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a b s t r a c t
In this study, we investigate the modulation of energy band in 3D self-assembled nanomembranes containing GaAs/Al0.26 Ga0.74 As quantum wells (QWs). Photoluminescence (PL) characterizations demonstrate
that the self-assembled structures have different optical transition properties and the modulation of the
energy band is thus realized. Detailed spectral analyses disclose that the small strain change in structures
with different curvatures cannot cause remarkable change in energy bands in Al0.26 Ga0.74 As layer. On the
other hand, the optical transitions of GaAs QW layer is inﬂuenced by the strain evolution in term of light
emission intensity. We also ﬁnd the ﬁrst order Stark effect in rolled-up nanomembrane with diameter
of 150 μm, which is closely connected with the coupling effect between the deformation potential and
the piezoelectric potential. Our work may pave a way for the fabrication of high performance rolled-QW
infrared photo-detectors.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Quantum well (QW) is a type of low-dimensional semiconductor material which is artiﬁcially modiﬁed by energy band engineering. The low-dimensional properties, such as quantum size effect,
quantum tunneling, Coulomb blocking, and nonlinear optical effect,
are the basis of new generation of solid-state quantum devices, like
QW infrared photo-detectors (QWIPs), lasers based on QW materials, etc. [1–10]. However, in conventional QW devices, only the
incident light whose electric vector is parallel to the growth direction of the QW contributes to the photo-current, and so the quantum eﬃciency of the opto-electric device is low. In our previous
work, we combined rolled-up nanotechnology with QW devices to
fabricate microtubular QWIPs [11]. We notice that the view angle of the rolled-up device is remarkably expanded without much
attenuation and quantum eﬃciency is also enhanced due to the
internal light reﬂection or optical resonance in the microtubular
cavities [12–17]. It is worth mentioning that the modulation of
the energy band structure can signiﬁcantly change the physical
properties of QW for various applications. In previous literatures,
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several approaches have been demonstrated to modulate the energy band. For instance, strain in self-rolled nanomembranes is
capable of altering the properties of the materials [17–20]. In addition, the change in the composition may also inﬂuence the band
structure and the doping level and the electrical properties were
tuned signiﬁcantly [21,22]. Nevertheless, speciﬁc study about the
modulation of the energy band of QWs and its effect on intraband and interband carrier transitions are still short so far. It is of
great theoretical and application signiﬁcance to investigate them in
more details, so that clues may be found for optimizing the performance of the QWIP or preparing new type of QW devices. The 3D
self-assembled nanomembrane structures are expected to provide
a good platform for studying the relationship between the energy
band modulation of QWs and the intraband & interband carrier
transitions because the geometry and the strain status in the QW
nanomembrans can be tuned controllably.
In this study, we fabricate 3D self-assembled nanomembrane
structures with different geometries to study the energy band
modulation mechanism of GaAs/Al0.26 Ga0.74 As QW nanomembranes. We ﬁnd the optical transition properties of the nanomembranes and the energy bands in Al0.26 Ga0.74 As layer is not sensitive
to the small curvatures change. However, the energy bands of GaAs
QW layer move downward due to the strain evolution after release
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Table 1
Inﬂuence of HF concentrations and etching times on the geometries of the samples.

Fig. 1. (a) Schematic diagram of multi-layered nanomembrane and the self-rolled
tubular structure with electrodes. The bottom part is GaAs substrate, and the dotted
line is the neutral line which is the boundary between the parts with tensile and
compressive strains respectively. Optical microscopy images (top view) of rolled-up
structures with the diameter of (b) 127 μm and (c) 150 μm. The bright line on the
black sample is reﬂected light. (d) A typical optical microscopy image of a rolleddown structure viewed from the side. The dotted line is the corresponding proﬁle.
(e) A typical optical microscopy image of a wrinkled nanomembrane (top view). The
raised parts are marked with “I”, “II”, and “III”.

of the pre-strained nanomembrane. The potential energy of electrons in rolled-up nanomembrane is also affected by the coupling
effect between the deformation potential and the piezoelectric potential for self-rolled structures with different curvatures.
2. Experimental
The samples used are self-rolled nanomembrane structures
with different geometries, in which the strain status can vary
in a controllable way. The nanomembranes were fabricated using molecular beam epitaxy (Fig. 1(a)). Prior to the growth of the
active nanomembrane, 200 nm GaAs buffer layer was grown at
∼560 ◦ C. For the epitaxial growth of the active nanomembrane,
30 nm AlAs sacriﬁcial layer and 20 nm In0.2 Al0.2 Ga0.6 As stress
layer were ﬁrstly deposited. Then ∼50 nm GaAs conductance layer
followed as the bottom electrode (AuGe/Ni/Au). Finally, two QWs
and 20 nm GaAs conductance layer (upper electrode) were deposited. Here, each QW is 6.5 nm GaAs layer wrapped by two 30
nm Al0.26 Ga0.74 As layers (Fig. 1(a)). More details like the growth
rates and temperatures and doping levels are presented in Supplementary Material A and B. Then, HF solution was used to etch
away the AlAs sacriﬁcial layer, and the nanomembrane is selfrolled by the strain release of In0.2 Al0.2 Ga0.6 As stress layer due
to the energy miniaturization of the system [23,24]. The device
was then annealed at 380–400 ◦ C to achieve a good electrical contact between metallic electrode and GaAs layer. Detailed fabrication process can be found in reference [11] and the Supplementary Material therein. Fig. 1(a) illustrates the schematic diagram
of multi-layered nanomembrane and self-rolled tubular structure
with electrodes fabricated by conventional semiconductor planar
technology. Constant voltages of −3 and −4.5 V were also applied
to such device to study the effect of external voltage on the optical
transitions in the nanomembrane.
The morphologies of the 3D self-assembled nanomembranes
were characterized by optical microscope (Olympus BX51). The
photoluminescence (PL) properties of the samples were investigated using LabRAM HR spectrometer. The voltage was applied by
battery pack during PL test.
3. Results and discussion
In our experiment, the self-assembly process initiated after the
sacriﬁcial AlAs layer was selectively removed by HF solution. We

Sample

HF concentration

etching time (min)

127 μm rolled-up tube
150 μm rolled-up tube
wrinkled
rolled-down tube

13%
15%
>13%
<10%

∼4
∼3.5
>4
∼7

noticed that HF solutions with the concentrations of 13% and 15%
led to the formation of rolled-up tubular structures with diameters of 127 μm (Fig. 1(b)) and 150 μm (Fig. 1(c)) respectively, while
HF concentration below 10% caused the formation of rolled-down
structure (Fig. 1d). In addition, it is experimentally proved that extended etching time could develop wrinkled structure (Fig. 1e). Table 1 summarizes the obtained geometries with different HF concentrations and etching times. Obviously, the different geometries
of self-assembled structures result from different strain relaxation
processes. Previous investigations also demonstrate that the strain
gradient changes with the distance from the etching front [23,25]
and the releasing history signiﬁcantly inﬂuence the self-assembly
process [26]. Thus, the current approach provides an alternative
way to tune the geometry of self-assembled nanomembrane. For
self-rolled nanomembrane with thickness t, the strain difference
ε can be expressed as ε = t /((1 + ν ) R 0 ), where ν represents
Poisson ratio, R 0 is the radius of the structure. Herein, the average
strain difference in the nanomembrane can be roughly estimated
to be 0.12% and 0.10% for self-rolled nanoembranes with diameters
of 127 and 150 μm respectively [27,28].
Here, the energy band structures of the 3D self-assembled
nanomembranes were studied by analyzing the PL spectra of the
sample. First, the PL spectra of ﬂat and rolled-up nanomembranes
(diameter: 150 μm) are excited with high power laser (wavelength:
514.5 nm) at room temperature to study the high-energy transition
of the carriers in the nanomembranes. Typical PL spectra is shown
in Fig. 2(a). The spectra F and R2 were collected with 7.5 mW excitation power while the excitation power for spectrum R1 is 15
mW. According to the reference [29], the energy band gap of GaAs
is around 1.42 eV, and the energy band gap of Al0.26 Ga0.74 As layer
should be larger. The high luminous ﬂux (i.e., high laser power) can
identify weaker peaks of Al0.26 Ga0.74 As layer due to larger energy
gap. On the basis of the spectral analyses, band diagrams of the
Al0.26 Ga0.74 As layer are schematically demonstrated in Fig. 2(b).
Two sets of optical transitions can be deduced and the energy
splitting is caused by the coupling between spin and angular momentum [30]. The left diagram in Fig. 2(b) is deduced according
to the values of the transition energies (1.85–1.89 eV, 1.98–2.04
eV, and 2.15–2.20 eV) and it illustrates splitting of the energy levels which are produced by the coupling between resultant spin (L)
and total orbital angular momentum quantum number (S) (i.e., L S
coupling) among the outer electrons of atoms in the Al0.26 Ga0.74 As
layers [30,31]. The experimental results show that the smallest
transition energy is 1.85 eV which is basically consistent with the
values of Alx Ga(1−x) As reported previously [32].
The splitted energy levels in right panel of Fig. 2(b) are discrete
and the transition energies are 2.374, 2.377, 2.390, and 2.400 eV
which are deduced according to the peaks in the inset of Fig. 2(a).
The difference between the ﬁrst two transition energies is 0.003
eV (2.377–2.374 eV, see inet of Fig. 2(a)), which is consistent with
the band splitting due to the coupling between the orbital angular
momentum (l) and spin angular momentum (s) for the outer electrons only in one atom (i.e., ls coupling) [30]. On the other hand,
the difference between adjacent transition energies for following 3
peaks is ∼0.01 eV (see inset of Fig. 2(a)), which can be judged as
degenerate energy level splitting brought by the Coulomb interactions between the electrons [30]. The splitted energy levels here
indicates that the L S coupling is not particularly strong, otherwise,
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Fig. 2. (a) PL spectra at room temperature of ﬂat (F) and rolled-up samples (diameter: 150 μm). Spectrum R1 was collected with excitation power of 15 mW and
spectra R2 and F were collected with excitation power of 7.5 mW. The inset is the
magniﬁcation of the elliptical part and the peaks are marked with the asterisks.
Compared with the ﬂat nanomembrane, the two peaks around 2.376 eV for rolledup samples blue shift ∼0.27 meV due to ls coupling of outer electrons. (b) Energy
band diagram of Al0.26 Ga0.74 As layer deduced from the PL results. (For interpretation of the colors in the ﬁgure(s), the reader is referred to the web version of this
article.)

the broadening of the energy level might make the ls coupling undetectable. It is worth noting that in our present case the splitted
energy levels should be produced by a coupling effect between
L S coupling and J J coupling if the electron conﬁguration is taken
into consideration [30]. After the formation of the rolled-up tubular structure by removing sacriﬁcial layer, only the double lines
take ∼0.27 meV blueshift as a whole (Supplementary Material C)
due to ls coupling and there is no change for the other transitions
(inset of Fig. 2(a)). This phenomenon indicates that the ls coupling
of outer electrons is sensitive to the strain change, while Coulomb
interaction between the electrons in different atoms is almost unaffected. Therefore, the present experimental results prove that
band structure is not very sensitive to the strain evolution, and the
small strain change in self-assembled nanomembranes with small
curvature difference is not large enough to change the energy levels of the Al0.26 Ga0.74 As layer obviously. One may further deduce
that similar situation may exist in both Al0.26 Ga0.74 As and GaAs
layers.
In order to observe the low-energy transition in the GaAs QW
layer, the PL measurements were also carried out with 540 nm
laser while the laser power was signiﬁcantly decreased to 30 μW,
and the obtained spectra were plotted in Fig. 3. Here spectra a-e
correspond to the PL signal collected from different positions of a
3D self-assembled nanomembrane. It can be seen from Fig. 3(a)
that with the decrease of the distance to the cut-off edge (position e), despite the intensity of PL spectrum increases gradually (possible due to different light scattering/reﬂection), the line
shape keeps almost unchanged. Two obvious peaks can be distinguished and are considered to be due to the recombination

between the electrons (e) and the heavy holes (hh) [25,33,34]. The
ground and the ﬁrst excited states of electrons are marked as e 0
and e 1 respectively while hh0 and hh1 for heavy hole case. The
two peaks are therefore correspond to the e 0 -hh1 and e 1 -hh0 transitions respectively [25]. It is worth noting that the curvature gradually decreases from positions a to e, indicating a slightly changed
strain status in the nanomembrane. However, the transition energies of e 0 -hh1 and e 1 -hh0 are almost the same in spectra a–e,
although the corresponding strain status are different. This phenomenon further proves our previous deduction that the trivial
strain change in the self-assembled nanomembrane cannot lead
to obvious change of the energy levels. However, difference of
transition energies in nanomemrbane before and after release can
still be observed. Fig. 3(a) demonstrate that redshift can be observed in both e 0 − hh1 and e 1 − hh0 peaks after releasing the
nanomembrane. This indicates that the ground state level e 0 and
the excited state level e 1 move downward after release. A similar
phenomenon is also observed in a wrinkled nanomembrane. For
a clearer comparison, e 1 − hh0 peaks of different measuring spots
in a wrinkled nanomembrane are analyzed in detail, as shown in
Fig. 3(b). According to our previous study [23], we consider that for
the rolled-down part (position B, red spectrum), the two QWs are
both under tensile strain while for the rolled-up part (position C,
green spectrum), the two QWs are under compressive and tensile
strains respectively. It can be seen from Fig. 3(b) that the e 1 − hh0
peak in spectrum C appears blue shift compared with spectrum
B. However, the ﬂat part with two compressive QWs (spectrum
A) demonstrates the highest e 1 − hh0 transition energy, indicating the compressive strain can increase the transition energy. Another interesting feature in the PL behavior of the self-assembled
nanomembranes is the obvious weakening of e 0 − hh1 peak intensity after release (see spectra a-e in Fig. 3(a)). This phenonmenon
illustrates that the strain not only changes the energy of level e 0
but also may decrease the possibility of associated electron transition.
For a QWIP device, a constant bias voltage may be applied.
Therefore, it is also important to study the modulation of energy band when the self-assembled nanomembrane is biased. In
present work, bias voltages of 0, −3, and −4.5 V were applied to
the rolled-up nanomembranes, and the PL spectra excited with 540
nm laser were collected from the top of the rolled-up nanomembrane (Fig. 4). It can be seen from Fig. 4(a) that the e 0 − hh1 peak
is obviously stronger than e 1 − hh0 peak for rolled-up nanomembrane with diameter of 127 μm when biased at −4.5 V. This is
because high voltage and corresponding electric ﬁeld can enforce
the ground state wave function and the excited state wave function
to the opposite directions, leading to the change of the relative intensity between e 0 − hh1 and e 1 − hh0 transitions [23,35]. However,
for the rolled-up nanomembrane with diameter of 150 μm, strong
e 0 − hh1 peak is noted when 0 V is applied (see Fig. 4(b)). Obviously, the enhanced intensity cannot be connected with the strain
status since the change in the diameter is small. From the point
of PL line shape, it is observed that the 150 μm-tube with 0 V
demonstrates a similar effect for 127 μm-tube with −4.5 V. We
suggest this phenomenon may be produced by interfacial polarization, because the spectral proﬁle can be affected by polarized
perturbation [35]. In order to prove this speculation, we calculated the energy shift of the peaks when the samples were biased.
Here, we focus on the ratio of the shift (with respect to 0 V) at
−4.5 V to that at −3 V. For rolled-up nanomembrane with diameter of 127 μm, the ratio of the shift is ∼2.14, which is close
to the square of the voltage ratio (4.5 V/3 V). While in the case
of rolled-up nanomembrane with diameter of 150 μm, the ratio
of the shift is ∼1.5. According to previous literature, a ratio close
to 1.5 indicates the ﬁrst order Stark effect, and a ratio close to
2.25 suggests the second order Stark effect [23]. We consider this
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Fig. 3. (a) PL spectra of a rolled-down nanomembrane. (b) Enlarged view of e 1 -hh0 transitions of PL spectra for a wrinkled membrane. The colors of the plots correspond to
the laser position marked by arrows with the same color (inset). Blue color corresponds to the result from the ﬂat nanomembrane.

Fig. 4. PL spectra of rolled-up nanomembranes with diameters of 127 μm (a) and 150 μm (b) at room temperature. The excitation wavelength is 540 nm. Bias voltages of 0,
−3, and −4.5 V were applied to the samples and the energies of e0 -hh1 and e1 -hh0 peaks are labeled.

may also exist in our experiment. The difference should originate
from the 3D self-assembled geometry and the strain distribution
therein. Speciﬁcally, the self-assembly process should produce deformation potential energy and the strain evolution in the GaAs
and Alx Ga(1−x) As layers can induce a piezoelectric potential [36].
The coupling of the deformation potential and the piezoelectric potential will result in spatial anisotropy of electronic Hamiltonian to
affect the depth of the potential minima of electrons [37–39]. The
3D self-assembled structures with different curvatures possess different strain distributions [28] and deformation potential, and the
piezoelectric potential is also different correspondingly. As a result,
the two structures demonstrate different piezoelectric behaviors.
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4. Conclusions
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The modulation of energy band for rolled QWs is studied in this
work. On the basis of detailed PL characterization and analyses,
two sets of energy levels for Al0.26 Ga0.74 As layer can be deduced.
We ﬁnd that the small strain change for 3D self-assembled structures with different curvature alone cannot lead to obvious change
in optical transition energy. The analyses of PL spectra of GaAs QW
layer in different structures disclose that the ground state level e 0
and the excited state level e 1 will move downward due to the
strain evolution after release of the pre-strained nanomembrane.
Moreover, we suggest that the ﬁrst order Stark effect might exist in rolled-up nanomembrane with diameter of 150 μm due to
interfacial polarization. The results obtained in this work will facilitate to modulate the energy band of QW in 3D self-assembled
nanomembranes for high performance QWIPs.
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