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ABSTRACT: Semiconductor nanomembranes are promising systems for many applications, since the band structure of a given
material can be tailored to achieve specific configurations, which are not feasible by conventional growth procedures on rigid
substrates. Here we show that optically active III−V membranes containing InAs quantum dots exhibit a pronounced
photoluminescence enhancement with respect to equivalent systems grown on top of flat substrates. The effect is explained by
the formation of carrier depletion regions symmetrically located with respect to the optically active layer. This leads to the filling
of excited states of the quantum dots and the overall spectra are enhanced at higher energies. Changes on the strain field that are
expected to lead to a red-shift of the quantum dot emission play a reduced role in the final emission spectra in comparison with
the depletion effects. These effects can be considered as another degree of freedom and a key ingredient for band engineering of
extremely thin semiconductor membranes.
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In the past decade, the release and transfer of thin
membranes have been extensively studied and gave rise to

a promising field inside nanotechnology.1−12 Works have been
carried out both with inorganic as well as soft matter systems
originally deposited as thin films on a variety of different rigid
substrates. The demonstrated ability to transfer functional,
nanometer thick, high-quality membranes (i.e., nanomem-
branes) has opened up a plethora of potential applications in
flexible electronics and optoelectronics.1,13−20 Among the most
promising systems are thin semiconductor nanomembranes
(NMs) containing optically active structures like quantum wells
(QW) or self-assembled quantum dots (QD).20−25 Recently,
NMs transferred to piezo-electric host substrates have been
successfully used to tune the embedded quantum emitters21,22

by straining the transferred membrane.

In a first (naiv̈e) expectation, the strain modifications of the
transferred NM are the main relevant factor directly impacting
on the optical properties of the embedded QD or QW, for
example, when probed in photoluminescence (PL) experi-
ments. In fact, a PL redshift of 11 meV on a strained QW inside
a released and bound-back NM was already reported.20 The
strain relaxation of the NM causes a change on the band
structure resulting in a red shift of the observed PL signal.
Besides this work, a variety of released and rolled-up NMs have
been investigated in the literature23,26−29 and a clear connection
of the strain state of the released layers with the optical signal
has been reported.23 The NM thickness in the works cited here
ranged from 50 nm in rolled-up layers23,30−32 to more than 200
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nm in released two-dimensional membranes,22,25,26 but ultra-
thin membranes of high technological interest have not been
investigated.
Furthermore, wrinkled, bound-back, and rolled-up structures

can only partially relax their strain. Therefore, investigating
strain effects with structural techniques on a completely
released film is necessary to fully understand such systems,
for example, when used for tuning QD emissions.21 Until now,
the structural consequences in all investigated NMs point out
to a red shift of the QD emission. Such behavior in PL spectra
would denote lattice parameter changes that take place inside
the QDs, but also the propagation of a modified strain field into
the barrier layers.23,33 In addition to a signal shift due to strain
relaxation, an overall reduction of the PL intensity was observed
for released and wrinkled NMs,20 with a relative small
enhancement due to interference effects reported for a wrinkled
NM with respect to bound-back areas.
Normally, QDs or QWs grown in the vicinity of the surface

have the drawback of producing a potential well located at the
depletion regions. This undesirable effect, taking place in the
proximity of any surface, is responsible for mitigating or
removing carriers from confined states in the engineered wells
due to the asymmetric overall potential bending, reducing, or
suppressing recombination in these structures. However, if free
surfaces are defined in a more symmetric fashion, as it is
possible in ultrathin released NMs, typical surface effects such
as depletion, charge accumulation, or inversion34 can be used to
tailor optoelectronic properties of interest.
In this paper, we shed some light on the optical properties of

transferred NMs in relation to the optical and structural
properties of the system. Two transfer methods were employed
and are compared through an X-ray diffraction (XRD) study
that allows us to discuss the structural differences between
original (before transfer) and final (after transfer) NMs
containing InAs quantum dots. A photoluminescence (PL)
study of released and transferred NMs is performed to relate
the optical properties with our XRD results. We find that, as
expected from previous studies, the release of the original layer
results in a relaxed, but high quality, single crystalline NM. It is
also expected that the strain release results on a red shift of the
observed PL signal of the QDs. Nevertheless, we surprisingly
observe a large amplification of the PL intensity for higher
energies, which is more pronounced for thinner membranes.
This effect is ascribed to the appearance of symmetric carrier
depletion regions, consisting in a new variable for band
engineering that remains poorly explored for nm-thin semi-
conductor systems.
Two thin film structures with nominal thicknesses of 70 and

26 nm, respectively, were grown by Molecular Beam Epitaxy
(MBE) on GaAs (001) substrates using an Omicron III−V
system (IFW Dresden). The structures are composed of a GaAs
matrix with Al0.3Ga0.7As barriers containing InAs QDs (1.8
ML). The growth conditions used here lead to the formation of
QDs with a density of 2 × 1010 cm−2 and an average dot size of
20 nm diameter and 2 nm height. The MBE has a known
background p-doping of Na = 1 × 1016 cm−3. The sample layout
and a sketch of the expected confining potential are shown in
Figure 1a. Before the deposition of the active layer stack, a 50
nm thick sacrificial AlAs layer was grown, which can be
removed by diluted HF.35

In order to produce very thin NMs, two distinct release
procedures were applied: the first processing method, capable
of producing large area membranes, consists of defining small

periodic vertical pits with a HBr (50 vol %)/K2Cr2O7 (0.5 mol/
L)/CH3COOH (100 vol %) solution (2:1:1), so that the
sacrificial layer can be accessed by an etching solution.
Subsequently, by AlAs removal using diluted HF (50 vol
%)/H2O (1:800), the NM containing the topmost films is
released (step 1) and lifted onto another host substrate (step
2), as depicted in Figure 1b (see refs 19 and 36 for details).
The second method of choice, more suitable for integration

with flexible electronic devices, consists in defining discs with
200 μm diameter, as shown in Figure 1c. After vertical etching
of the matrix (step 1) and removal of the AlAs layer, the discs
are then pressed against freshly deposited polymer films (in our
case PMMA, step 2), which is on the top of the new host
substrate (step 3).1,22 The final state of released NMs is shown
in optical microscopy images at the bottom of Figure 1b,c. All
released NMs in this work were transferred to flat epi-ready
GaAs (001) substrates.
Grazing-incidence X-ray diffraction (GID) measurements

near the (220) GaAs reflection were carried out at the XRD2

Figure 1. (a) Representation of the layer stacking in the
heterostructures studied here (left panel) and sketch of their band
structure (right panel). (b) Method for releasing thin membranes by
lifting layers in liquid and optical image of a resulting lifted NM (lower
panel).19,36 The original substrates are represented in blue, while the
new host substrates are shown in red. (c) Method for releasing thin
membranes by PMMA pressing and optical image of resulting
NMs.1,22
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beamline of the Brazilian Synchrotron Light Laboratory
(LNLS), at a fixed energy of 9 keV, 0.3° incident angle, and
using a Pilatus 100 K detector integrating a 2° exit angle.37 Low
temperature photoluminescence data was acquired pumping
the samples with an Ar+ laser (λ = 514 nm). The spectrometer
system (Andor Shamrock 303i) uses an Andor Si CCD with the
samples installed on an open cycle He cryostat cooled down to
20 K.
In order to evaluate the crystalline quality and strain-induced

modifications on the heterostructure illustrated in Figure 1a
after transfer, GID reciprocal space mapping was carried out
near the GaAs (220) reflection. In Figure 2a,b we show

longitudinal (θ-2θ) scans obtained from the 70 and 26 nm
NMs, respectively. Measurements were deducted on the as-
grown sample as well as on the NMs released and transferred to
a new substrate by the two described methods. The original as-
grown GID profiles exhibit a sharp intense peak at qr = 3.14 Å−1

due to the diffraction from the GaAs (and AlGaAs) matrix.
Besides this peak, a broad diffuse scattering is observed due to
the InAs compressively strained QDs and regions where GaAs
has tensile strain (near QD base and apex), smaller qr values,
and compressive strain (GaAs surrounding QD base), larger qr
values.38

The GaAs diffraction is still observed at the same position
and the diffuse scattering remains mostly unchanged for curves
obtained from the 70 nm thick, transferred NMs (Figure 2a).
While for the PMMA sample the crystalline alignment among
the membranes is preserved, the lifted NM has some foldings
and therefore presents a small angular misorientation of
different adjacent regions.19 This misorientation induces a
broadening of the intensity diffracted by the QDs along the
reciprocal space transversal direction (qa direction in Figure 3).
Since the scattering volume must be preserved for a fixed

photon flux, a reduction of the amount of counts in the diffuse
scattering region at the longitudinal direction is observed in the
blue diffraction curve (open dots) of Figure 2a. For the 26 nm
NMs, the layers are thin enough to present a modified strain
status after the membrane release (compare the as-grown with
the lifted and PMMA curves in Figure 2b). In such case, the
sharp GaAs peak smears out due to the propagation of a
modified strain field through the NMs and the overall GaAs
scattering shifts toward larger lattice parameter values, reaching
qr = 3.133 Å−1 (a = 5.673 Å). The center of mass of the diffuse
scattering is also modified. The resulting profile shown for the
PMMA (orange curve in Figure 2b) and lifted NMs (blue curve
in Figure 2b) points out to a lateral relaxation of the InAs lattice
parameter. Additionally, one observes the appearance of a larger
volume of tensile strained GaAs/AlGaAs.
For both sample structures, complete reciprocal space maps

for as-grown as well as PMMA transferred NMs are depicted in
Figure 3a,b for the 70 nm heterostructures and Figure 3c,d for
the 26 nm heterostructures. In the two as-grown samples
(Figure 3a,c), the GID maps exhibit a sharp GaAs/AlGaAs peak
in both longitudinal and angular directions. After releasing, one
sees that the GaAs peak position for the 70 nm NM remains
almost in the same position but presents an additional
broadening in the angular direction due to the appearance of
a reduced misorientation (Figure 3b). The effect observed in
the GID map of Figure 3d, for the thinner membrane, is again
more pronounced and clearly differs from the scattering of the
as-grown heterostructure (Figure 3c) along the qr direction.
The GaAs peak broadens and moves toward lower qr, showing
that the NM volume is small enough to render it much more
compliant, accepting a considerable deformation due to the
relaxation of the QDs.39 The diffuse scattering also moves

Figure 2. Grazing-incidence diffraction data measured in the vicinity of
the (220) GaAs reflection for the samples studied in this work. (a)
Longitudinal scans for the as-grown, lifted, and PMMA 70 nm
heterostructures. (b) Longitudinal scans for all the 26 nm thick
heterostructures.

Figure 3. Complete GID maps for the as-grown and PMMA 70 nm
sample are shown in (a) and (b). Reciprocal space maps for the as-
grown (c) and PMMA (d) 26 nm thick heterostructures. The qr and qa
scales are identical in all maps (white regions were not measured).
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toward lower qr, pointing out to a lattice parameter which is, in
average, larger inside the QDs. Hence, both QDs and the GaAs
matrix surrounding them become structures with smoother
lattice parameter gradients. Finally, we would like to mention
that the GID results for reciprocal space maps in the lifted NMs
are similar to these presented for the PMMA samples.
However, the existence of large (mm-sized) flat areas which
are slightly misoriented with respect to each other due to local
folding in the NM generate more peaks along the transversal
(qa) direction of the maps, interfering with a direct
interpretation of the measured signal.
Before starting a quantitative analysis of the NM systems, it

should be mentioned that semiconductor nanowires (NWs)
also present surface carrier trapping effects. These structures are
known for having a large surface/volume ratio, and charge
trapping at the surface is a key ingredient for the determination
of the electronic structure of NWs even for diameters of the
order of 200 nm. In these systems, depletion regions and,
consequently, band bending due to charge accumulation at the
surface were observed and are determinant to modify the
charge distribution along the radial direction, making some
radiative recombinations more or less pronounced.40 Depletion
is also a crucial parameter to explain the overall NW emission
as a function of the NW radius.41,42 It has been shown recently
that photoconductivity dynamics is also modified upon charge
redistribution.43 Also for NWs, the growth of a radial
heterostructure with barriers can be carried out to improve
confinement and consequently light emission.44

To understand the observed features of the PL emission, one
should first consider that in our samples the QDs are close to
the surface. The pinning of the Fermi level (Ef) at the surface

45

leads to a band bending in the vicinity of this region. For GaAs
(001) the Fermi level is pinned around midgap at the surface
for midlevel p-doped samples, like the ones used here (see ref
46). In our case, e·Vs ∼ 0.6 eV, where e is the electron charge
and Vs is the surface potential. Figure 4a,b shows schematically
the band structure of the as-grown 70 and 26 nm samples,
respectively. In these figures the width of the QD potential well
was exaggerated along the growth direction for better
visualization. According to Lüth,34 the depth of the depletion
region on a doped sample surface is given by d = [Vsεε0/
eNa]

1/2, where ε0 and ε are the vacuum and relative medium
permittivity and Na is the density of charge carriers at the bulk.
Using the values discussed in the precedent paragraphs, we
have obtained d ∼ 150 nm. This number indicates that our
QDs are inside the depletion region in both samples. In order
to calculate the band bending induced by the carrier depletion
one needs to calculate the Debye length, given by

εε
=L

kT
e N2

,0
2

a (1)

where k is the Boltzmann constant and T = 20 K. Finally, the
depth (z) dependence of the potential can be expressed as

= −eV z eV z L( ) exp( / )s (2)

The resulting curvatures, similar at the near-surface region
for both NM thicknesses, are directly shown in Figure 4a,b.
The energy levels of the QDs must also be calculated if one

wishes to find out whether changes in the band profile lead to a
repositioning of the Fermi level in which filled states can be
found. Table 1 shows the calculated energies for an average
InAs QD with the dimensions observed in our samples (see ref

47 for details). The calculation was carried out for a 70 nm
nondepleted heterostructure band profile such as that shown in
Figure 1a. Since the depletion at the QD position in Figure 4a
is extremely small, these values are directly compared in Table
1 to experimentally observed transition energies, extracted from
the position of InAs PL humps at the as-grown 70 nm sample
(Figure 4c). In this table it is possible to see that QD heavy-
hole (hh) levels are spaced by approximately 30 meV. The PL
peaks that form the QD ensemble emission in Figure 4c can
then be explained as being due to transitions from the
fundamental electron energy level to several heavy-hole (hh)
levels.47−49 These transitions are allowed since the quantum
dots do not have cylindrical symmetry. For the as-grown
samples one observes that, due to the depletion, the Fermi level
is positioned at ∼35 meV above the bottom of the valence band
at the QD position, which represents 10% of the potential well
height at the valence band.
For the doping level used here the Fermi level energy is

positioned within the QDs potential well, which leads to the
existence of empty hh states. Figure 4c shows the PL spectra of
the as-grown 70 and 26 nm samples. In both spectra the
emission of the QD ensemble is observed between 1.1 and 1.4

Figure 4. Sketch of the band structure of the 70 nm (a) and 26 nm (b)
as-grown heterostructures. The band bending near the surface (at
depth 0) is calculated using eq 2. In both diagrams the dotted line is
the Fermi level. The dimension of the QD potential well is exaggerated
along the growth direction for better visualization. Transition energy
calculations for the QDs show the existence of a single electron level
but several heavy-hole levels inside the QD potential wells. (c) PL
measurements at 20 K for both as-grown heterostructures, showing a
reduced emission at the 26 nm heterostructure with respect to its
thicker counterpart.

Table 1. Transition Energies between the Electron
Fundamental Level and Heavy Hole (hh) Levels Observed
Experimentally (As-Grown 70 nm Sample) and Calculated
for the QDs

transitions experimental (eV) calculated (eV)

elhhl 1.184 1.184
elhh2 1.212 1.213
elhh3 1.245 1.244
elhh4 1.275 1.274
elhh5 1.304 1.306
elhh6 1.335 1.335
elhh7 1.365 1.361
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eV. Transitions to hh excited states are denoted by the humps
in this part of the spectra. One observes the recombination of
seven hh excited states for the as-grown 70 nm sample, while
five levels are observed for the as-grown 26 nm heterostructure.
It is also clear that the emission of the QD ensemble at the 26
nm sample is much weaker than at the 70 nm. This is due to
the location of the QDs inside the depletion region, which
displaces holes toward deeper regions of the sample, following
the electric field created by carrier depletion. The final QD
emission, already excluding differences due to possible internal
reflections, changes in scattering section, and efficiency of light
extraction, is 2 orders of magnitude higher in the 70 nm as-
grown sample than in the 26 nm as-grown sample. Another
consequence of the carrier depletion observed for the 26 nm as-
grown sample is the appearance of strong peaks near the GaAs
gap energy. The band to band, exciton, and donor-to-carbon
acceptor recombination peaks are observed at 1.519, 1.515, and
1.48 eV, respectively, while the wetting layer (WL) peak is
found at 1.44 eV.
Once the PL results on the as-grown samples are understood,

we can proceed to the investigation of possible modifications
that take place once a NM is created. Figure 5a shows a

comparison between the lifted 70 nm NM and the as-grown 70
nm sample. One observes that the QD emission increases by a
factor of 2.5 for the NM in comparison to the as-grown
structure. In this case, the material absence in the region of the
lithographic pits makes the total area of the membrane smaller
than the area with QDs for the as-grown sample. An even more
pronounced result is observed for the 26 nm NM, shown in
Figure 5b. The emission for the QD region of the spectra is 2
orders of magnitude larger in the NM. The enhancement
factors depicted here are in agreement with relative intensities
of GaAs recombination peaks, as well as the WL emission. As-
grown and lifted samples were also measured in different PL

setups, with distinct optical alignment and different optical
paths, showing similar emission enhancement and ruling out
illumination, extraction, and detection efficiency effects.
Internal reflections were also ruled out by changing the
incident/extraction angle with respect to the excitation laser
beam. One also notices in the spectra of Figure 5b that more
excited states are filled, leading to an overall enhancement of
light emission at higher energies. This indicates that the PL
changes from as-grown to lifted heterostructures should be
attributed to the formation of new depletion regions in the
NMs, which play a major role on the emission of NM systems.
Figure 6a,b depicts the band bending obtained due to carrier

depletion at the NM surfaces. In these graphical representa-

tions, the electric potentials obtained due to depletion effects at
each surface are superimposed, giving rise to a symmetrically
curved band profile. The electric field created at the near-
surface regions drives the holes toward the central portions of
the NM, improving the recombination of QD hh excited states.
This effect is clearly observed here since the QD position
(along the growth direction) is nearly symmetric with respect
to the NM thickness. For the 70 nm NM, the strong band
bending curvature at the near-surface does not impose a
considerable change in the valence band energy at the QD
position. A different scenario is observed for the depletion at
the 26 nm membrane. For this thickness, there is a strong
influence for the QDs from the electric field created on each
surface. The bottom of the valence band at the QD position is
now below the Fermi energy by approximately 150 meV (one-
third of the quantum dot potential well height). The energy
levels above the Fermi level are vacant and recombination
processes can take place. However, the influx of photo-

Figure 5. PL spectra before and after the releasing of NMs for the (a)
70 nm heterostructure and (b) 26 nm heterostructure. While an
enhancement of the QD emission of 2.5× is observed for the thicker
membrane, an enhancement factor of about 100 is obtained for the
thinner membrane.

Figure 6. Representation of the band structure calculated with eq 2 for
the 70 nm (a) and 26 nm (b) lifted heterostructures. The symmetric
band bending on both surfaces is responsible for keeping holes inside
the QDs potential well in the valence band. Transition energy
calculations for the QDs show the existence of a single electron level
but several heavy-hole levels inside the QD potential wells. (c) PL
spectra at the QDs emission at the 26 nm lifted heterostructure region
for different laser excitation powers. The depletion at the NM surfaces
leads to a filling of excited states, keeping the emission at high energies
even when low laser power is used.
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generated holes populates states below the Fermi level, bringing
it down and promoting a more effective recombination at
higher energies. Such effect is experimentally probed by
modifying the laser power, as shown in Figure 6c. Even for
very small pumping power one still observes all recombination
energies. If a similar measurement is carried out for the QDs
sitting on a flat potential profile, excited states would no longer
be visible at low pumping, leaving only the fundamental level
transition signature peak.49 When analyzing the PL enhance-
ment in the nanomembranes, one should keep in mind that the
AlGaAs barriers localize the photogenerated carriers in a region
close to the quantum dots and also that the intrinsic electric
field created by the surface depletion layers is relatively weak
close to the QDs. The photogenerated holes are driven to the
QDs, completely filling the seven hole levels and creating an
attractive potential for the photogenerated electrons. Therefore,
the single QD electron level is kept occupied even at low
excitation powers. Similar measurements were also performed
on the PMMA NMs. However, for these samples, the polymer
luminescence is too intense to allow the observation of a clear
and isolated membrane signal. In ref 22, a much thicker NM
(200−250 nm) is placed on top of PMMA, reducing the
polymer emission.
Finally, in Figure 5, red shifts of the order of 5 meV are

observed for the localized humps in the QD ensemble emission
after the NM release. This is consistent with the lattice
relaxation in the quantum dots inferred from the X-ray
scattering data shown in Figure 2 and comparable with the
shifts observed in III−V NMs in ref 20. Nevertheless, 5 meV is
a small value compared to the major changes produced by the
charge depletion originated from the NM lifting, as explained in
this work, making the resulting depletion effect much more
relevant for band engineering.
In conclusion, we transferred two heterostructures containing

QDs, using different techniques, to a new host substrate. A
rigorous structural characterization using GID was carried out
to investigate the strain state as well as the crystal quality of the
transferred structures. Furthermore, PL investigation of the
same samples allows for the determination of the optical
properties. Our GID results confirm the previously reported
high crystal quality of the transferred NMs. We observe a
complete strain relaxation of our NMs after transfer, influencing
the investigated optical properties of the structures. Surpris-
ingly, a large enhancement of the PL peak intensity of our QD
samples for the 26 nm thick NM is observed. We ascribe this
effect to the formation of symmetrically located depletion areas
near to the sample surface, which lead to an accumulation of
holes near the QD. The band bending was calculated and
points out to a scenario which is in agreement with
experimental results. Therefore, this effect is solely arising
from the reduced thickness and not a previously observed
interference effect.20 In a more general frame, depletion can
also be used to increase or reduce the concentration of carriers
in specific regions of NMs, since it can be tuned by changing
the doping (Na in eq 1), the type of semiconductor (ε in eq 1,
Vs in eq 2) and the position of the active layer inside the NM
(symmetric or asymmetric position). Dynamic carrier trap
filling under periodic light pumping conditions was also
observed for NWs exhibiting surface carrier depletion (see ref
43) and can be used to tune time-dependent behavior in NM
systems. Finally, our detailed investigations allow a better
understanding of this kind of NM transferred systems. Such
systems have been used to tune the emission of single QDs into

resonance, whereby the ability to strain such membranes was
the major tuning knob.21 The mechanical flexibly of the NM
increases linearly with the reduction of the thickness for these
membranes1 making ultrathin membranes in the range below
30 nm the most interesting structures for strain transfer by
embedded nanostructures.39 Very thin NMs are also mandatory
for applications demanding extremely high curvatures or high
strain transfer to the membrane. For such systems the usual
tuning mechanisms of semiconductor heterostructure design
such as quantum well thickness and barrier thickness cannot be
freely used as this may render the structure too thick.
Therefore, an additional tuning mechanism is needed to specify
the optical properties of the NM. The observed shift and
enhancement of the optical InAs QD signal by surface
depletion effects associated with the amount of free carriers
inside the structure (doping) offers one of these needed tuning
knobs for NMs. Doping is a highly controlled process in
semiconductor growth and does not influence the overall
thickness of the heterostructures. It allows, therefore, tuning
and enhancing of the optical properties for such ultrathin NMs.
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