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ABSTRACT
The intensity of the photoluminescence emission in InGaAs/GaAs quantum wells (QWs)
exhibits local maxima as a function of magnetic field applied perpendicular to the QW
plane at low temperatures. These maxima are attributed to the optical Aharonov-Bohm
effect associated with spatially indirect excitons that are formed in the vicinity of indium
rich InGaAs islands within the QW. Analysis of the data yields the radius of the exciton.
The exciton linewidth also oscillates with the magnetic field and exhibits maxima which
are shifted slightly to higher field values than those of the luminescence intensity

maxima.



The wavefunction of a particle of charge ¢ that moves on a closed path
accumulates the Aharonov-Bohm (AB) phase 6= %CD [1], where @ is the magnetic

flux through the closed trajectory and 7 is Planck’s constant. Manifestations of that
phase have been studied using electrical measurements of metallic ring-like nano-
structures, in which oscillations of the resistance were observed that are periodic in the
magnetic flux penetrating the interior of the ring [2]. The oscillations were attributed to
interference between two electron trajectories that traverse the two opposite arms of the
ring. The signature of the AB effect has been also detected in the optical properties of
negatively charged excitons (X") in InGaAs/GaAs quantum rings [3]. Oscillations in the
energy of the X as function of magnetic field with a period of 1.7 tesla have been

observed in this system. This phenomenon is known as the “optical AB effect” (OAB).

It has been predicted theoretically that the OAB effect can also be observed for
neutral excitons under certain conditions such as in ring-like nanostructures, where the
electron and hole can move over different trajectories resulting in a non-zero dipole
moment[4, 5]. Type-II QDs are particularly suitable for observing the OAB effect
because of the enhanced polarization of the charged particles resulting from their spatial
separation[4, 6]. Experimental verification of this prediction has been provided by
several groups. For example, in the InP/GaAs type-II system, where electrons are
localized in the InP QDs and the holes orbit in the surrounding GaAs matrix, oscillations
in the photoluminescence (PL) intensity with a period of 3.6 tesla have been observed[7].
Another such type-II system is ZnTe/ZnSe in which holes are confined in a ZnTe QD and
the electrons move on a closed orbit around the dot in the surrounding ZnSe matrix [8, 9].
The ZnTe/ZnSe system demonstrated OAB-like oscillations in both the intensity and the
PL energy [8-10]. One more related study reports observation of OAB oscillations in the
energy and the intensity of the PL of a multi-layer type-II Si/Ge QD structure [11]. In the
experiments of the above references the type-II band alignment provides favorable
conditions for the observation of the OAB-effect, whereas a type-I quantum ring is
predicted to have a relatively weak OAB owing to the Coulomb attraction in the exciton

[12].



In this work we report the observation of oscillations in the intensity of the PL
emitted from InGaAs/GaAs quantum wells which contain indium rich InGaAs islands.
The intensity of the excitonic PL exhibits oscillations with magnetic field, superimposed
on a monotonically decreasing background. We attribute these oscillations to the OAB
effect. We note that the OAB oscillations for neutral excitons in our study appear in
InGaAs/GaAs QWs, a material system that is type-I, whereas all previous studies of the
OAB effect have been carried out on type-II systems such as InP/GaAs, ZnTe/ZnSe, or
Si/Ge. Our observations show that the InGaAs/GaAs system exhibits optical properties of
type-II structures due to the presence of indium-rich islands. We have recorded the PL
intensity from two undoped 10 nm InGaAs/GaAs single QW structures with indium
concentrations 5% (exciton energy = 1.4946 eV) and 15% (exciton energy 1.4315 eV) as
a function of magnetic field. The samples were grown by molecular beam epitaxy (MBE)
on semi-insulating GaAs(001) substrates. After the growth of undoped GaAs buffer at
580 °C and a brief growth interrupt to optimize surface morphology, the InGaAs was
deposited at the same temperature by also opening the shutter to the In Knudsen cell, with
a temperature varied between 650 and 685 °C to produce InGaAs QWs with different
indium concentrations. A GaAs top cap layer of at least 250 nm was grown immediately
after the QW (no growth interrupt) to minimize the indium evaporation. We note that
typically InAs (and similarly InGaAs) is grown at lower temperatures (e.g., 450 °C) than
GaAs due to the higher evaporation rate of indium. Here we grew InGaAs QWs at the
same temperature as GaAs to yield better quality QWs since generally higher quality
samples are grown at higher temperatures, at the expense of lower indium concentration.
In addition, the fact that the layers are grown at the same temperature also eliminates the

growth interrupts needed to stabilize the temperature change.

Cross sectional scanning tunneling microscopy (XSTM) was used to analyze the
indium distribution within the InGaAs QWs. For these studies, a reference sample was
grown under similar growth conditions on a conductive substrate, and then mounted
edgewise and cleaved in ultrahigh vacuum to reveal the cross section of the QW region.
Fig.1a shows an atomic resolution XSTM image of the Ing ;5Gag gsAs reference QW. The

GaAs barriers and InGaAs QW regions are indicated. We note that the large bright



clusters observed randomly throughout the surface are debris likely produced during the
cleaving process. Given that Fig.l1a is an empty state image, group III atoms (Ga, In)
appear as bright, and group V atoms (As) are not visible[13]. For example, each spot in
the GaAs barriers represents a Ga atom. Within the InGaAs QW region however, there
are also brighter spots that are identified as indium atoms, because their larger size and
longer bond length with As cause them to protrude out more from the cleaved surface and
therefore appear brighter. Clearly, the indium atoms are not evenly distributed, but rather
form small clusters (~ 2-4 nm diameter) with a locally higher indium concentration,
several of which are indicated by circles. The presence of indium-rich islands has been
also suggested in earlier works on InGaAs QWs [14, 15].

We now discuss the conduction and valence band potential profiles in our QWs in
the vicinity of the indium rich islands and based on that propose a plausible interpretation
of the band-edge emission. A calculation by Pryor[16] shows that the electron potential
of a self-organized QD has barriers in the x-y plane at the QD edges as schematically
shown in the upper part of Fig.1b. The valence band potential tends to localize the holes
at the center of the indium rich island. We note that this potential has no barriers at the
QD edges. According to this picture, at low temperatures, the photo-excited electrons do
not have enough energy to overcome the conduction band barrier at the edge of the
indium-rich islands and therefore remain excluded from the island center. Each electron
moves around the island center, held by the Coulomb attraction of the hole as shown in
Fig.1b, resulting in a spatially indirect (type-II) exciton indicated by the symbol “X”.
Electrons bound to a positively-charged hole inside a two-dimensional QW move in a
ring-like orbit around the island. In Fig.1b we also show the spatially direct transition

using the symbol “A”.

The continuous wave (cw) luminescence was excited at 785 nm; the emitted light
was collected and focused onto the entrance slit of a single monochromator equipped
with a cooled CCD multichannel detector. For magnetic field studies the samples were
placed in a variable temperature 7 tesla optical magnet cryostat. For the cw reflectance
measurements a quasi-monochromatic beam was generated by a combination of a broad-

band tungsten-halogen source and a single monochromator. The incident beam was



reflected off the sample surface and its intensity was measured as function of the incident
photon energy. The time-resolved (TR) luminescence spectra were excited using a pulsed
laser system which emits linearly polarized light at a wavelength of 400 nm (repetition
rate = 250 kHz, pulse duration ~300 fs). The TR PL was spectrally resolved by a single

monochromator, and temporally analyzed by a streak camera (temporal resolution = 40

ps).

The zero magnetic field cw PL and reflectance spectra at T = 7 K from the 5%-
indium sample are given in Fig.1c and Fig.1d, respectively. The PL spectrum contains a
sharp peak marked “X” at 1494.6 meV and a broader weaker feature centered at 1489.8
meV marked “A”. Corresponding features also appear in the reflectance spectrum. These
two spectral features are associated with the transitions marked “X” and “A”,
respectively in Fig.1b. The difference in linewidth between feature X and feature A leads
us to conclude that X is less sensitive to InGaAs islands ensemble size distribution then
feature A. This is probably due to the small mass of the electron, which results in a wide
distribution of confinement energies. Feature X in the PL spectrum persists up to 150 K
while feature A disappears at 35 K. The temperature sensitivity of feature A excludes the
assignment of this feature to a conduction band to accepter transition since the binding
energies of an acceptor in a 100 A GaAs QW is 30meV[17]. When the temperature is
raised, the electron can escape from its shallow conduction band potential well and reside
outside the indium-rich island. The large intensity of the excitonic feature in the
reflectance spectrum indicates that there is no significant electron population confined in

the InGaAs QW [18, 19].

In Fig.2 we plot the intensity of feature X as function of magnetic field B for the
5% indium sample. Squares indicate data points taken with the magnetic field parallel to
the sample normal (¢ = 0). The PL intensity has two maxima at B = 2.2 tesla (labeled
“I”) and B = 4.4 tesla (labeled “II”’). In contrast, the energy of X does not exhibit
oscillations but follows a smooth parabolic dependence on B. Since we have a negligible
electron density in the InGaAs QWs, the oscillations in the PL intensity cannot be

attributed to variations in the Fermi energy with magnetic field. Circles in Fig.2 indicate



data points taken with the magnetic field forming an angle ¢ = 35° with the sample
normal. In this case the PL maxima have shifted from 2.2 to 2.6 tesla for feature I, and
from 4.4 to 5.5 tesla for feature II, in reasonable agreement with the equation B(¢) =
B(0)/cosp, where B is the magnetic field at the PL maxima. Thus the data of Fig.2 show
that the PL intensity oscillations depend on the projection of the magnetic field along the
sample normal and vanish altogether when the magnetic field is applied in the sample
plane (¢ = 90 °). No such oscillations in the PL intensity are present for feature A. In
Fig. 3 we plot the PL intensity from the 15% indium sample as a function of magnetic
field applied perpendicular to the QW layers. The plot in Fig.3 is similar to that shown in
Fig.2 (for the 5% indium) and exhibits maxima at 2.4 and 5.4 T.

We attribute the variations in the PL intensity of the exciton as function of
magnetic field to the OAB effect. This effect has been predicted for neutral excitons[4,
6] and has been observed in type-II quantum dots. In our InGaAs/GaAs QW system the
OAB effect is associated with spatially indirect excitons that are formed in the vicinity of
indium-rich InGaAs islands. Evidence of the presence of these islands was provided by
XSTM as has been discussed above. The electrons that are associated with feature X
move along a ring-like orbit around the localized hole (see Fig.1b) and, therefore, the
exciton is expected to exhibit the optical Aharonov-Bohm effect. This picture is
supported by the observation that the PL local intensity maxima in our samples are
superimposed on a background that decreases monotonically with increasing magnetic
field as shown in Fig.2 and Fig.3. This behavior has been observed in spatially indirect
GaAs/AlAs[20] and AlGaAs/AlAs[21] QW structures and has been attributed to spatial
localization of the carriers in different regions of the quantum well/barrier interface by
the external magnetic field. The interpretation is based on two factors: a) interface defects
that can localize electrons and holes on either side of the interface and b) the reduction of
the wavefunction size resulting from the external magnetic field. This reduction makes
electron and hole localization more efficient and this results in a reduction of the
electron-hole wavefunction overlap and a reduction in the PL intensity. In contrast, the

PL intensity from spatially direct QWs typically increases with magnetic field [20].



A further indication suggesting the type-II character of feature X in our InGaAs
QWs comes from a time-resolved PL comparison between the 5% InGaAs QW and a
GaAs reference QW. The PL exciton intensity for both samples is plotted as function of
time delay from the exciting laser pulse in Fig.4. The triangle indicates data from the
InGaAs QW while the squares denote the results from the reference 10 nm GaAs QW
with 250 nm Alj ;4GaAs barriers grown at 580 °C. The data were fitted with a single
exponential which yielded a recombination time of 632 ps for the InGaAs QW (blue line)
and 73 ps for the GaAs reference QW (green). The recombination times for the GaAs
reference and for the InGaAs QW are in agreement with the results of previous work [15,
22]. We note that Yu et al. attribute the longer times in InGaAs to the presence of indium

rich regions [15].

Following the analysis of Kuskovsky et al. [8] the first PL intensity maximum
(feature I) in Fig. 2 and Fig.3 is attributed to the energy crossing between the L = 0 and
the L = -1 exciton states, where L is the exciton angular momentum. The second
maximum (feature II) is due to the crossing of the L = 0 and the L = -2 exciton states.
The corresponding magnetic fluxes @; and @y are equal to @¢/2 and @y, respectively [23]
where @) = h/e is the flux quantum. If we assume that the exciton wavefunction is
circular with radius R, the magnetic flux through the electron orbit is equal to 7R’B and a
calculation yields a value of 17.3 nm for R for the 5% sample and 14.8 nm for the 15%

sample.

In addition to the PL exciton intensity, the exciton full width at half maximum
(FWHM) varies with magnetic field B. In Fig. 5a we plot the PL intensity (squares) of the
exciton of the 5% sample, and its FWHM (circles) as function of B for ¢ = 0. Associated
with the PL intensity maxima (I) and (IT), we observe FWHM maxima (i) and (ii) which
occur at magnetic field values that are shifted with respect to the luminescence intensity
peaks. A possible interpretation for the positions of the FWHM maxima is given in
Fig.5b which is a schematic of the energies of the L =0 and L = -1 exciton states[8] for
feature 1. Here we made the assumption that the exciton energies have a finite

uncertainty since we deal with an ensemble of localized excitons. As discussed earlier,



the PL maxima occur when the two curves cross (field B, in Fig.5b). Field B; marks the
onset of the crossing of the two exciton states and therefore the increase in PL intensity
for feature I. As long as E (L = -1) is above E(L= (), the former cannot contribute to the
exciton linewidth at low temperatures. Once E(L = -1) moves below E(L= (), starting at
B, , there is a wider range of allowed exciton energies which results in an increase of the
exciton linewidth. = Maximum overlap, and therefore maximum in FWHM occurs at
field B; which is higher than B,. For B > Bj, the energies E(L= 0) and E (L = -1)
separate and the exciton linewidth is only determined from the width of £ (L = 0). In our
model, the state L = 0 is optically active, whereas the L = -1 state should have a smaller
optical dipole moment. Then, because of the thermalization process, at B1, most excitons
will be at the ground optically-active L = 0 state and the line emission width is expected
to become narrower. At B2, most of excitons are in the ground L= -1 state, which does
not have strong emission, but some excitons still occupy the excited state L = 0 state
(according to the Boltzmann exponent, exp[-E/kT] ) and give contribution to the PL.
Therefore, the PL emission at B3 comes from two states (from both L = -1 and L =0
excitons) and can be broader since it involves two states that cannot be resolved. Similar
arguments apply for feature II which is due to a crossing of the L = 0 and the L = -2

exciton energies.

We have observed oscillations in the excitonic PL intensity from two InGaAs
QWs. These are attributed to the OAB effect associated with spatially indirect excitons
which are localized around indium-rich InGaAs islands at low temperatures. The maxima
are interpreted as crossings of the L = 0 energy level with the L = -7 and L = -2 states.
Analysis of the oscillations yields a value of 17.3 nm for the exciton radius for the 5%
indium sample and 14.8 nm for the 15%. Associated with the PL intensity oscillations,
we have also observed linewidth oscillations of the exciton PL which have maxima that

are slightly shifted to higher magnetic fields as compared to the intensity oscillations.
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Figure Captions

Fig.1:  (Color online) (a) Cross-sectional scanning tunneling microscopy image of a
similarly grown InGaAs QW on a conductive substrate. Sample bias = 2 V, tunneling
current = 0.06 nA. The straight lines mark the GaAs/InGaAs interfaces; the circles
indicate indium rich islands. (b) Schematic of the conduction and valence band edges in
the vicinity of an indium rich island [16] and schematic of the spatially indirect exciton
associated with indium rich islands. The hole is confined at the center of the island,
while the electron is held outside by the electron-hole Coulomb attraction. (c) PL
spectrum from the 5% InGaAs QW at T = 7 K (d) Reflectance spectrum from the 5%
InGaAs QW at T=7K

Fig.2: (Color online) Intensity of the excitonic feature plotted as function of magnetic
field for the 5% InGaAs QW at T = 7 K. (a): Magnetic field parallel to the sample
normal (b) Magnetic field at an angle ¢= 35 ° with the sample normal.

Fig.3: (Color online) Intensity of the excitonic feature plotted as function of magnetic
field for the 15% InGaAs QW at T = 7 K with the magnetic field parallel to the sample
normal.

Fig.4: (Color online) Intensity of the exciton PL as function of time-delay between the
exciting laser pulse and detection for a 10 nm GaAs/AlGaAs QW and 10 nm 5% InGaAs
QW. The solid lines represent fits to the data with a single exponential.

Fig.5: (Color online) (a): Plot of the exciton PL intensity (squares) and the exciton
FWHM (circles) as a function of magnetic field applied along the z-axis (¢ = 0); (b):
Schematic diagram of the energies of the L = 0 and L = -/ exciton states in the vicinity of
their crossing.
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