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We calculate the near-field optical spectra of excitons and biexcitons in semiconductor quantum
dots naturally occurring at interface fluctuations in GaAs-based quantum wells, using a non-local
description of the response function to a spatially modulated electro-magnetic field. The relative
intensity of the lowest, far-field forbidden excitonic states is predicted; the spatial extension of the
ground biexciton state is found in agreement with recently published experiments.

Optical manipulation of states in quantum dots (QDs)
is a key towards the implementation of quantum informa-
tion processing in semiconductors.1–3 Important features
of QDs are not only that excitations are fully discrete
in energy resulting in long coherence times,4,5 but also
that they are governed by the Coulomb interaction be-
tween electrons and holes which gives rise to specific few-
particle aggregates as a result of photoexcitation. Based
on this unique mechanism, all-optical conditional con-
trol of exciton and biexciton states were proposed and
demonstrated for quantum computing schemes in QD
structures.2,6

The use of local probes for a detailed understanding of
these interacting states and their real-space distribution
is thus of great interest for their engineering, and might
open the way to the important goal of direct optical ma-
nipulation of individual states in coupled structures. The
so-called natural QDs —or terraces—, where quantum
confinement is induced by local monolayer fluctuations
in the thickness of a semiconductor quantum well, have
sofar been excellent laboratories for the study of these
novel phenomena because quantization is combined with
a large oscillator strength associated to the large active
volume of the QD.7 The huge progress in probe prepa-
ration has lead to resolutions which in this class of sys-
tems have reached the scale of the constituent quantum
states.8–11

In this letter, we investigate theoretically the optical
response of excitons and biexcitons in natural QDs in
near-field experiments. We calculate the spatial maps
of the exciton and biexciton low-energy states, taking
into account the non-local susceptibility of the electro-
magnetic (EM) field, and show that the spatial extension
depends on the correlated state, being narrower for biex-
citons, in agreement with experimental findings. We also
calculate the oscillator strengths of the lowest, far-field
forbidden excitonic states, and show that they can be
comparable to the ground state, thus allowing for their
observation at the presently achievable resolution scale.

Exciton and biexciton states. For excitonic complexes
bound to interface fluctuations, where the confinement
considerably exceeds the excitonic Bohr radius, center-

of-mass and relative motion of the electron-hole pairs can
be decoupled. Then, the in-plane part of the exciton and
biexciton wavefunctions, Ψx and Ψ̄b, respectively, can be
approximately written as12

Ψx(r1, ra) ∼= φo(r1, ra) Φx(Rx)
Ψ̄b(r1, r2, ra, rb) ∼= φ̄o(r1, r2, ra, rb) Φ̄b(Rb) . (1)

Here, φo and φ̄o are the exciton and biexciton wavefunc-
tions for an ideal quantum well, whereas Φx and Φ̄b are
the envelope functions accounting for interface fluctua-
tions. We denote electrons with r1 and r2, holes with ra

and rb, and finally the exciton and biexciton center-of-
mass coordinates with Rx and Rb. The specific forms
of φo and φ̄o are taken from Kleinman13 for a 5 nm

FIG. 1: Confinement potential along x for the center-of-mass
motion of excitons (solid line) and biexcitons (dashed line).21

The insets report the exciton probability distributions pi(r)
for (a) electrons and (b) holes, the biexciton probability distri-
butions p̄i(r) for (c) electrons and (d) holes, and (e) µ(r) the
probability of creating a second electron-hole pair at distance
r from the exciton center of mass. The reduced probability
at the center of (d) is attributed to the repulsive part χ of the
trial wavefunction.13
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FIG. 2: (a–d) Real-space map of the square modulus of the wavefunctions for the exciton (a) ground state, (b) first and (c)
third excited state, and (d) the biexciton ground state;21 the dashed lines indicate the boundaries of the assumed interface
fluctuation. (a’–d’) Near-field spectra for a spatial resolution of 25 nm and (a”–d”) 50 nm, as computed according to Refs. 17,18

and eq. (3). The FWHM of the assumed EM-field distribution is indicated in the 2nd and 3rd row

thick quantum well, i.e., the usual two-dimensional exci-
ton state ∝ exp−kr1a, k = 1.94 in units of the Bohr ra-
dius ao, and the biexciton state ψ(r1a, r1b, r2a, r2b)χ(rab),
which consists of trial wavefunctions ψ and χ associated
to the attractive electron-hole14 and repulsive hole-hole15

interactions, respectively; rij is the distance between par-
ticles i and j.

We consider a prototypical interface-fluctuation con-
finement of rectangular shape with dimensions 100 × 70
nm2, and monolayer fluctuations of a 5 nm thick well.10,11
The exciton confinement is then given by the well-width
dependent electron and hole single-particle energies along
z convoluted with the probabilities pi(r − R) of finding
an electron or hole at distance r from the center-of-mass
coordinate R,12 with a straightforward generalization to
biexcitons (τ and τ̄ denote the phase space for excitons
and biexcitons, respectively)

pi(r −R) =
∫
dτ δ(R−Rx)δ(r − ri)φ2

o(r1, ra)

p̄i(r −R) =
∫
dτ̄ δ(R−Rb)δ(r − ri) φ̄2

o(r1, r2, ra, rb) .

(2)

Figure 1 shows the effective confinement potential for
excitons (solid line) and biexcitons (dashed line). The in-
sets show that for excitons the electron probability distri-
bution pe(r) extends over the effective Bohr radius k−1ao

whereas ph(r) is strongly peaked around 0; in contrast,
for the biexcitons the weaker Coulomb binding results
in a strong delocalization of the two-exciton complex.13
As consequence, the biexciton center-of-mass motion is
confined within a significantly smaller region.

The resulting two-dimensional Schrödinger equation
for the exciton and biexciton center-of-mass wavefunc-
tions Φx(Rx) and Φ̄b(Rb), respectively, are solved
through a real-space discretization and numerical di-
agonalization on a grid of typical dimensions 64 × 64,
similarly to the procedure described in Ref. 16. The
computed exciton and biexciton states exhibit symme-
tries reminiscent of the two-dimensional box-like confine-
ment,21 i.e., an s-like exciton groundstate (fig. 2a), two
p-like excited states of lowest energy with nodes along x
(fig. 2b) and y (not shown), and two nodes along x for
the third excited exciton state (fig. 2c); finally, the biex-
citon groundstate (fig. 2d) indeed shows a much stronger
localization than the exciton groundstate (fig. 2a).

Near-field spectra. When the EM-field is modulated on
the scale of the relevant quantum states, the non-local
response of the system must be taken into account.17 In
addition to the relaxation of the far-field selection rules
due to the different symmetry of the field with respect
to the quantum states, spatial coherence may give rise to
interference effects, so that collected spatial maps may
be non-trivially related to the localization of the exci-
tonic wavefunctions. We compute the near-field spectra
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FIG. 3: Total absorbed power of the first (black, dashed line),
second (gray, dashed line), and third (black, solid line) excited
exciton state as a function of the spatial resolution of ξ. For
all resolutions the spectra are normalized to the ground state
absorption. The first and second excited excitons are far-field
forbidden, whereas the oscillator strengths of the third excited
state is approximately one ninth of that of the ground state.

analogously to the procedure described in Refs. 17,18 for
an EM-field distribution ξ(Rtip − r) of Gaussian shape
centered around the tip position Rtip. For the excitons
the local absorption spectra at a given exciton energy
Ex are then given by the square modulus of the convo-
lution of ξ with the exciton wavefunction Φx.16,18 For
the biexciton we have to be more specific of how the
system is excited. We shall assume that the QD is ini-
tially populated by the ground state exciton and that
the near-field tip probes the transition to the biexciton
states. This situation approximately corresponds to that
of Refs. 10,11 with non-resonant excitation in the non-
linear power regime. The local spectra are then propor-
tional to19

∫
dr ξ(Rtip − r)〈x|ψ̂h(r)ψ̂e(r)|b〉, with x and

b denoting the exciton and biexciton states of eq. (1),
respectively, and ψ̂e(h)(r) is the usual fermionic field op-
erator for electrons (holes). Then, the square modulus
of

∫
dR Φx(R)µ(r −R) Φ̄b(

r + R

2
) (3)

convoluted with ξ gives the optical near-field spectra cor-
responding to the transition from x to b, with µ(r−R) =∫
dτ δ(R−Rx)φo(r1, ra)φ̄o(r, r1, r, ra) giving the prob-

ability of exciting an electron-hole pair at r when an
exciton is located at R (see fig. 1e)19.

In the second and third rows of fig. 2 we report our cal-
culated optical near-field spectra for spatial resolutions of
25 and 50 nm. It should be noted that the first (fig. 2b)
and second excited state (not shown) are dipole forbid-
den, but have large oscillator strengths for both resolu-
tions. Note also that, as a result of interference effects,
the spatial maps at finite spatial resolutions differ some-
what from the wavefunction maps, particularly for the
excited states: the apparent localization is weaker and,
in (c), the central lobe is very weak for both resolutions.
Finally, we observe that for the smaller spatial resolution
the biexciton ground state depicts a stronger degree of
localization than the exciton one, in nice agreement with
the recent experiment of Matsuda et al.10,11.

In order to be more quantitative and show if near-field
experiments may distinguish the dipole forbidden transi-
tions, we have calculated the total absorbed power (i.e.,
the incoherently summed intensity of the maps exem-
plified in fig. 2) as a function of the spatial resolution.
Figure 3 shows that the intensity of the lowest dipole-
forbidden state is a substantial fraction of the ground
state intensity, and larger than the next dipole allowed
excited states up to resolutions comparable with the QD
linear dimensions. Indeed, preliminary results indicate
that p-like structures have been seen in the sample of
Ref. 9.20
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