an important role when variations of the
electromagnetic field occur on an ultrashort length scale, i.e.,
The recent achievements in the field of semiconductoon the scale of the Bohr radius; hence, the necessity to de-
nanostructures have prompted a strong effort in developingcribe the local absorption via a nonlocal susceptibility. The
local experimental probes in order to obtain spatial maps oéinalogy with ultrafast time-resolved spectroscopigbat
the nanostructures and their quantum states. While conveifrave demonstrated the importance of phase coherence in the
tional optical spectroscopy gives information on a large requantum-mechanical time evolution of photoexcited
gion containing thousands of nanostructures, confocatarriers® suggests that similar effects may occur in the space
diffraction-limited microscopy has allowed the investigation domain.
of individual nanostructuresTo probe the spatial distribu- To investigate the response of semiconductor nanostruc-
tion of quantum states, the spatial resolution must be reducedres under these conditions, we have recently propBsed
much below the optical wavelength; this has been obtainetheoretical approach based on a microscopic description of
by means of near-field scanning optical microscopyelectronic quantum states and their Coulomb interaction. Our
(NSOM).2 In semiconductor quantum wiresind dot§ the  approach is intended to treat very high resolution probes,
resolution of these experiments has been increasing in recewhich might be capable of revealing Coulomb-induced co-
years. herence effects; therefore, we consider an inhomogeneous
From the theoretical point of view it was soon recognizedEM-field distribution with a spatial extension of the order of
that the interpretation of NSOM spectroscopic data requireshe Bohr radius of the materiat.In this paper we describe in
us to take into account the effects of the fiber tip and dielecdetail our theoretical approach and present absorption spectra
tric discontinuities on the electromagneti€M) field gener-  calculated in the linear-response regime for a set of semicon-
ated in the sample. For example, the near-field distribution ofluctor quantum wire§QWR) with realistic geometry and
the EM field and its interaction with arrays of pointlike composition, focusing on T-shaped structures as those ob-
particle§ have been studied in detail. tained by the cleaved-edge overgrowth technique. We find
On the other hand, the interactions of a highly inhomogethat new features in the space-resolved optical spectra arise,
neous EM field with the quantum states in the semiconductoparticularly in coupled nanostructures, owing to interference
nanostructures received much less attenfidntheoretical effects in the interacting electron-hole wave function, and
effort in this direction is important for different reasons. conclude that Coulomb effects on the local spectra must be
First, when the dipole approximation is abandoned and thé&aken into account for a correct assignment of the experimen-
nonlocal response of the medium is taken into account, locahl features.
absorption itself is in principle ill definef.e., it is not inde- In Sec. | we derive the microscopic expression of the
pendent of the EM-field distribution, as we will shgwa  nonlocal susceptibility, including Coulomb interaction be-
general theoretical reformulation is therefore required. In adtween electrons and holes, which is valid both in the linear
dition, it may be expected that spatial interference of quanand nonlinear regimes. In Sec. Il we show how a proper
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definition of local absorption can be introduced in the case Of/vheref:e andah denote destruction operators for an electron
the spatially inhomogeneous EM field, which, however, de4n statee and a hole in stat. Heree andh are appropriate
pends on the Shape of the EM-field distribution. In Sec. “lsetS of quantum numbers |abe|ing the conduction and va-
we focus on the linear regime and we apply our scheme t@nce states involved in the optical transition, which are de-
single and coupled wire structures, studying, in particulargeriped by the single-particle wavefunctiodfg,,(r) and en-
the effects of nonlocality and Coulomb interactions on Iocalergy levelseqyy, .
spectra. By inserting the above electron-hole expansion into Eq.
(3), and neglecting intraband contributioabsent for the
|. THE NONLOCAL SUSCEPTIBILITY case of optical excitationsthe local polarization can be re-

. . . . ) . written as
In this section we derive a microscopic expressiba.,

based on microscopic electron and hole wave funcliofs

the nonlocal optical susceptibility; this will be obtained P(r,t)=2>, [Pen(t)ME,(r)+c.cl, )

through a comparison between the macroscopic and the mi- en

croscopic expressions for the optical polarization of the syswhere

tem. The knowledge of allows us to calculate the absorbed

power defined in Sec. Il. Men(r)=qW¥g (r)r¥y(r) (6)
The macroscopic polarizatid?(r,t) induced by an elec-

tromagnetic fieldE(r,t) is in general given by is the local (i.e., space-dependendipole matrix element,

and per(t)=(dnCe) are nondiagonali.e., interbany ele-
ments of the single-particle density matrix, also referred to as
P(r,t)=f dr’f at’ x(r,r';tt") - E(r',t'), (1) interband polarizations.

Within the mean-field Hartree-Fock approximation, the
where x(r,r’;t,t") is the nonlocalboth in space and time time evolution of the above interband polarizatigng(t) is
susceptibility tensor. When the time dependence oflescribed by the so-called semiconductor Bloch equations
x(r,r’;t,t") is throught—t’ only (stationary regimg the  (SBE's),'?13
above equation can be transformed into a local equation in

the frequency ¢) domain, i.e., d 1
StPen=iz 2 (Eee St + Entv Beer ) Perny
e’'h’
P(r,w)=fX(r,r’,w)-E(r’,w)dr’, (2 1 IPen
e
o Uen(1=fe— ) +— , (73
whereE(r,w) andP(r,w) are the Fourier transforms of the coll
time-dependent electric field and optical polarization in Eg. 5 1 y
(1). = * gk _ e
In the usual case of a homogeneous EM-field distribution at fe i % (Yot Pepy ~ Uepy Pen) + 1 P (7b)
the nonlocality ofy is neglected, ang 5(r—r') in Eq. (2).
In contrast, in order to describe the response of excitonic 9 1 ofp,
states to an EM field with a spatial extension which is com- il > (Uefhp:,h—uthpethW , (79
e’ coll

parable to the Bohr radius, the nonlocal charactey of Eq.
(2) must be fully retained. Note also that, contrary to bumwherefe:(f;l&e) and th(aEar& denote electron and hole

states, excitonic states in a nanostructure do not have trans- .~ ¢ . . ! ) .
lational invariance; hencey depends separately on the Spa_ilz';r;bunon functions, i.e., diagonal density-matrix elements.

tial coordinates, r’ and not on the relative coordinate alone.
From a microscopic point of view the locéle., space-
dependentpolarization can be written as Eow = €e0oe— 2 Vegererfer, €))
eH

P(r,t)=q(¥T(r,H)rd(r,1)), ©)
9

whereq is the electronic chargg; - -) denotes a proper en- Shh’zehéhh’_% Vhtrn e i

semble average, and the field operait(r,t) in the Heisen-
berg picture describes the microscopic time evolution of thé*"d
carrier system.
Since in this paper we ghall mai_nly focus on optidad., Ush=Uen— > Veirhe Pe’h (10)
electron-hole paips excitations, it is convenient to work e'h’

within the so-called electron-hole picture. This corresponds . . .
P P are, respectively, the electron, hole and Rabi energies renor-

to writing the field operatoN#(r,t) as a linear combination malized by the Coulomb interactid; 6 and
of electron and hole single-particle states, '

Vijk|=J drf dr' W (W )V(r—r" )W (r')¥(r)

W(r0=2 COWe(r)+ 2 diOWR(), (@) 11



8206 MAURITZ, GOLDONI, MOLINARI, AND ROSSI PRB 62

are the matrix elements of the three-dimensional Coulomb U)‘(w)
interactionV(r—r") within the single-particle electron-hole pPMw)=— : (20
representation. The lagtollision) term in Egs.(7) accounts 2 -fo

for incoherentli.e., scattering and diffusigrprocessed’

In the usual case of a homogeneolise., space-
independent optical excitationE° the Rabi energyU.,
within the dipole approximation is given by

pM() andU*(w) being the Fourier transforms pf(t) and
UN(t), respectively.

Let us consider again the local polarization fi€l,t) in
Eq. (5), which in our excitonic pictura, can be rewritten as

Uen(t)=—Mgp- E°(1), (12)
) B P(r,t)=>, [M™(r)p(t)+c.c]
where =
o A A
Zﬁf Men(r)dr (13 =; f_w[M *(r)pMw)
is the total dipole matrix element. In contrast, for the case of +MM)pM (—w)]e  “dw, (21

a local optical excnatlorE(_r)fthe one conS|dered. in this with the definition M (r)=3,cM*M,(r). By inserting the

paper—the electromagnetic field cannot be factorized as 'Qtationary solution20), the dipole matrix elemeni™(r)

Eq. (12 If, however, the space variation of the field is still — e '

negligible on the atomic scale, the Rabi energy for a locaPNdY" (), we obtain

excitation is given b}

P(row)=| dr' >, chM%(n)
\.ehe’h’

Ueh(t)z—JMeh(r)-E(r,t)dr. (14 XN Mg (P (1= fo— 1)
e’h’'Vle'nh’ “ler T

Let us now focus on the stationary solutions of the SBE’s { 1
(7). They can be easily found in the so-called quasiequilib- X +
rium regime, i.e., by assuming equilibrium distribution func- Mho IMtho
tions fe,f,, which, therefore, do not depend on time; let Usp(r,») being the Fourier transform d®(r,t). The above

‘E(r',w), (22

define the index = (e,h) and the matrices microscopic result has exactly the form of the macroscopic
polarization in Eq.(1), thus providing the desired micro-
Tir=Eee Shr + Ennr Geer (153 scopic expression for the nonlocal optical susceptibility ten-
sor x. If we neglect the nonresonant term in EG2) (the
Wi =Venhe (1—fe—fp), (15D  rotating-wave approximatiopwe obtain
Sir=Tyr =Wy (159 ~ X(r.r'o)
Then, Eq.(7a) can be rewritten as 3 E cghMgh(r)Xc:fh,Me,h,(r’)(l—fe,—fh,)
B h ShMfiw '
8p|(t) B 1 1_ N,ehe’h
 Sin > SO EU®, a8 (23
hereU.(t) = ¢t The above general expression describes the response of
whereU, (t) =Uen(t) (1~ fe—fp). the system at the microscopic level, provided that the single-

Let us suppose that and 3" are the eigenvectors and particle wave functions entering the local dipole matrix ele-
eigenvalues, respectively, of the mat®,; note that, in. mentsM,(r) are available. For the description of the re-
general 3" is complex. The eigenvector componea}g are  sponse to a local probe with the extension comparable to the
the matrix elements of the unitary transformation connectindgdohr radius in a typical semiconductor, like GaAs, it is suf-
our original noninteracting basjgh) with the excitonic ba- ficient to describe the electron and heavy-hole states within
sis |\), Céh=(ehl)\>. By applying this unitary transforma- the envelope function approximation, including fluctuations

tion, we can rewrite Eq(16) in the excitonic basis, of the wave functions at the atomic scale only through bulk
parameters. Assuming isotropic electron and heavy-hole en-
Nt 1 1 ergy dispersion, we write, as usdal ¥ (r)=uc(r)¢q(r)
o EE PO+ UMD, (17 andW¥(r)=u,(r)¥u(r), wheregq,(r) are electron/hole en-
velope functions, and.,(r) are the atomic bulk wave func-
where tions at the conduction/valence edge. In this paper we con-

sider only EM fields with a frequency corresponding to
\ o interband transition. Therefore, interpreting the space vari-
p (I)ZEI crpi(b), (18) ablesr,r’ in Eq. (22) as coarse grained at the atomic scale,
we can write

J— — — * *
UMt = e U(1). (19) Men(r)=Mpie (1) ¢ (1), (24)
! whereMb=lefQCuC(r)ruv(r)dr is the bulk dipole matrix
If we Fourier transform Eq(17) we find element, with(). the volume of the unit cell. Within such
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approximation scheme, the susceptibility tengan Eq. (23)
becomes diagonal, with identical elements given by

X(rr' o) =|Mp|> X cheh,
Nehe’h’ €

Pe(D) () ¢, (1) g, (1)

X(l_fe/_fh/) 2)\ h
—hw

(29)

II. LOCAL-ABSORPTION SPECTRUM

Given the susceptibility function in E@25), the total ab-
sorbed power in a generic semiconductor structure can be
evaluated according to

W(w)ocf drf dr’'Im[E(r,w)x(r,r",0)E(r",m)].
(26)

In the usual definition of the absorption coefficient within the X (nm)

dipole approximation the nonlocality of is neglected:

x(r,r )< 8(r —r'). When nonlocality is taken into account, it ~ FIG. 1. (@) Effective wave functior{Eq. (A3)] for the ground-

is no longer possible to define an absorption coefficient thagtate exciton of a single T-shaped GaAs/AlAs quantum wire ob-

locally relates the absorbed power density with the light in-tained at the mtersectlo_n betvvgen Fwo quan?um wells of width 5.4

tensity. nm. Th_e electrqn-hole |ntera<_:t|on is taken |_nto_acco(llrﬁ sub-
However, considering a light field with a given profite band_s included in the cglculatlon qf the p_o!arlzalldanl_y th'e real

centered around the beam positieh E(r,w)=E(w)&(r part is plotted; the imaginary part is negligiblé) Contrlbutlonxof

—R), we may define a local absorption that is a function ofthe same ground-state exciton to the local absorptigtX, Y, ")

i, [see Eq.(A1)], calculated for an EM field with Gaussian distri-
the beam position, a,md_ relgtes t_bdiil_ absorbed power to the bution ando=10 nm. The T-wire confinement profile is shown as
power of alocal excitation(illumination mode:

a reference in both panels.

ag(R,w)ocf Im[ x(r,r",)]&(r—R)&(r’—R)dr dr’. tonic transitions, not present in the global spectrum, may

appear in the local one. In the intermediate regime of a nar-
27) row but finite probe, it is possible that a cancellation of the
This expression is in principle not limited to low- contributions fromw* at different points in space takes

photoexcitation intensities; vig , f,, appearing in Eq(25) it~ Place, leading to a nontrivial localization of the absorption.

provides a general description of linear as well as nonlineaf Ne result will then be quite sensitive to the extension of the

local response, i.e., from excitonic absorption to the gairfight beam.

regime. On the other hand, in the linear-response regime

1-fo—fh=1 and the quantity  W(re,rp) ll. NUMERICAL RESULTS

=Eehc’gh¢e(re)¢h(rh) can be identified with the exciton

wave function; in this case the explicit form of the local-

absorption coefficienf27) can be written as

The theoretical formulation of Secs. | and Il is valid for
semiconductors of arbitrary dimensionality. To illustrate the
effects of nonlocality and Coulomb interaction on the local
absorption spectrum, we now consider quasi-one-

(29) dimensional1D) nanostructuregquantum wires subject to
a local EM excitation propagating parallel to the free axis of
the structurez. For simplicity, we describe the narrow light
beam by a Gaussian EM field profil&(r)=exd —(x*
2 +yA)/20%].2° The explicit expressions for quasi-1D systems
f WA(r,né(r—R)dr (290 are derived in the Appendix.
As a prototype system, we have chosen to investigate sys-
The effects of spatial coherence of quantum states are easilgms composed of GaAs/AlAs T-shaped QWR’s, which rank
understood in the linear regime on the basis of §). For  among the best available samples from the point of view of
a spatially homogeneous EM field, the absorption spectruraptical properties, and allow for a strong quantum
probes the average df* over the whole spacg@lobal spec-  confinement!?2
trum). In the opposite limit of an infinitely narrow probe In Fig. (@ we show the ground-state effective wave
beam,ag(R,w) maps|¥*|?; the local absorption is nonzero function [Eq. (A3)] for a single QWR, including the
at any point where the exciton wave function gives a finiteelectron-hole interaction; the exciton is strongly localized at
contribution. It is, therefore, clear that “forbidden” exci- the intersection of the parent QW's, the localization being

E ag(R,w)

ag(R,co)=|m )\ m7

where

oz}g‘(R,ou)Oc
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absorption in the coupled QWR structure is dominated by
Coulomb interaction, thus making very high resolution local
optical spectroscopy a very powerful tool. To demonstrate
this aspect, we have simulated a local optical spectroscopy
experiment by calculating the local absorption spectra while
sweeping the tip of the probe across a double-QWR struc-
ture; the influence of interwire Coulomb interaction is dem-
onstrated in Fig. 3, where full calculations including
electron-hole interactioficenter panejsare compared with
calculations where the correlation is switched @é&ft pan-
els). For this example we have chosen a set of asymmetric
structures composed of two sligthly different QWR’s, with
various distances between the stems of the wires. In the un-
correlated spectra we can only distinguish two peaks arising
from single-particle transitions localized in either wires; the
two peaks shift in energy as a function of the interwire dis-
tance, decreasing from top to bottom, as a result of the in-
FIG. 2. Effective wave functiofiEq. (A3)] for (a) the ground ~ Creasing overlap between the single-particle states localized
state and(b) the first excited state in structure composed of twoin the two QWR’s, and are accompained by a high-energy
symmetric T-shaped quantum wires, each obtained at the intersetail which is due to the single-particle joint density of states.
tion of two GaAs/AlAs wells. The real part is plotted {g) while ~ Note that there is no sign of spatially indirect transitions
the imaginary part is negligible; the opposite applieoBoth the ~ connecting an electron and a hole localized in different
parent QW's and the barrier between the vertical stems are 5.4 nwires.

-10 0 10

wide. Coulomb interaction is taken into accoutwo subbands in- The situation is very different when Coulomb correlation
cluded in the calculation of the polarizatjoiThe confinement pro-  is taken into account. First, we note that for the larger wire
file is shown in both panels for reference. separation(top row (i) the two main peaks, arising from a

direct transitions located in either wires, are red-shifted by

dominated by that of the hole state which has a heavier efh€ exciton binding energy, arid) the high-energy continua
fective mas£! When the effect of a locally inhomogeneous &€ Suppressed, as expected from previous studies of total
EM field with a Gaussian shaper€ 10 nm is simulated 2PSorption in quasi-1D structur&§When the interwire dis-

[Fig. 1(b)], we find that the signal exibits a maximum at the tance Is _decre_ased, (rjlelvv pe_aks_ appear Iln ghe spgctra whose
location of the exitonic wave function, but the details of the EN€rgy. Intensity, and location Is strongly dependent upon

shape of the wave function are lost as, for this particulatn® cogpllng *?et;‘{eeg t?ﬁ Wo wwss, Wh'lc? mcr_easefs from
sample, they take place on a scale shorter than top to bottom in Fig. 3. These peaks result from interference

The above situation for a single QWR can be contraste#’etwgen positive and negative regilons of ‘h‘? effectiye wave
with the situation for two coupled QWR’s. In the latter case unctions, whose square modulus is shown in the right col-

the exitonic states of the two QWR’s are coupled by Coyimn for comparison. Figure 4 compares the local spectra

lomb interaction if their mutual distance isag; therefore, obtained V‘_"th a_t|p position located In the center of the right

in this case the nonlocal character of the Coulomb interactiof"d l€ft wire \fv'th the tptalégabsorptlon for the same set of

can be exposed by a local probe with-ag. To exemplify coupled QWR's as in Fig. 3.

this, we show in Fig. 2 the effective wave function(af the

ground and(b) the first excited excitonic states for two CONCLUSIONS

coupled, symmetric QWR's, including electron-hole Cou- |, symmary, we have developed a general formulation of
lomb interaction. It should be noted th@j the two excitonic  he theory of local optical absorption in semiconductor nano-

states confined in the two QWR's are strongly coupled bysiyctures, taking into account quantum confinement of elec-
effect of the Coulomb interaction arid) the effective wave 54 and hole states and the electron-hole Coulomb interac-
function is not positive definite but is even or odd for the fjon \we have proved that absorption is strongly influenced

ground and first excited state, respectively; as a consequenqg, the spatial interference in the exciton wave functions,

in @ homogenous EM field only the ground state appears ifyhich depends on the profile of the light beam. When the

the spectrum, while the first excited state is prohibited by &ytensjon of the beam becomes comparable with the exciton
selection r_ule aris_ing from the cancellgtion bet\_/veen pos_itiveBohr radius, local spectra are expected to display different
and negative regionfsee Eq.(29)]. This selection rule is  featyres with respect to integrated spectra, resulting from the
relaxed in a local optical spectroscopy experiment, if variay eaking of selection rules. Calculations performed for a set

tions of the EM field takes place on a scale comparable to thgf coupled quantum wires show that the interpretation of
modulations of the effective wave function. In fact, when the,oar-field experiments will require a quantitative treatment

center of mass of the beam does not coincide with a Symmess these effects as their spatial resolution increases.
try point of the structure, the symmetry of the whole system
is broken; consequently, cancellations do not take place ex-
actly; moreover, they are a function of the position and ex-
tension of the beam. We thank C. Simserides for a careful reading of this
It should be stressed that the spatial dependence of theanuscript. This work was supported in part by INFM
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FIG. 3. (Color) Calculated local absorption(X,Y,Aw) as a function of photon energy and beam position for a set of asymmetric
T-shaped quantum wires whose coupling is decreasing from the top to the bottom row. Left column: the spectra are calculated in the
single-particle approximation. Central column: full calculation including electron-hole Coulomb interaction. Right column: square modulus
of the effective wave function. Two subbands were included in the calculations. The three panels in each row refer to the same structure,
obtained at the intersection between an horizontal G\W nm widg, and two vertical QW’sthe left QW is 5.4 nm wide and the right QW
is 6.0 nm wide. The vertical QW'’s are separated by a distadeequal to(from top to bottom 10.8, 9.6, 8.0, 6.8, 5.4, and 4.4 nm. The
tip positionX is swept across the structure along a line positioned in the middle of the horizontal QW; the EM field distribution is Gaussian,
with =10 nm, and a broadening=2 meV is included in the calculation.
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where o™ is the resonance frequencli(w) describes the

d=108nm | line broadening, and

d)h(x,y)zf WNr,r)dz (A2)

We shall refer tab*(x,y) as theeffective exciton wave func-
tion; according to Eq(Al), when convoluted with the spatial
distribution of the EM field £(x— X,y —Y), ®*(x,y) yields
the contribution of the.th excitonic state to the local absorp-
tion ag(X,Y,w).

g=igihm 1 Taking advantage of the translational invariance alang
] we have
d=6smm | PMxy)= > PY, 45 (xy) ) (xy),  (A3)

VeVh
where we have define®" , ==, c" , . Note that only
z VKV TRz

Fourier components of the polarization wik§=—k! con-
tribute to the absorption.

In our calculations we use a plane-wave basis set to rep-
resent theX,y) dependence of the single-particle wave func-

tions,
1 .
¢S (xy)= == 2 ciiretriy  (A4)
/. et LxLy nxny Xy
1600 1610 1620 1630 1640 1650 wherek,=2mn, /L, anda=Xx,y. From Eqs(A3) and(A4)
E (meV) we get
A
FIG. 4. Global(solid line) and local absorption spectfaclud- DH(x,y)
ing electron-hole correlationcalculated with the beam centered on e e N Cnh
the right wire(dashed lingand on the left wirédotted ling for the => PY > ctreeikxrkn S ot eitkoctkyy),
same set of nanostructures as in Fig(same order from top to verh  © hn§n§ <y n:n; MMy
bottom). Hereo=10 nm and an artificial inhomogeneous broaden-
ing ('=2 meV) is included. (A5)
Therefore, we can write
through PRA “PROCRY,” and by the EC under the TMR
Network “Ultrafast” and the IT-project “SQID. DN(x,y)= E sznyei(kxwkyy), (A6)
NNy
APPENDIX: CALCULATION OF THE LOCAL where the Fourier coefficien@ﬁXny are given by
ABSORPTION IN THE LINEAR REGIME
FOR QUASI-1D SYSTEMS eve hv
, , Chn,= 2 Pl 2 ceenn|. (A7)
For a QWR the single-particle electron and hole envelope vevh ngngngng XY XY

fimc;nons, aifegearlng " Ec{_25)r,] can bih\ZN”tten aa//.e(r) and the primed summation is subjected to the conditiths
—¢>Ve(x,y)e 2% and wh(r)—qsyh(x,y)e 2%, respectively, +n2=nx,ne+nh=ny.

where vy, and ki’h are subband indices and wave vectors  Finally, |yf & cyan be factorized a&(x,y) = &(x) £,(y), as
along the free axis. The envelope functio¢$’h(x,y) are is the case of a Gaussian, then the integral in &d.) is
solutions of a Schidinger equation with effective masses given by

and band parameters appropriate for electron and heavy-

holes in the two-dimensiondRD) confinement potential of f N v
the QWR. D (x,y)é(x—X,y—Y) dx dy
In the linear regime the local absorption can be written as
[Ea. 29 =2 Chn BdkoEy(k)E®XTY, (Ag)
nny X
2 where
@ (X,Y,w)x >, U DMx,y)E(x—X,y=Y)dx d#
» . 1 .
- —ik
X h((l)_(l))\), (Al) fa(ka) 27Tf ga(a)e da. (Ag)
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