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A spectral analysis of the Aharonov-Bohm (AB) oscillation in magneto-photoluminescence

intensity was performed for stacked type-II ZnTe/ZnSe quantum dots (QDs). Very narrow AB

oscillations (�0.3 T) allowed for probing of both the lateral size distribution in the stack ensemble

of QDs and the size of type-II excitons as determined by the electronic orbit with sub-nanometer

precision. Two sets of stacks with excitonic size of 18.2 and 17.5 nm are determined to be present

in the sample. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4721489]

In type-II semiconductor heterostructures spatial separa-

tion of the photo-generated electrons and holes occurs due to

preferable band alignment. Knowledge of the size of such

spatially indirect excitons is of fundamental importance. In

type-I systems, for example, the excitonic size is often deter-

mined via magneto-photoluminescence (PL) studies. When

excitons are subjected to external magnetic fields, for rela-

tively weak fields, parabolic (diamagnetic) dependence of

emission energy is observed and for strong fields that

become linear (Landau level transitions).1,2 One can then

extract the excitonic size from the crossover of the two dif-

ferent field regimes (see, e.g., Refs. 3–5 and references

therein).

In this letter, we show that for type-II quantum dots

(QDs) with cylindrical symmetry (stacked in our case), the

excitonic radius can be determined with very high accuracy

via the Aharonov-Bohm (AB) effect.6 Specifically we report

the AB signature of two distinct sets of QDs stacks present

in the sample and determined the excitonic size to be 18.2

and 17.5 nm, respectively.

The AB effect has been predicted7,8 to manifest itself in

optical emission of radially polarized excitons in nanorings

and disk like type-II QDs, followed by experimental verifica-

tion for both systems.9–12 Although, in type-II QDs, excitons

are particularly sensitive to the AB effects due to relatively

larger spatial separation of the charged particles, in general,

more reports are available for quantum ring systems12–18

than for type-II QDs of suitable geometry.9–11,19,20

The AB phase reveals itself in magneto-PL of cylindrical

type-II QDs via the change of the exciton ground state from a

zero orbital angular momentum state (jL ¼ 0i) to jL 6¼ 0i with

increasing magnetic flux. This transition of the angular mo-

mentum to a non-zero value influences the optical properties

in two ways:7,8,10 (i) The ground state energy oscillates as the

orbital angular momentum states cross and (ii) the PL inten-

sity changes due to optical selection rules. Experimentally,

the latter is often observed as one or more oscillations

(“peaks”), which can arise due to such factors as QD shape an-

isotropy, e.g., elongation,9 presence of impurities,19,21 and/or

built-in electric field.15 In these cases, the excitonic states do

not possess a definite value of the angular momentum, and the

selection rules for optical transitions are relaxed.9,19,21,22

Also, a “peak” in magneto-PL of disk-like type-II QDs (with

one carrier strongly confined inside the dot, as the hole in our

case) can appear in real experiments where the whole system

is in the magnetic field, and the electron wavefunction is

“squeezed” closer to the QD boundary,20 leading to an

increase in the electron-hole overlap, and thus increased PL

intensity, which abruptly decreases when the electron changes

its state from jL ¼ 0i to jL 6¼ 0i with increasing magnetic

flux (field). In all cases9,13,15,21 the maximum of the first oscil-

lation occurs at the magnetic flux value U ¼ U0=2, where

U0 ¼ h=e is the flux quantum and h and e are the Planck’s

constant and the electron charge, respectively. Therefore,

since in actual measurements one determines the magnetic

field rather than the flux, the characteristic area enclosed by

the orbiting exciton (dipole) can be obtained.

Considering that the stacking of QDs results in averag-

ing out shape and size variations9 and that at low temperature

jL ¼ 0i dominates the optical properties,21 we can estimate

the excitonic size, using the following expression:

pR2
eBAB ¼ U0=2; (1)

where BAB is the magnetic field corresponding to the first os-

cillation peak and Re is the radius of electronic orbit that

gives the size of the type-II polarized exciton.

To determine the excitonic size for various QD stacks in

the system, we spectrally resolved the AB oscillations in the

optical emission of the stacked ZnTe/ZnSe QDs. Previ-

ously,9,11,15,19,22 oscillations in the integrated PL intensity

have been commonly demonstrated; this can be thought as

an overall averaged interpretation of the emission from all

the emission centers that contribute to the PL spectra. A

spectral study, on the other hand, can reveal the properties at

particular spectral positions and thus can be used as a fine

probe to study contributions from different centers present in

ensemble systems.
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High resolution PL measurements (at zero magnetic

fields) were done with a TriVista SP2 500i Triple monochro-

mator coupled with a thermoelectrically cooled CCD cam-

era. The optical excitation was achieved with the 351 nm

line of an Ar-ion laser. The magneto-PL experiments were

performed with a Cryo Industries of America 9 T supercon-

ducting magnet outfitted with fiber optic probe, used to

excite and collect the PL. The detection for magneto-PL

experiments was done by a portable high resolution ocean

optics solid state spectrometer.

The samples studied are stacked type-II ZnTe/ZnSe

QDs grown via migration enhanced epitaxy using three sub-

monolayer deposition cycles of Zn-Te-Zn sandwiched

between nominally undoped ZnSe barriers. Details of growth

and optical analysis of similar samples were reported else-

where (see Refs. 23–25 and references therein). In these sys-

tems the PL of the QDs (generally seen as a broad “green

band” with peak energy of �2.5 eV, sometimes with a low

energy shoulder11 and as low as 2.3 eV (Refs. 25 and 26) is

convoluted with the emission from excitons bound to isoe-

lectronic centers (ICs) of various sizes (Ten�2).23 The sam-

ples studied here exhibit a high degree of separation of QD

containing layers from the barriers as observed by the pres-

ence of the sharp band edge emission (Fig. 1), which previ-

ously was seen only in samples grown with a single Zn-Te-

Zn MEE cycle.27 As expected, this sample exhibited the AB

oscillation in the integrated PL intensity, as shown in the

inset of Fig. 1. The full width at the half maximum (FWHM)

of the integrated intensity oscillation in the magnetic field is

�0.3 T.

In Figs. 2(a) and 2(b), we show the spectral analysis of

the magneto-PL in this sample. We traced the values of BAB

at energies across the PL spectrum. The PL spectrum for the

sample taken under experimental condition of magneto-PL is

shown in Fig. 2(b), which is shown to relate the spectral

behavior of BAB (Fig. 2(a)). The observed BAB changes from

a lower value of �1.98 T at the lower energy side (below

�2.50 eV) to a higher value of �2.15 T at the higher energy

side (above �2.54 eV), and these variations are measurable

beyond the experimental error. The transition in BAB is very

clear and suggests an existence of two sets of QDs. Using

the expression for the transition field (Eq. (1)) we estimate

the size of the type-II exciton (which coincides with radius

of the electronic orbit, as discussed above) for each set of

QDs from the value of BAB to be �18.2 and �17.5 nm for

the lower and higher energy sides of the PL spectrum,

respectively. We, thus, have measured spatial component of

the excitonic wavefunction with sub-nanometer accuracy.

In summary, we gained insight into the lateral size dis-

tribution of QDs in stacked type-II ZnTe/ZnSe system via a

spectral study of the excitonic AB oscillation in PL intensity

that could distinguish the presence of two sets of QDs stacks.

We also determined the characteristic size of type-II polar-

ized exciton for each set with sub-nanometer precision. The

robust AB oscillations in our material system arising due to

stacked nature of cylindrical QDs suggest that such a system

can be a good candidate for quantum information related

applications.
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