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We demonstrate that the singular binding mechanism characterizing isoelectronic centers formed from two
isoelectronic traps can also bind, in addition to the well-studied excitons, various number of charges. Using the
emission fine structure of Te dyads in ZnSe and N dyads in GaAs, we establish that these pseudodonors and
pseudoacceptors can bind positively and negatively charged excitons, respectively, and that both can bind
biexcitons. This ability to bind various charge configurations, in addition to their very low inhomogeneous
broadenings and perfectly defined symmetries, further establishes isoelectronic centers as an interesting alter-
native to epitaxial quantum dots for a number of applications.
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I. INTRODUCTION

Isoelectronic centers, or more precisely isovalent impuri-
ties forming excitonic bound states,1 allow forming various
molecular-sized quantum emitters in semiconductors.2–6 Just
like epitaxial or colloidal quantum dots formed from 104 to
106 atoms, their emission can be tuned by changing the num-
ber of impurities involved and their respective interatomic
separations in the host lattice. However, these lesser known
nanostructures offer a number of unique characteristics that
larger quantum dots may never achieve. In a regime where
the quantum emitter is composed of very few atoms whose
respective positions are rigidly set by the host lattice, the
inhomogeneous broadening associated with a particular
atomic configuration of atoms can be extremely small, even
when measured on large ensembles.2,7,8 As the control over
the composition, size, and shape of quantum dots is rela-
tively poor, the ability to fabricate ensembles of identical
emitters or a single emitter whose emission is precisely con-
trolled is a considerable advantage for most applications,
from quantum dot lasers to cavity quantum
electrodynamics.9 Furthermore, the symmetry of isoelec-
tronic centers is perfectly defined,2,5,7 allowing to take full
advantage its influence on electronic states, an aspect that has
remained difficult to exploit with quantum dots.

Although these advantages over quantum dots are highly
desirable, it remained to be demonstrated that the binding
mechanisms at play in isoelectronic centers allowed binding
multiple charge configurations. Indeed, in recent years, a
number of promising applications based on charged excitons
and biexcitons have emerged. Charged excitons provide a
convenient and efficient way to initialize the spin of elec-
trons and holes and manipulate their wave functions10–13 and,
through their emission cascade, biexcitons bound to nano-
structures of relatively high symmetry are a promising way
to generate single pairs of entangled photons.14,15

In this Letter, we demonstrate that isoelectronic Te dyads
and N dyads can also bind charged excitons and biexcitons.
This new aspect of isoelectronic centers, combined with the
absence of inhomogeneous broadening, may be extremely

advantageous for scaling up recent advances in quantum
computing using semiconducting nanostructures. Also, iso-
electronic centers would be perfect candidates for the real-
ization of entangled photons source that do not require
manual selection or complex growth procedures.

Isovalent substitutions always create localized singulari-
ties in the host electronic charge density. If the electronega-
tivity and size differences between the two atoms involved
are important, such singularity can trap an itinerant
carrier.2,16 A pseudoacceptor �GaAs:N, GaP:N� attracts and
traps an electron while a pseudodonor �GaP:Bi, ZnSe:Te�
traps a hole. This primary particle, tightly localized in a vol-
ume which is about the size of a unit cell,16,17 can then bind
a particle of the opposite charge through Coulomb interac-
tion, resulting in a bound exciton. Although it has been
shown that N atoms could bind biexcitons in GaP,18 binding
of multiple charge configurations has never been demon-
strated experimentally nor considered theoretically.

The samples investigated were both grown on GaAs sub-
strates by molecular beam epitaxy. The first one consists of a
Te delta-doped ZnSe layer inserted between two 40-nm-thick
ZnSe layers. The estimated density of Te atoms is
2500 �m−2. This corresponds to a dyad concentration of
4 �m−2. The structure of the second sample consists of a 25
nm GaAs:N layer, clad by a protective 5 nm of GaAs on both
sides, and sandwiched between two Al0.25Ga0.75As barriers.
The nitrogen dyad concentration was measured at 0.5 �m−2.
The microphotoluminescence measurements were performed
at 4.5 K in a custom-made confocal microscope.19 Excitation
is performed at 405 nm �ZnSe� or 780 nm �GaAs� and the
overall spectral resolution is approximately 300 and 70 �eV
at these wavelengths. This microscope provides a spatial res-
olution of 0.82 �m, allowing to probe the PL from single
dyads. A magnetic field of up to 6 T can be applied in a
Faraday configuration.

II. ZnSe:Te

Dyads formed from pseudodonor Te impurities create a
number of bound states in ZnSe whose emission occurs in a
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range extending from 2720 to 2780 meV.6 Dyads appears to
be of C2v symmetry with several distinct interatomic
separations.20 Panel �a� of Fig. 1 presents the intensity of the
photoluminescence as a function of emission energy and po-
larization angle for a single Te dyad. The emission is com-
posed of four linearly polarized transitions accompanied at
higher energy, as will be determined later on, by two degen-
erate and circularly polarized transitions. The energy separa-
tion between these three groups of transitions is roughly 4
meV. The strictly identical spectral diffusion observed from
the six transitions as a function of time �see panel �b�� con-
firms that these transitions most likely originate from the
same dyad. Te dyads often exhibit intensity fluctuations and
spectral diffusions resulting from charges trapped in the vi-
cinity of the dyad.20

Although the exact interatomic separation is not know, the
presence of linearly polarized transitions along �110� �0°�
and �11̄0� �90°� crystallographic directions reveals that this
dyad is of C2v symmetry and located in a plane perpendicular
to the wave vector of the emitted light.20,21 The four polar-
ized transitions look somewhat similar to what would have
been expected if both heavy- and light-hole excitonic transi-
tions were simultaneously observed,5,20 but, due to the com-
pressive strain created on the ZnSe host by the GaAs sub-
strate, light-hole transitions, pushed approximately 12.6 meV
to higher energy,22 were not observed in this work.6,20 For
reasons presented below, only two of these four transitions
are associated with excitonic states, the other two involve a
biexcitonic state, and the two degenerate transitions are as-
signed to a charged exciton.

The excitonic or biexcitonic origin of optical transitions is
usually determined from the variation in the emitted intensity
as a function of the excitation intensity. For both quantum
dots23 and isoelectronic nitrogen,18 the integrated intensity
�I� can be represented by a power law of the excitation den-
sity �P� as I� Pk. The exponent for the biexciton �kXX�
should be twice that of the exciton �kX�, and, ideally, kX=1.
Panel �a� of Fig. 2 presents the variation in the emitted in-

tensity as a function of excitation intensity. We find kX=0.6,
kXX=1.2, and kX� =0.7. The factor of 2 between kX and kXX
allows the identification of the biexcitonic and excitonic
transitions. As expected from the work done on quantum
dots, the exponent for the charged exciton is very similar to
that of the exciton. Measured on a number of similar dyads,
kX varies from 0.6 to 0.8. Although there is some uncertainty
on the value of the exponent ��0.1�, it clearly appears that
kX and kX� are smaller than one. Despite this low coefficient,
kXX is always twice as large as kX. Although not well under-
stood at this time, this low value suggests that new recombi-
nation channels become available in the vicinity of the dyad
as the excitation power is increased.

In strained ZnSe, the degeneracy between heavy and light
hole is lifted and, just like the case of semiconductor quan-
tum dots, only heavy holes need to be considered. In C2v
symmetry, electrons and heavy-holes transform as �5.24 Ac-
cording to their integral spin, exciton, and biexciton repre-
sentations are single valued. In C2v, the degeneracy of all
four excitonic states, �1–4, is lifted by the exchange and crys-
tal field interaction. The four states results in two optically
allowed transitions and radiative emission from �2 and �4
result in transitions linearly polarized along and perpendicu-
lar to the dyad.20 Assuming both electrons and both holes
forming the biexciton are in their lowest energy state, the
wave functions of both pairs of identical particles must be
antisymmetric and the lowest energy state of the biexciton
must therefore transform as �1. The emission cascade from
the biexciton to the ground state ��1� can occur through ei-
ther excitonic states: �1→�2→�1 or �1→�4→�1. Accord-
ing to this recombination scheme, the polarization ordering
between the two pairs of transitions will be reversed, as ob-
served in panel �a� of Fig. 1. Furthermore, since both recom-
bination paths share the same initial and final states, the split-
ting between the exciton and the biexciton doublet should be
the same. Indeed, for all dyads studied, the splitting is found
to be identical.

The energy of all transitions under a magnetic field in
Faraday configuration is presented in panel �b� of Fig. 2. All
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FIG. 1. �Color online� Photoluminescence from a Te dyad of
C2v symmetry in ZnSe. �a� Intensity as function of energy and po-
larization angle. �b� Intensity as a function of time and energy for
transitions linearly polarized along 0°.
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FIG. 2. �Color online� Photoluminescence from excitons X,
biexcitons XX, and charged excitons �X�� bound to a Te dyad of C2v
symmetry in ZnSe. �a� Integrated intensity as a function of the
excitation power. �b� Energy as a function of magnetic field in Far-
aday configuration.
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transitions exhibit a linear and quadratic shift due to the Zee-
man effect and diamagnetic shift, respectively. Excitonic and
biexcitonic transitions mostly remain linearly polarized but
begin to depolarize at high fields. The degeneracy of the line
at higher energy is lifted and its emission is circularly polar-
ized at all fields.

Although such degenerate transition could originate from
an exciton bound to a dyad of D2d or C3v symmetry, we rule
out this possibility for two reasons. First, a systematic study
of more than 50 dyads did not reveal any dyad of symmetry
other than C2v.20 Second, this degenerate transition is always
accompanied by two linearly polarized transitions associated
to an exciton or by four linearly polarized transitions associ-
ated to an exciton and a biexciton. The systematic presence
of the linearly polarized transitions is incompatible with any
other symmetry than C2v. Therefore, this degenerate transi-
tion can only result from the absence of exchange interaction
associated with a negatively of positively charged exciton.

The measured diamagnetic shifts are �X=0.9�0.2, �XX

=1.6�0.3, and ��=1.3�0.2 �eV T−2. For all states ob-
served, the exciton diamagnetic shift is small compared to
that of other types of bound excitons in ZnSe,25–27 indicating
a strong localization of all charged carriers involved.

The charged exciton appears to be positively charged for
two reasons. �i� Treating the Coulomb interaction between
the exciton and its extra charge as a perturbation to single-
particle states, we expect the binding energy of the nega-
tively charged exciton to exceed that of the exciton since the
attraction between the tightly localized hole and the electron
is stronger than the repulsion between both electrons. Using
a similar reasoning, we expect the binding energy of the
exciton to exceed that of the positively charged exciton since
the repulsion between two localized holes should be impor-
tant. �ii� A negatively charged exciton would, after recombi-
nation of the exciton, leave behind a free electron. Due to a
significant change in wave function localization, the mea-
sured diamagnetic shift of X� would then be reduced with
respect to that of the exciton.28,29 Since �� is equal or at most
slightly exceeds �X, the remaining charge is bound to the Te
dyad. As an electron alone cannot be bound, we assign the X�

to a positively charged exciton.
The binding energy of the biexciton is positive, indicating

that the attraction energy between an electron and a localized
hole is greater than the repulsion energy between electrons,
as can be expected considering the important localization of
the hole with respect to the electron. Finally, �XX is slightly
higher than that of both other transitions and indicates that
the spatial extent of the second exciton exceeds the first one.

Figure 3 shows the relative biexciton and charged exciton
binding energies as a function of the exciton emission en-
ergy. EX−EXX/X� represents the energy necessary to bind ad-
ditional charges on a dyad. Both complexes exhibit an in-
crease of their binding energy as a function of the emission
energy. Since the emission energy increases with the inter-
atomic separation of the dyads,2,30 these results suggest that
the binding energy of both the charged exciton and the biex-
citon increases with the interatomic separation. This is ex-
plained by a decrease of the overlap between the wave func-
tions of the various charges involved and a decrease of the
repulsive Coulomb interaction. Interestingly, the binding en-

ergy of the charged exciton changes sign for dyads with large
interatomic separation.

Even though we cannot clearly distinguish different con-
figurations, several interatomic distances are likely observed
and may partly explain the increase of the binding energy.
Increasing the interatomic distance leads to a decrease of the
wave function overlap between the carriers and to a decrease
in the repulsive Coulomb interaction. The linear and continu-
ous dependence of the binding energy shows that the origin
of the inhomogeneous broadening have the same effect that
the interatomic separation.

III. GaAs:N

We now demonstrate that a pseudoacceptor, a N dyad in
GaAs, can bind both charged excitons and biexcitons as well.
Previous work has shown that single N impurities could bind
biexcitons18 but here all measurements were done on the
nitrogen dyad configuration emitting closer to the band-gap
energy of GaAs,31 corresponding either to a first or fourth
anionic neighbor configuration.17 A thorough analysis of the
excitonic luminescence can be found in Refs. 5 and 32. In
contrast to the system described in the previous section and
most other quantum structures generally studied, the heavy-
and light-hole bands are degenerate and the overall number
of exciton, biexciton, and charged exciton states composing
the emission fine structure is considerably increased.

Panels �a� and �b� of Fig. 4 shows eight transitions. The
four linearly polarized excitonic transitions at high energy
indicate a dyad of C2v symmetry located in the plane perpen-
dicular to the wave vector of the emitted light. An intense
doublet E1–2

� , degenerate at 0 T, is located approximately 2
meV below the excitonic transitions. Although very faint,
another doublet �E3–4

� � is present approximately 180 �eV
below. Both of these doublets are assigned to a charged ex-
citon with an enhanced binding energy with respect to the
exciton. Panel �c� of Fig. 4 shows the energy of these four
states under a magnetic field. All degeneracies are lifted and
all lines clearly shift to higher energy, indicating an impor-
tant diamagnetic shift. Transitions E3,4

� are relatively weak
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FIG. 3. �Color online� Energy emission separation of the
charged excitons �green circle� and biexcitons �blue square� with
the excitons as a function of the exciton energy. The exciton emis-
sion energy used is the average of the two linearly polarized exci-
tonic transitions.
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and although the precision of their position does not allow an
elaborate analysis, the curvatures of E1,3

� and E2,4
� around

�4 T suggest an anticrossing.
Although a larger binging energy suggests that the exciton

is positively charged, this possibility is ruled out by the
enhanced diamagnetic shift with respect to that of the
exciton and the presence of two doublets at 0 T. Indeed, after
recombination, the final state of a positively charged exciton
would be a free hole and the measured diamagnetic
shift would then be equal or less than of that of the
exciton.28,29 Comparing the charged exciton diamagnetic
coefficient �5.3�0.1 �eV /T2� with that of the exciton
�1.99�0.06 �eV /T2�, an extra positive charge appears un-
likely. For a negatively charged exciton, the two electrons
form a �1 spin singlet and the hole can be either heavy or
light, resulting in a total of two doubly degenerate �5 states.
Heavy-hole charged excitons produce two circularly polar-
ized transitions while light-hole charged excitons produce
two circularly polarized transitions and two linearly polar-
ized transitions. However, these last two transitions are inac-
cessible for in-plane dyads. Although heavy- and light-hole
states of similar polarization are strongly mixed, two doubly
degenerate states are nonetheless expected, matching the ob-
served fine structure of the charged exciton.

To explain the enhanced binding energy with respect to
that of the exciton, the second negative charge must be in a
configuration minimizing the repulsion with the first tightly
bound electron. Indeed, for an exciton bound to a negatively
charged dyad, a configuration somewhat similar to that of an
exciton bound to an ionized acceptor, the relative delocaliza-
tion of the second electron with respect to the tightly bound
electron could increase the overall binding energy. This in-
terpretation is confirmed by the significant diamagnetic shift
increase of the charge exciton with respect to the exciton.
Finally, the considerable overlap between the second electron
with the hole favors their recombination.

Panels �a� and �b� of Fig. 5 show the emission spectra
measured on an out-of-plane dyad of C2v symmetry. Al-
though this dyad does not match the spectra expected from
its configuration, the presence of a biexciton makes it very

interesting. The emission spectra from this dyad is composed
of two groups of two linearly polarized transitions separated
by approximately 8 meV, which strongly exceeds the fine
structure splitting generally observed.32 Panel �c� presents
the integrated intensity of this emission as a function of ex-
citation power. The variation is linear for the low-energy
group of transitions and quadratic for the other. We therefore
assign them to excitonic and biexcitonic emissions. As mea-
sured on biexcitons bound to individual N impurities in GaP,
the binding energy of the biexciton is reduced with respect to
that of the exciton.18 As expected, a polarization reversal is
observed and the fine structure splittings of the exciton and
biexciton are identical.

In C2v symmetry, the crystal field and exchange interac-
tions result in five excitonic and six biexcitonic states leading
to optical transitions. The number of recombination path-
ways for the biexciton is therefore considerable. Interest-
ingly, the exciton spectra �panel �a�� is composed of only two
linearly polarized lines instead of the expected five
transitions,21,33 indicating that for some unknown reasons
three transitions are suppressed. Furthermore, a number of
biexcitonic states also appear suppressed, as more than two
transitions could be expected. The absence of a number of
lines, added to the fact that few of the dyads measured ex-
hibited a biexcitonic emission, probably indicate that biexci-
ton bound to N dyads of small interatomic separations can
only be observed in some particular conditions. Although
only a small subset of the expected transitions is observed,
the existence of the bound biexciton is confirmed.

IV. CONCLUSION

The results presented in this work establish that isoelec-
tronic centers, just like their larger and more conventional
counterparts, can bind various many-carrier configurations.

FIG. 4. �Color online� Photoluminescence intensity from an in-
plane C2v N dyad. �a� Polarized emission spectra taken at 0° and
90°. Arrows indicate the position of the two degenerate charged
exciton transitions. �b� Intensity as a function of polarization angle
and energy. �c� Energy as a function of magnetic field for the four
transitions related to the charged exciton.
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FIG. 5. �Color online� Photoluminescence from a N dyad of C2v
symmetry located in a �101� plane. �a� Exciton and �b� biexciton
spectra. �c� PL Integrated intensity as a function of excitation
power.
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The binding mechanisms at play in these nanostructures are
quite different from the extensively studied heterostructure
confinement and, although a qualitative understanding of the
exciton binding mechanisms exists, an adequate analysis of
the binding energy of the various carrier configurations prob-
ably requires sophisticated tools rigorously taking into ac-
count carrier-carrier interactions, including exchange and
correlation effects.
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