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Robust and narrow Aharonov-Bohm (AB) oscillations were observed in magneto-photoluminescence intensity
of stacked ZnTe/ZnSe quantum dots (QDs) due to the presence of built-in electric ﬁeld. A spectral analysis of
such AB oscillations allowed for qualitative probing of lateral size of type-II excitons. Two samples grown using
different growth sequences were analyzed and compared. The magnetic ﬁeld value at which the AB transition
takes place changed across the spectra for one of the samples, indicating a presence of two distinct QD stacks;
a “double peak” in the AB oscillation is clearly distinguished in the spectral region where emissions from each
stack overlap. The presence of built-in electric ﬁeld was conﬁrmed by behavior of the PL intensity as a function
of temperature.
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I. INTRODUCTION

The Aharonov-Bohm (AB) effect1 has made signiﬁcant
impact on the development of physics2,3 since its discovery in
1959. The AB effect can be typically viewed as the interference
of a quantum charged particle moving along a closed trajectory
in a region enclosing magnetic ﬂux and where no classical
Lorentz forces are present, thereby acquiring a quantum
topological phase proportional to the enclosed magnetic ﬂux.
It was later shown that such a nontrivial quantum phase can be
acquired by a moving electric dipole in a magnetic ﬁeld.4–6
It was predicted that the AB effect for the dipole can be
observed via optical emission of radially polarized excitons
in nanorings and disk-like type-II quantum dots (QDs)—
so-called excitonic AB effect—due to the interaction of the
dipole associated with the polarized excitons with the vector
potential.7,8 The experimental veriﬁcation of the AB signature
of such spatially indirect excitons9–12 inspired further interest
in both theoretical13–19 and experimental20–26 research.
Recently, the excitonic AB effect has earned greater
scientiﬁc signiﬁcance because of the possibility of AB exciton
storage in nanoscale quantum rings (QR) via application of an
in-plane electric ﬁeld,13 an experimental observation of effects
of the built-in electric ﬁeld on AB interference,21 as well as
tunability and enhancement of AB effect due to the electric
ﬁeld.15,23 These effects hold the possibility of realizing quantum information applications via manipulation of light and
excitons with externally applied magnetic and electric ﬁelds.
Optical manifestation of the AB effect is usually observed
in terms of the oscillation in excitonic energy,9,10,24 which
are very small in energy scale, and difﬁcult to resolve,10,12,21
and/or photoluminescence (PL) intensity.11,22,24,25 Regarding
the latter, oscillations in the integrated intensity have been
commonly demonstrated, which can be explained as an
averaged emission from all emission centers contributing
to the PL spectra. Although excitons in type-II QDs are
particularly sensitive to the AB effect due to relatively larger
spatial separation of the charged particles, more reports are
1098-0121/2012/86(16)/165310(6)

available for QR systems,9,13,14,18,20,21 than for type-II QDs of
suitable geometry.10,11,17,25
In this work, we report narrow (in magnetic ﬁeld) and robust
AB oscillations in the intensity of magneto-PL from stacked
type-II ZnTe/ZnSe QDs. Such enhancement and narrowing
of AB oscillations is due to the presence of built-in electric
ﬁeld. A detailed spectral analysis of the AB oscillations allows
us to infer contributions from different emission centers.
For example, the lateral excitonic radius is determined with
subnanometer precisions using the knowledge of variation in
the AB transition magnetic ﬁeld, BAB , as a function of energy
of emitted photons.27 We present results of such an analysis
for the BAB as well as the magnitudes of the AB oscillations
from differently grown samples; we use these dependencies to
discern the role of tellurium in formation of QDs and determine
the spatial distribution of excitonic wavefunctions.

II. EXPERIMENTAL

The structures studied here are stacked type-II ZnTe/ZnSe
QDs grown via migration-enhanced epitaxy using one (sample
A) or three (sample B) submonolayer deposition cycles of ZnTe-Zn sandwiched between nominally undoped ZnSe barriers.
Figure 1 shows a schematic of the stacked system with applied
magnetic ﬁeld in the Faraday geometry and the in-plane
component of built-in electric ﬁeld. The growth procedure
and the results of optical characterization of similar samples
were reported in Refs. 28–30, and references therein.
PL measurements (at zero magnetic ﬁelds) were done
with a TriVista SP2 500i Triple monochromator coupled
with a thermoelectrically cooled CCD camera. The optical
excitation was achieved with the 351-nm line of an Ar-ion
laser. The magneto-PL experiments were performed in the
Faraday geometry either with a 14 T (NHMFL) or with a 9 T
(Queens College of CUNY) superconducting magnet outﬁtted
with ﬁber optic probes, used to excite and collect the PL. Here,
the PL was excited by a 405-nm diode laser. The detection of
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FIG. 1. (Color online) Schematic of the stacking of QDs; type-II
exciton is comprised by the electron in ZnSe and the hole strongly
conﬁned within the ZnTe QD. The magnetic ﬁeld (B) is applied in
the Faraday geometry. Such a conﬁguration is ideal for observation
of AB effect. F  indicates the in-plane component of the built-in
electric ﬁeld in the system.

magneto-PL experiments was done by a portable Ocean Optics
solid-state spectrometer.
III. RESULTS AND DISCUSSIONS
A. Photoluminescence

Low temperature (∼10 K) PL spectra are shown in Fig. 2.
The PL signal from sample A consists of a broad blue band
overlaid with sharp lines (at ∼2.66, 2.695, 2.726, 2.757, and
2.767 eV) along with small peaks at ∼2.693, 2.717, 2.748,
and 2.765 eV [Fig. 2(a)].31 The ﬁrst two sharp lines (2.767 and

2.757 eV) are zero phonon lines; one can resolve at least three
phonon replicas at 2.726, 2.695, and 2.66 eV (ZnSe LO phonon
energy is ∼31 meV). Apart from the distinctive sharp lines
generally seen in samples grown with minimal Te concentration, this sample shows the signature of coexistence of Te(n2)
isoelectronic centers (ICs) and the QDs.31 The latter could
only be observed at elevated temperatures, when the band edge
PL is suppressed due to thermal ionization of isoelectronic
bound excitons (IBEs). Excitation intensity-dependent PL
at low temperature does not reveal signiﬁcant shift in peak
energy for the “blue band”-dominant transitions as shown
in the inset of Fig. 2(a), the excitation intensity dependence
of emission energy at 20% height of the peak on the lower
energy side.
In sample B, grown with three Zn-Te-Zn deposition cycles,
the QDs dominated PL (generally seen as a broad “green
band” with peak around 2.5 eV, and sometimes with a low
energy shoulder,12 and as low as 2.3 eV30,32 ) is convoluted
with the emission due to IBEs.28 This triple-cycle sample
exhibits a high degree of separation of QD containing layers
from the barriers as observed by the presence of the band edge
emission, which previously was seen only in samples grown
with a single Zn-Te-Zn MEE cycle (e.g., as seen in sample
A).31 We note that the sharp lines are seen at same energies
(∼2.66, 2.694, 2.726, 2.757, and 2.767 eV) as for sample A.
The excitation intensity-dependent PL, however, shows blue
shift of ∼37 meV in emission energy at the “green band”
energy position. In Fig. 2(b), two different excitation intensity
PL plots are overlaid for eye guidance.
B. Magnetophotoluminescence: Integrated intensity

Due to the cylindrical symmetry, the exciton ground state
in stacked type-II disk-like QDs initially has a zero orbital
angular momentum, which changes to higher values with
increasing magnetic ﬁeld. This transition of the angular
momentum to a nonzero value inﬂuences the optical properties
as:8 the ground-state energy oscillates as the orbital angularmomentum states cross and the PL intensity 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 anisotropy, e.g., elongation,9
presence of impurities,19,21 and/or built-in electric ﬁeld.15 In
such cases, the excitonic states do not possess a deﬁnite
value of the angular momentum and optical selection rules
are relaxed. Also, in real experimental conditions, where
the whole system is in the magnetic ﬁeld, the wavefunction
of one carrier is “squeezed” closer and “pushed” away to
the QD boundary before and after the angular momentum
transition, respectively, which leads to an increase followed
by a decrease in the PL emission. In the case that one of the
carriers is strongly conﬁned in the QDs, as the hole in our
material system,11,12 the lowest exciton state as a function of
the magnetic ﬁeld will undergo the transition to nonzero orbital
momentum at such a magnetic ﬁeld, BAB , that
π Re2 BAB = 0 /2,
FIG. 2. (Color online) Low-temperature PL at two excitation
intensities for (a) sample A and (b) sample B. Dashed lines are for
eye guidance only. Inset shows the excitation intensity dependence of
emission energy at 20% height of the peak on the lower-energy side.

(1)

where 0 = h/e is the ﬂux quantum, Re is the radius of the
electronic orbit, and h and e are the Planck’s constant and the
electron charge, respectively.
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FIG. 3. (Color online) Normalized integrated PL intensity as a
function of normalized magnetic ﬂux for (a) sample A and (b) sample
B. Insets show enlarged peak region as a fucntion of the magnetic
ﬁeld.

In Figs. 3(a) and 3(b), we show the normalized integrated
PL intensity as a function of the normalized magnetic ﬂux
for samples A and B, respectively. The insets of Figs. 3(a)
and 3(b) show the peak at BAB values ∼2.02, 2.06 T for each
sample. Using Eq. (1), the characteristic radius of electronic
orbit was determined to be 18.0 and 17.8 nm for samples
A and B, respectively. Considering that the stacking of QDs
results in averaging out size variations in QDs and that at
low temperature the L = 0 (i.e., ground state) dominates,
the magnetic ﬂux was calculated for corresponding area
enclosed by the electron trajectory with the goal to compare
our observations with theoretical calculations for QRs.13 The
oscillation is at /0 = 1/2. The magnitude of the AB
oscillation relative to the background in integrated PL is 3 to
4% for these samples. We show below that the magnitude of the
oscillations is even larger for speciﬁc emission energies, and it
reaches 6% for sample A and 4% for sample B. The full-widthat-half-maximum (FWHM) of the oscillation in the normalized
magnetic ﬂux is ∼0.02 for sample A and ∼0.06 for sample
B. Such magnitude of the AB oscillation peak is larger22,25
and the peaks are signiﬁcantly narrower21,22,25 than the values
reported in the literature for both QDs22,25 and QRs.13,21
We compare the widths of the AB “peaks” with theoretical
predictions available for type-I QRs13 even though there is a
critical difference between the two systems, since we are not
aware of such calculations for type-II QDs. Without the electric
ﬁeld, the FWHM of ∼0.3 in units of normalized magnetic ﬂux
has been predicted for the bright excitons. This is substantially
wider than what we observe for both samples; however,
if one assumes presence of a strong in-plane electric ﬁeld

FIG. 4. (Color online) Magneto-PL at three spectral position of
spectrum of Fig. 1, showing the AB oscillations of (a) sample A and
(b) sample B. Inset in (b) shows enlarged picture of “double AB peak”
as seen in sample B at 2.52 eV.

(u0 = 0.3 in Ref. 13 notations) then the observed FWHM can
easily be explained and understood. Moreover, the electric ﬁeld
also leads to enhancement of the AB effect,15,20,21 explaining
such robust oscillation. For instance, in the presence of the
built-in electric ﬁeld, a relatively large (∼9%) AB oscillation
in intensity was seen for some of the QRs described in Ref. 21.
The built-in electric ﬁeld in a zinc-blende system grown
along [001], like ours, can have piezo-electric origin due to
anisotropic strain.33,34 In epitaxially grown ZnTe/ZnSe system,
during the QD growth, the strain ﬁelds arise due to the lattice
mismatch between the ZnTe QDs and ZnSe matrix;35 the
anisotropic nature of the strain is supported by the following
observations:
(i) as reported previously, some QDs in these systems are
elongated,11 which can lead to anisotropic strain, similar to
that reported for InGaAs/GaAs QR;21
(ii) the vertical correlation, required to form stacks, strongly
indicates the presence of elastic anisotropy that plays crucial
role for effective lateral and/or vertical self-organization in
QD superlattices;36 vertical correlation of stacked QDs in
a similar system of type-II ZnMgTe/ZnSe superlattice was
reported recently.37
We hope to stimulate the theoretical investigations of the
magnetic ﬁeld-dependent oscillator strength with and without
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the presence of an electric ﬁeld, for type-II QDs speciﬁcally, in
order to conﬁrm our hypothesis. We also report in later section
an experimental signature of presence of built-in electric ﬁeld
in our sample.
C. Magnetophotoluminescence: Spectral analysis

To get insight into the material structure of the samples,
we performed a more detailed investigation by tracking the
AB oscillations at various energies across the PL spectrum
for each sample. In Figs. 4(a) and 4(b), we show for samples
A and B, respectively, the AB oscillation in PL intensity at
three different spectral energies, corresponding to the lowerand higher-energy sides as well as the peak of the spectrum.
We derive interesting observations; e.g., for sample A, the AB
peak is seen at a constant BAB value of ∼2.02 T for all three
energies (2.540, 2.598, and 2.664 eV), whereas for sample
B, the AB oscillation shows a distinctive change in values of
BAB . Moreover, careful examination of the transition region
displays a “double AB peak,” as plotted for 2.52 eV, for sample
B [inset of Fig. 4(b)].
As seen from Eq. (1), the BAB value is determined by the
radius of the electronic orbit. So we infer for sample B that the
electronic orbit changes across the PL spectra, which signiﬁes
the presence of more than one stack of QDs with different
effective radii for the orbiting electron. This allowed us to
determine the size of the type-II exciton with subnanometer
precisions.27 However, in sample A, BAB does not change
signiﬁcantly, so the radius of electronic orbit is the same across
the spectrum; we conclude from such an observation that only
one QD stack is present in sample A. We also note that the
FWHM of each of the AB peaks [∼0.12 to 0.17 T, shown in
inset of Fig. 4(b)] comprising the “double peak” in sample
B is comparable to the FWHM of the AB peak in sample A
(∼0.14 T), suggesting that two QD stacks in sample B have
similar properties to the QDs of sample A. This also suggests
that both samples have a similar built-in electric ﬁeld, which
originates in the lattice mismatch between ZnTe and ZnSe.
To strengthen these conclusions and to obtain a more
complete picture, we show in Figs. 5 and 6 the behavior of
BAB and the magnitude of AB oscillations as a function of
the PL spectral energy for both samples. Figures 5(a)–5(c)
show the spectral analysis of low-temperature magneto-PL in
sample A. The spectral behavior of BAB and the magnitude
of oscillation are plotted in Figs. 5(b) and 5(c), respectively,
which are related to the PL shown in Fig 5(a). The magnitude is
determined with regard to the background emission intensity.
No signiﬁcant change in BAB across the spectral positions
was observed for sample A, which indicates almost no
distinguishable excitonic size variation. The PL spectrum is
decomposed into two Gaussian peaks [Fig. 5(a)] attributed to
the presence of “green” (∼2.56 eV) and a cumulative “blue”
(∼2.68 eV) band, which can be associated to the QD- and
IC-dominated emissions, respectively.
We show the spectral plots of BAB and the magnitude of
oscillation for sample B in Figs. 6(a)–6(c). We observe BAB
changes from a lower value of ∼1.98 T at the lower-energy
side (below ∼2.47 eV) to a higher value of ∼2.15 T at the
higher-energy side (above ∼2.55 eV) for sample B. The error
in determination of BAB is less than the observed change (also

FIG. 5. (Color online) Spectral analysis of AB oscillations in
sample A: (a) PL spectrum decomposed into two Gaussians; (b) BAB ;
(c) Magnitude of the AB oscillations.

displayed in the plot). An average of the BAB is represented
from the two peaks as observed in the “double AB peak”
[Fig. 6(b)] to indicate the transition in BAB. The “double peak”
BAB values are also shown in Fig. 6(b) (blue and green markers)

FIG. 6. (Color online) Spectral analysis of AB oscillation in
sample B: (a) PL spectrum decomposed into three Gaussians;
(b) BAB ; (c) magnitude of the AB oscillations.
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for the transition spectral region. The transition of BAB from
a lower value to a higher one is observed within a relatively
narrow spectral range—between 2.49 and 2.54 eV.
To relate such an observation to the PL spectra, three
Gaussian peaks were used to decompose the PL [Fig. 6(a)]; the
“green” band is formed by two Gaussians (“Green band 1” at
∼2.59 eV and “green band 2” at ∼2.48 eV) with comparable
weights, while the third Gaussian represents a “combined
blue” band for the higher energies dominated by the IBEs.
Under such conditions, the best ﬁtting resulted in a “reduced”
overlap of the lower energy Gaussians in the close proximity
of the spectral region of interest, indicating that the change
in transition ﬁeld is observable due to the subdued emission
from the two overlapping PL bands. The contribution from
two different type-II excitons also explains the asymmetry of
the AB peak in the integrated intensity, as the emission of one
of the excitons dominate in a speciﬁc spectral region.
The difference in the PL peak energy between these two
stacks, estimated from the peaks of the two Gaussians used to
form the green band, is ∼110 meV. Such a large difference is
unattainable by any realistic change in the QD radius;38 thus,
other factors, such as thickness, chemical composition of QDs,
and strain, which can change the band offsets (which determine
the potential seen by the electron), are also signiﬁcant in
understanding of the observed PL. Thus, we suggest that the
two stacks are distinguishable not only in terms of radius of
electronic orbit or the lateral sizes of QDs, but also due to
the change in QD thickness and/or change in the band offsets
because of the variations in Te composition.
D. Magnitude of the Aharonov-Bohm oscillations

The spectral variation of the magnitude of the AB peak
is shown in Figs. 5(c) and 6(c). The magnitude of an AB
oscillation is expected to be related to the change in the
oscillator strength of the exciton during the AB transition. The
change in the oscillator strength is predicted to be smaller with
a larger oscillator strength (or the overlap integral between
electron and hole wavefunctions) in QRs, due to favorable
AB conﬁguration,15 whereas no such theoretical predictions
for type-II QDs are available, to the best of our knowledge.
Our observations, however, contradict this conclusion at least
partially, as it would then be expected for “smaller” dots, the
stronger oscillator strength15,39 would give rise to a smaller
AB amplitude. In sample A, we do observe such a trend in
the magnitude of oscillation, even though we did not see any
change in BAB (which suggests almost constant size of the QD
stacks). For sample B, we observe a variation in the magnitude
of the AB oscillation for both lower- and higher-energy sides
of the spectra with a decrease in the AB amplitude at the
transition spectral region. The maximum magnitude for each
stack is almost the same, although the corresponding excitons
have different sizes, and therefore different overlap integrals.
We intend to address this aspect in greater detail in future work.
E. Temperature dependence and confirmation
of built-in electric field

We also investigated the temperature dependence of PL
to verify the presence of built-in electric ﬁeld. In Fig. 7,
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FIG. 7. (Color online) The temperature dependence of integrated
PL intensity for sample B showing signature of built-in electric ﬁeld
in the sample.

the behavior of integrated intensity of each of the three
contributing bands from the PL of sample B [as decomposed
in Fig. 6(a)] is shown as a function of temperature. The
decrease of the PL intensity with increasing temperature is
expected, due to the increase in nonradiative transitions and
luminescence quenching. However, we also observed an initial
increase of the PL intensity with temperature for T < 80 K,
which is eminent at the QD-dominated lower-energy green
band (∼2.48 eV). This is a signature of the presence of built-in
electric ﬁeld, which has been theoretically investigated via
calculation of oscillator strength in the presence of electric ﬁeld
and also experimentally observed for InAs/GaAs QRs.21 It was
suggested that with electric ﬁeld, the oscillator strength can
increase by the activation of more efﬁcient channels for optical
recombination at excited states with electron-hole separation
smaller than in the ground state. We clearly observe a similar
behavior which conﬁrm the presence of built-in electric ﬁeld
in these stacked type-II ZnTe/ZnSe QDs.
IV. SUMMARY

In summary, we investigated AB oscillations in stacked
ZnTe/ZnSe QDs in the presence of built-in electric ﬁeld that
causes robust and narrow oscillations, which was previously
studied only in QR systems. Such robust AB effect can
be exploited toward achieving novel applications related to
exciton storage and retrieval by control of external ﬁelds.
We also developed a spectral analysis approach to probe the
lateral distribution of QDs in these systems. High-precision
estimation of radius of the type-II excitonic lateral size
was possible. Spectral behaviors of a triple cycle deposited
Zn-Te-Zn sample and a single-cycle deposited sample are
discussed and presence of two distinguishable QD stacks for
the former and only one set of QD stacks for the latter is
revealed. Appearance of “double AB peak” in intensity at
spectral regions with ﬁnite overlap of the two decomposed
green bands clearly indicates transition of dominance from
one set of QDs stack to another within the transition spectral
region. The temperature dependence of the decomposed bands
conﬁrmed the presence of built-in electric ﬁeld, which was
previously reported for QRs. The behavior of magnitude of
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oscillation is not completely understood and we intend to
address this issue in upcoming work.
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