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ABSTRACT: Strain-based band structure engineering is a powerful tool
to tune the optical and electronic properties of semiconductor
nanostructures. We show that we can tune the band structure of InGaAs
semiconductor quantum wells and modify the helicity of the emitted light
by integrating them into rolled-up heterostructures and changing their
geometrical configuration. Experimental results from photoluminescence
and photoluminescence excitation spectroscopy demonstrate a strong
energy shift of the valence-band states in comparison to flat structures, as
a consequence of an inversion of the heavy-hole with the light-hole states
in a rolled-up InGaAs quantum well. The inversion and mixing of the
band states lead to a strong change in the optical selection rules for the
rolled-up quantum wells, which show vanishing spin polarization in the
conduction band even under near-resonant excitation conditions. Band
structure calculations are carried out to understand the changes in the electronic transitions and to predict the emission and
absorption spectra for a given geometrical configuration. Comparison between experiment and theory shows an excellent agreement.
These observed profound changes in the fundamental properties can be applied as a strategic route to develop novel optical devices
for quantum information technology.

KEYWORDS: band structure inversion, semiconductor quantum well, optical selection rules, rolled-up microtubes,
tensile and compressive hybrid state, curved semiconductor membrane

■ INTRODUCTION

Strain engineering of IV and III−V structures is a well-
established method to tailor the optical and electronic
properties of semiconductors. This includes strained silicon
for high-performance central processing units (CPUs),1 the
modification of the optical properties of Ge,2−4 or the
modification of emission properties of III−V devices.5 In the
last years, there is considerable effort to tune the band
structure to change the emission properties of nanometric-
sized quantum structures integrated into membranes using an
external applied strain.4,6−12 Hereby, tuning of the Ge band
gap from indirect to direct has been achieved,4 emission of two
single-photon sources tuned into resonance,9 or an inversion of
the band alignment of quantum emitters has been reported.7,8

The disadvantage of external application of mechanical stress
(for any type of structure)6−8,10−12 is that the achieved strain is
very local (spatially restricted to a submicron range) and
requires a constant external control to maintain the applied
strain.12

Rolled-up semiconductor three-dimensional (3D) architec-
tures based on the deterministic release of strained layers have
been explored in the last 2 decades as building blocks in nano-
and microtechnologies.13−20 Their use as optical resona-
tors21−28 to realize laser structures28−31 gained particular
attention. For this, optical emitters like quantum wells (QWs)
and quantum dots have been integrated into the tube
walls.21,28,32−34 Attraction of the method stems from the easy
control of basic parameters like tube radius35 and the
possibility to control the position of the formed nano- and
micro-objects precisely.17 It is well known that the resulting
strain profile of the tubes influences the optical properties of
the embedded emitter.32−34,36,37 In the past, these structures
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have been designed to minimize strain effects, and little
advantage of the strain engineering possibility has been taken.
On the other hand, strain engineering technology has been
used in different nanomembrane semiconductor systems to
optimize and control optoelectronic properties. Thereby, a
biaxial tensile strain state is provided via external potential, and
curved systems such as rolled-up tubes enable a tensile and
compressive hybrid state at the same time without external
strain.36,38 The potential to fabricate curved structures with
diameters from a few nanometers (e.g., minimum diameter
∼10 nm for monolayer-based InAs/GaAs system35,39) to
several micrometers allows us to modify in a unique way the
strain distribution over the tube wall layers, i.e., along the radial
tube direction.
Here, we show that we can tune the optical emission

characteristics of GaAs and InGaAs, as well as quantum wells
(QWs) solely by changing their geometry from a flat to a
curved heterostructure without the need to apply an external
strain. Specifically, we demonstrate, by comparing the behavior
of a (rolled-up) InGaAs quantum well (InGaAs-QW) to a
previously investigated (rolled-up) GaAs quantum well (GaAs-
QW),36 the ability to considerably change the optical
excitation selection rules of these nanostructures by strain
engineering. For this, we carry out micro-photoluminescence
(μ-PL) and circularly polarized micro-photoluminescence
excitation (μ-PLE) on flat and rolled-up quantum wells. By
comparing our experimental results with band structure
calculations, we find clear evidence that the absorption energy
shift is a consequence of valence-band state mixing and, most
importantly, the induction of a fundamental band gap
transition involving the light-hole (LH) valence-band states.
Such a transition involves mixed wavefunctions with different
symmetries compared to the heavy-hole (HH)-state wave
function, thus leading to negligible electron spin polarization
density excited in the conduction band. X-ray diffraction
(XRD) measurements are used as input to band structure
calculations to ensure that we correctly infer the strain state of
the rolled-up tubes. The optical properties of the light-hole
fundamental band gap heterostructures have not been explored
yet. In this way, the strain induced by the curved geometry
opens an additional way to band-engineer semiconductor
nanostructures.

■ EXPERIMENTAL SECTION
To fabricate rolled-up microtubes (see Figure 1), an initial
heterostructure is grown by molecular beam epitaxy (Karl Eberl
MBE Komponeten) on a GaAs (100) substrate. For the GaAs-QW
sample (Figure 1a), a 40 nm AlAs sacrificial layer was grown followed
by a nominal 15 nm In0.2Ga0.8As strained layer, a 20 nm Al0.33Ga0.67As
layer, a nominal 4 nm GaAs (QW) layer, a 20 nm Al0.33Ga0.67As layer,
and a 5 nm GaAs cap layer. For the InGaAs-QW sample (Figure 1a),
we grew on top of a 40 nm AlGaAs sacrificial layer a 20 nm
In0.2Al0.2Ga0.6As strained layer, a 10 nm GaAs layer, a nominal 4 nm
strained In0.2Ga0.8As (QW) layer, and a 20 nm GaAs heterostructure.
The tubes were fabricated following a well-established strategy.21,28,40

In a sequence of photolithographic steps using samples with a size of
10 × 10 mm, first, the roll-up area with a shallow etching step (Figure
1b) containing ca. 5 × 20 tube structures per sample is defined,
followed by the definition of a deep trench for the starting edge and a
final selective removal of the AlAs sacrificial layer using HF (Figure
1c).13,14 For the rolled-up tubes, which form by strain relaxation at the
moment of the layer release, we expected tube radii of approximately
R = 3.2 μm (GaAs-QW) and R = 2.1 μm (InGaAs-QW).38,41 Figure
1e shows a light microscopy image of a pad of a processed tube area.
One can recognize tubes, shallow etched areas, as well as deep

trenches. Tubes appear homogeneous from among each other. The
obtained tubes were characterized by scanning electron microscopy
(SEM) using an FIE Inspec F50 instrument at 20 keV. The samples
are tilted to 55° to increase the contrast and allow us to image the
tube openings (see images in Figure 2a,b).

The flat grown layers were structurally characterized by high-
resolution X-ray diffraction using a Philips X’Pert instrument
equipped with a four-bounce Ge monochromator in the primary
beam optics and a curved monochromator before the detector using

Figure 1. (a) Schematic showing the exact layer structure of the two
samples. (b, c) Schematic illustration of the layer structure and the
fabrication process. (d) Strain directions as defined inside the tubes
(consistent with the directions of the flat layer assuming that the
growth direction is the x-direction as required for the simulations).
(e) Light microscopy image showing the processed tube area. Tubes
are homogeneous and without major defects between single defined
fields.
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Cu-kα1 radiation. The layer thicknesses and alloy concentrations of
the initial heterostructure were determined by refining the nominal
layer structure using the dynamic diffraction model of the X-ray utility
package.42

XRD on the tubes was carried out at the XRD2 beamline of the
National Brazilian synchrotron laboratory (LNLS) at 9 keV using a 6
+ 2 circle diffractometer with a beam footprint covering all tubes on
the sample. To obtain a good signal from the tubes, a Pilatus area
detector was used with its long axis along the scattering angle path
and the samples were detuned from the Bragg conditions, as described
before.38,43 We determined the tubes’ inner layer tangential lattice
parameter ai, the tubes longitudinal lattice parameter az, and radius R
by refining a kinematical diffraction model36,38,43 against the tubes’
diffraction patterns assuming a plane strain state that connects exx to
eyy (given by ai and R) and ezz (given by az).

38,41 The strain state exx is
directly probed by the XRD diffraction experiment. The schematic in
Figure 1d provides an overview of the directions of the different strain
components (exx, eyy, and ezz) relative to the tubes’ axis (or flat layer
directions).
For PL experiments, samples were mounted on a He cold finger

cryostat (T = 15 K) and a HeNe laser or a Ti-sapphire laser (Spectra
Physics 3900S) under the CW regime was focused using 50× or 100×
long-working-distance Mitutoyo objectives down to spot sizes of ca. 2
or 1 μm, respectively, allowing the excitation of a single tube or a
nearby flat area. PLE was carried out by tuning the Ti:Sa laser
wavelength. Detection was mainly performed with a GaAs photo-
multiplier (which induces noise for measurements above ∼900 nm
due to the low quantum efficiency in this range) coupled to a 0.75 m

SPEX 1406 double monochromator. Only the spectra in Figure 3
were obtained with an Andor (SR 500) Si-CCD and a single-

spectrometer system. Fixed circularly polarized incident excitation was
used, and the PLE signal was collected for both components of the
circular polarizations (σ+ and σ−). Pol = (I+ − I−)/(I+ + I−) is defined
as the degree of spin polarization, where the measured PLE intensities
are given by I+ and I− for σ+ and σ− configurations, respectively. We
have performed several measurements per sample on different
positions on the flat area and rolled-up tubes to ensure good
reproducibility. All of them have similar behavior, which we present
here.

Band structure, transition energies, and absorption spectra were
calculated for flat and rolled-up tubes using the NextNano++ software
package for room and low temperatures (15 K). The nominal
thicknesses of the QWs were slightly adjusted to match the transition
energies observed in PL of the flat layers (3.6 nm for the GaAs-QW
and 3.8 nm InGaAs-QW). For the flat layers, a pseudomorphic strain
originating from the lattice match to the GaAs substrate is assumed
and included by NextNano++. For the rolled-up structures, we
implemented a one-dimensional (1D) strain profile in the NextNano
input file following the directions layout shown in Figure 1d. As the
strain in GaAs-QW samples was previously well investigated,36 the
strain profile of the GaAs-QW as well as for the theoretical
investigation was determined for this structure providing R, ai, and
az deduced by energy minimization.38,41 For the InGaAs-QW, R, ai,
and az were obtained directly from XRD diffraction on the rolled-up
tube ensuring agreement with the μ-PL results.

■ RESULTS AND DISCUSSION
The SEM image of a rolled-up GaAs-QW tube is depicted in
Figure 2a. We can identify the starting edge as well as the
defined area for rolling-up. The rolled-up tube is formed 20 μm
away from its starting edge, performing more then one
rotations on the surface. Figure 2b shows the SEM image of
the GaAs-QW tube allowing us to identify layers (windings)
forming the tube with a diameter of ca. 5 μm, which is slightly
smaller than expected. This indicates that layer thickness might
be slightly smaller than the nominal value. The image proves
that the tubes form in a tight, well-behaved manner and have
no loose windings.
As pointed out before, the exact strain state of a

heterostructure depends on its relaxation during roll-up. As
our theoretical calculation (see discussion below) for InGaAs-
QW predicted drastic changes, we decided to determine the
exact strain state of the InGaAs-QW experimentally. Therefore,
the XRD pattern in the vicinity of the GaAs (400) peak as a
function of scattering vector q = 4π/λ sin(θ), with λ being the
wavelength and 2θ being the Bragg angle of the flat
heterostructure used for the InGaAs-QW tubes, is provided
in Figure 2c. The calculated diffraction curve (solid line) was
deduced from the layer structure given in the figure. The XRD
fit obtained for this measurement determines that the values
for the heterostructure are close to the ones that are used as

Figure 2. (a, b) SEM images of the GaAs-QW tube. (a) Patterned
area and the starting edge of the rolled-up tube. (b) Opening of the
tube with ca. 5 μm diameter. (c) XRD measurement and fit of the flat
InGaAs-QW sample for determination of the layer thickness and alloy
concentrations (provided in the text within the figure panel). (d)
XRD pattern and fit of the rolled-up tubes to infer the strain of the
rolled-up quantum well.

Figure 3. PL spectra of the flat areas and tubes: (a) GaAs-QW (only
15 K) and (b) InGaAs-QW (15 K and room temperature (RT)).
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the InGaAs-QW thickness in the NextNano++ calculations.
Figure 2d depicts the experimental XRD diffraction pattern
and the fit of the experimental data of an InGaAs-QW tube
sample as a function of q. To achieve a good fit, we slightly
adjusted the indium concentration (from 0.20 to 0.18)
between the planar heterostructure and the rolled-up tubes.
This small difference is compatible with experimental
uncertainty and inhomogeneity of the MBE growth over the
sample size. For the k·p calculations, we always used an indium
concentration of 0.20 to agree with the observed transition
energy measured in PL as well as be consistent with the flat
layers. Indeed, the separation of the In(Al)GaAs straining layer
and InGaAs-QW in the tube diffraction signal is complicated
due to the simplicity of the applied model. On the other hand,
the overall strain state is deduced with great certainty as
directly determined by the interatomic distances measured by
the XRD. Hence, to ensure experimental consistency, strain
profiles are taken from the tubes’ diffraction, whereas layer
thickness and indium content from the flat layer XRD were
determined with greater reliability. The XRD of the tubes
allows determination of the average tube radius (R = 2.3 μm),
ai = 5.59 Å, and az = 5.735 Å, which agrees with the
theoretically expected values.
To characterize the optical properties of the rolled-up tubes,

we measured the PL spectra and show them in Figure 3. Figure
3a (also in Figure 4a) depicts the normalized PL spectra of the

flat unrolled GaAs-QW. We observe a strong PL peak at 1.667
eV originating from the heavy-hole (HH) exciton emission of
the GaAs-QW. For the rolled-up GaAs-QW spectrum depicted
in Figure 3b (and Figure 4c), we observe a redshift (11 meV)
of the ground-state PL emission of the QW to 1.656 eV. This
behavior is in agreement with previous results for a rolled-up
GaAs-QW.36

For the flat InGaAs-QW shown in Figure 3b (included in
Figure 4e), we observe a PL peak at 1.374 eV. The rolled-up
InGaAs-QW spectrum depicted in Figure 3b (and Figure 4g)
displays a PL emission red-shifted by 29 meV to 1.345 eV. It is
worth pointing out that we can detect the PL of the InGaAs-
QW at room temperature (RT) (shown in the inset of Figure
3b) at 1.283 eV (flat layer) and 1.260 eV (rolled-up tubes)
exhibiting an energy shift in the same range of 23 meV,
indicating the good quality of the heterostructures. Although
for the GaAs-QW, the width of the PL line does not
significantly change between tubes and flat layer, the tubes’
PL of the InGaAs-QW is relatively broader than the flat layer.
We ascribe this to the more complex strain state of the
InGaAs-QW.
The low-temperature unpolarized PLE spectra (green solid

line) for the flat GaAs-QW are shown in Figure 4a. For
convenience, we again plot the PL spectra in the same figure.
The PLE spectrum of this flat structure shows typical behavior
of QW systems corresponding to the two-dimensional
excitonic transitions with two clear peaks at 1.673 and 1.706
eV of heavy-hole (HH) and light-hole (LH) exciton
absorption peaks, respectively. The difference between the
two peaks is the separation of the confined energy levels of the
HH and LH in the flat GaAs-QW (33 meV). The shape of the
PLE does not change significantly between flat and rolled-up
QWs, but the spectral position of the HH and LH are at lower
energies (1.660 and 1.681 eV), respectively. Hence, the HH
and LH splitting energy decreases from 33 to 21 meV.
Although the PLE is typical for a two-dimensional system
(QW), it indicates already a decrease in the separation of the
LH and HH states from the flat to the rolled-up structure. For
both structures, the calculated absorption (red solid line) is
shifted to higher energies, but the energy separation between
two excitons is in good agreement with the measured one.
The PLE spectrum of the flat InGaAs-QW (Figure 4e)

shows two main peaks at 1.379 and 1.450 eV, which are
attributed to HH and LH exciton transitions, respectively. For
the rolled-up tubes (Figure 4g), the observed PLE spectrum
changes significantly compared to the other ones, which have
exhibited the typical form of a quantum well absorption. The
spectrum exhibits no clear excitonic-like peak, except for the
ground-state transition, at 1.351 eV. Nevertheless, we can
observe other broad bands which we ascriebe to transition
from continuum states indicating that the electronic structure
is drastically changed.
To understand the changes in the PL and PLE spectra for

rolled-up QWs, we calculated the band structure of the valence
(HH and LH holes, Figure 5) and the conduction bands (not
shown) as well as the absorption spectra (red lines in Figure
4). The calculated HH and LH valence (dark red and green
line) band edge potential profiles, ground-state confined levels
(EHH and ELH), and square module of the ground-state wave
function Ψ2 for the flat 3.6 nm GaAs-QW are shown in Figure
5a. Using the depicted potential profile, which takes the strain
tensor elements as determined previously into account, we
calculated the absorption spectra shown in Figure 4 (red solid
lines). The expected transition energies between the ground
state of the HH and LH sub-band to electron sub-band are
1.680 and 1.715 eV, respectively, with an HH−LH splitting
energy of 35 meV (in very good agreement with the PLE
experimental value of 33 meV). The slight blueshift of the
transitions with respect to the exciton absorption edge
observed in the PLE measurements is mainly associated with

Figure 4. (a) PL (black) and PLE (green is unpolarized, and blue and
orange are σ+ and σ− polarizations, respectively) spectra of the flat
GaAs-QW structure and calculated absorption spectrum (red). (b)
Polarization degree of the flat GaAs-QW. (c) PL and PLE spectra of
the rolled-up GaAs-QW structure. (d) Polarization degree of the
rolled-up GaAs-QW tubes. (e) PL and PLE spectra of the flat
InGaAS-QW sample. (f) Polarization degree of the flat InGaAs-QW.
(g) PL and PLE of the rolled-up InGaAs-QW. Calculation suggests an
inversion of the LH and HH band profiles to obtain the correct
transition energies. (h) Polarization degree of the rolled-up InGaAs-
QW.
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the GaAs-QW exciton binding energy,44 which is not included
in the calculation.
In Figure 5b, the calculated valence-band structure for the

rolled-up GaAs-QW is depicted. The corresponding calculated
transition energies are 1.667 and 1.682 eV for HH and LH
transitions, respectively, and both energies are redshifted (see
Figure 4c). However, the redshift of the LH transition is larger
than for HH, resulting in a reduction of the HH−LH splitting
from 30 to 15 meV, in agreement with the experimental data
(33−21 meV). The energy shift is seen clearly in Figure 5b,
where the LH potential profile below the HH, but the confined
energy level of the LH ground state (ELH), is still above the
HH ground-state energy (EHH). This is the first indication that
potentially one can invert the HH and LH confinement energy
using the strain distribution of a rolled-up tube.
Similar calculations have been carried out for the InGaAs-

QW, and the obtained band structure for the flat structure is
depicted in Figure 5c. We obtained an HH transition energy of
1.381 eV and an LH transition of 1.460 eV with a HH−LH
splitting of 79 meV, slightly larger than the experimental one
(71 meV) for the flat structure (Figure 4e). Note that despite
the LH transition shows a weak shoulder at 1.464 eV in the
absorption spectrum in Figure 4e, its exciton absorption forms
a quite defined peak, as observed in the PLE spectrum. The
shoulder-like behavior at 1.464 eV in the absorption spectrum
reflects the fact that we no longer have a completely parabolic
dispersion due to asymmetry of the InGaAs-QW. Above the
LH transition ground state, we have delocalized states and
absorption related to the barrier states, which are not probed in
the PLE experiment. The small absorption at 1.437 eV can be
identified as a transition corresponding to second heavy-hole-
state exciton transition (forbidden transition). The asymmetry
of InGaAs-QW can induce the breaking of the selection rule
optical transitions for quantum wells.
Unlike the GaAs-QW, the band structure calculated for the

rolled-up InGaAs-QW undergoes significant changes, as seen
in Figure 5d. Our calculations indicate an inversion of the LH
and HH potential profiles. Moreover, the bottom of the HH
potential profile coincides approximately with the barrier of the
LH profile and we find therefore continuous states of the LH
in resonance with the HH sub-bands in the quantum well, as
shown in Figure 5d. For this potential profile, therefore, only
one confined bound state is found in the valence band, which
is the LH sub-band with a transition energy of ca. 1.333 eV

(slightly smaller than that observed in PLE). Interestingly, our
calculation underestimates the transition energy compared to
calculations for the GaAs-QW and the flat InGaAs
heterostructure. This is ascribed to the rather unique strain
state of the InGaAs-QW, where strain relaxation is determined
by two straining layers (InGaAs-QW and the bottom
InAlGaAs layer). Furthermore, there are strong admixes
between delocalized HH and LH functions, implying
transitions between the continuum of states at higher energies
for this sample. Therefore, we cannot identify transitions above
the LH ground state. These states reflect a broad transition
around 1.40 eV in PLE spectra due to several wavefunctions
overlaps that we cannot resolve in the experimental data. This
effect emerges from the strong asymmetric strain in the
InGaAs-QW caused by the roll-up. This strain profile results in
the tilted potential profile of HH and LH sub-bands.
This fundamental change in the band structure is reflected in

the experimental result as well as in the calculated absorption
spectrum seen in Figure 4g. The absorption becomes a
continuum line without any typical steps observed for the
other structures in good agreement with the experimental data
(green line in Figure 4g). To demonstrate how profound the
changes in the electronic structure are, we tested the selection
rules of the optical transitions by carrying out circularly
polarized PLE measurements.
In Figure 4a, we depict the circular polarization-dependent

PLE signal of the flat GaAs-QW. The two components of the
PLE spectra (σ+ and σ−) show both HH and LH exciton peaks,
as observed in the unpolarized spectra in Figure 4a. The degree
of emitted circular polarization is shown in Figure 4b. For
excitation near the resonance with the HH exciton transition,
the polarization degree is ca. 30%. Increasing the excitation
energy, a clear dip is observed at the position of the LH exciton
peak in the PLE spectrum. The optical selection rules for
absorption in the HH and LH states in GaAs-QWs predict
photocreated electrons with opposite spin orientation for each
case. This is a fingerprint allowing identification of transitions
involving the LH sub-band by the presence of the dip in
polarization-resolved PLE spectrum.45

For the rolled-up GaAs-QW, the polarization-dependent
PLE spectra (Figure 4c) and the spin polarization degree
(Figure 4d) are very similar to those for the flat GaAs-QW.
The main difference is the redshift of all peaks and smaller
HH−LH energy splitting of this structure, as expected
theoretically. Once more, the clear dip in the polarization
degree shows unambiguously the nature of the LH exciton
transition.
Similarly, we analyzed the polarization dependence of the

PLE in the InGaAs-QW, which is depicted in Figure 4e. In this
structure, we observe a larger polarization degree close to the
HH absorption (∼60%) for the flat layer (Figure 4f). The
overall behavior of the spin polarization curve is similar to the
one observed for the GaAs-QW, with a strong reduction of the
polarization degree at the LH absorption edge.
In contrast to the previous cases, the degree of spin

polarization in the rolled-up InGaAs-QW shows a dramatically
different behavior (see Figure 4g,h). In this case, the
polarization degree is negligible in the entire energy range.
This change is ascribed to the strong mixing between the HH
and LH valence bands, resulting in a drastic change in the spin
selection rules.
To understand if our findings are general for all InGaAs-QW

integrated into a tube with different diameters, we theoretically

Figure 5. Valence-band potential profiles (green line for LH and dark
red for HH) and calculated square of the ground-state wave function
for the (a) flat GaAs-QW, (b) rolled-up GaAs-QW, (c) flat InGaAs-
QW, and (d) rolled-up InGaAs-QW.
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investigate the influence of the asymmetric strain on the
InGaAs-QW emission. Therefore, we increase the curvature of
our structure by systematically changing the indium content in
the first In(Al)GaAs layer. The strain-dependent shift of the
light-hole (LH)−electron (e) and heavy-hole (HH)−electron
(e) transitions between valence and conduction bands at the Γ
point in III−V materials is well investigated for a biaxial strain
state. Rolled-up tubes form a different strain state that depends
on how the tubes relax as well as on the thickness of the initial
heterostructure. In the literature, one can find analytical
solutions for a plain stress, plain strain, and intermediate
states.35,41,46−48 We assume a plain strain state (as it has shown
experimentally a good description for the system investigated
here39) and carry out energy minimization calculations to find
the R, ai, and az for a given indium content. Hereby, it is worth
pointing out that with increasing indium content, the R and ai
values will decrease, but az will increase, giving rise to an
asymmetric strain state.
Figure 6 shows the result of the NextNano calculation for a

rolled-up GaAs-QW and InGaAs-QW embedded into a tube

wall, which has relaxed to the energetic minimum (which is not
the case for the real sample of InGaAs-QW). The indium
content of the straining layer was changed from 0.01 to 0.2,
and the HH−e and LH−e transitions were calculated for each
value of R, ai, and az.
For the GaAs-QW the HH−e transition is always above the

LH−e transition, but due to the triaxial strain state with
decreasing radius (increasing indium content), the separation
of the LH and HH transition decreases. We observe a crossing
of the band edges, but due to the different hole masses, the
HH state is always above the LH state. Interestingly, for the
InGaAs-QW, any relaxation of the epi-layers into the triaxial
strain state of the tubes results in an inversion of the LH and
HH states, and hence the LH−e transition should be below the
HH−e transition in energy. However, unlike the GaAs-QW,
the separation of the two transitions remains constant (or
quasi-constant) and shifts systematically to lower energies for
smaller radii (higher indium content). This should result from
the different material parameters of the indium alloy and the
unusual strain state of the tubes.

Despite the calculated ground state of the QW showing an
LH exciton transition, this is a mixed state due to the anti-
crossing effects that admixes the HH and LH bands as seen by
our polarization-sensitive PLE measurements. Therefore, even
under near-resonance excitation, the degree of spin polar-
ization of the emitted light is negligible. This has been
observed in all tubes investigated despite small variations in
PLE spectra indicating small fluctuations in the strain state.
This is a confirmation that the curvature-induced strain state
changes fundamentally the band structure of the rolled-up
tubes. As we have full control of the curvature by the initial
design of the heterostructure,35 we can use it to band-engineer
the optical properties of the integrated quantum emitter and
use them, for example, as unpolarized light sources.

■ CONCLUSIONS

In conclusion, we investigated the effects of geometrically
induced strain on the band structure of III−V semiconductor
nanostructures. We demonstrated that the GaAs and InGaAs
quantum wells, when simply rolled up, forming tubes,
drastically change the band structure and, consequently, their
optical properties. The tubes were designed to move heavy-
and light-hole sub-bands toward each other to achieve the
crossing and increase the band mixing effects. These effects
were clearly observed using circularly polarized PLE. As rolled-
up tubes have also been used as optical cavities and laser
devices,21,28 the effects of the band mixing between the HH
and LH sub-bands are an alternative way to fabricate
semiconductor lasers with different emission properties.
Similarly, this method can be applicable for other nanometric
quantum emitters, e.g., to switch the ground-state emission of a
quantum dot.7,8 In addition, we would like to emphasize that
the optical properties behavior presented as a result of the
GaAs- and InGaAs-QW nanostructure embedded in the curved
system can be used as a model for other physical systems. The
effect observed here can be very promising for basic studies of
the optical properties and band structure for tensile-strained
Ge films2−4 and different quantum heterostructures.6−12

Moreover, as we have a tensile and compressive hybrid state
that leads to changes in the band potential profile (confine-
ment potential), such an approach can also be applied to other
fundamental studies as quantum-confined strain gradient
effect.49 Besides the interest for the quantum information
technology in the switching and control of the excitonic
states,50 spin splitting effects originated from interface-induced
mixing of valence-band states51 can be explored.
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