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ABSTRACT
A wrinkled nanomembrane with embedded quantum well (QW), fabricated by the partial release and bond back of epitaxial layers upon
underetching, is investigated by spatially resolved micro-photoluminescence spectroscopy. From the observed QW transition energies and
calculations based on the linear deformation potential theory, we find that the bonded back regions are fully relaxed and act on the strain
state of the wrinkled QW. Light emission enhancement observed in the wrinkled QW is explained by interference contrast theory.

The deterministic release and rearrangement of thin solid
films or nanomembranes on substrate surfaces1 offers exciting possibilities toward advanced integration strategies on a
single chip, such as folded and rolled-up nanotechnology,2,3
micro- and nano-origami,4 stretchable electronics,5,6 and thin
membrane transfer.7 These technologies might lead to hybrid
material heterostructure and superlattice systems8,9 with
interdisciplinary functionalities in electronics,2,5-7 X-ray,10
infrared,11,12 and visible optics,13 as well as nanomechanics14
and nanofluidity.15,16
Very recently, it has been shown that the partial release
and bond back of layers (REBOLA) can be used to create
complex nanochannel networks on substrate surfaces by
deterministic wrinkling.17 For the evolution of wrinkling,
different relaxation behaviors have been studied to understand various patterns and their transitions.18-21 However,
there has been little work elucidating the electronic or optical
properties of such wrinkled membranes.
In this Letter, we embed a strained quantum well (QW)
layer into a semiconductor heterostructure and create a
wrinkled nanomembrane on a substrate surface by the
REBOLA technique. The optical properties of such a
wrinkled QW layer are experimentally recorded by spatially
resolved micro-photoluminescence (µ-PL) spectroscopy and
theoretically determined by linear deformation potential
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theory. A comparison between experiment and theory allows
us to determine the strain state in the wrinkled and bonded
back layer. Furthermore, we find that the PL emission
intensity is enhanced in wrinkled areas, which we can explain
by interference contrast theory.
The sample structure (AlAs/GaAs/InGaAs/GaAs) sketched
in Figure 1a is grown on a semi-insulating GaAs (001)
substrate by solid-source molecular beam epitaxy. After
deoxidation of the substrate in ultrahigh vacuum, a 400 nm
thick GaAs buffer is grown followed by a sacrificial layer
of 80 nm AlAs. The wrinkling layer consists of a nominally
4 nm thick In0.22Ga0.78As QW layer sandwiched between two
10 nm thick GaAs barrier layers. The GaAs buffer is grown
at 580 °C and the AlAs/GaAs/In0.22Ga0.78As/GaAs layer
structure is deposited at 450 °C. Patterns on the sample
surface are prepared by photolithography followed by
reactive ion etching using SiCl4 gas or wet chemical etching
in a HBr solution.22 The AlAs sacrificial layer of the sample
is selectively removed by a 3-5 min etching with a diluted
HF (∼0.06%) solution. For µ-PL measurements, the sample
is mounted on the coldfinger of a He flow cryostat that can
be moved by computer-controlled xy-linear translation stages
with a spatial resolution of 50 nm. The measurement is
performed at a sample temperature of 6 K using a frequencydoubled Nd:YVO4-laser operating at 532 nm as excitation
source. The laser is focused by a microscope objective (with
numerical aperture ) 0.6) to a spot diameter of roughly 1
µm. The same microscope objective is used to collect the
PL emission. The luminescence is then spectrally filtered

Figure 1. Schematic diagrams of (a) An as-grown structure
containing a QW layer and (b) A wrinkled nanomembrane structure.
(c) A scanning electron microscopy image of the wrinkled QW.

by a 750 mm focal length spectrometer equipped with a
liquid-N2-cooled Si charge-coupled-device.
A sketch of the wrinkled nanomembrane with micro-/
nanochannel structures, fabricated by REBOLA method, is
displayed in Figure 1b. Ordered wrinkles are formed
perpendicularly to the etching front. The etching depth and
the shape of the starting window influence the formation,
size, and shape of the wrinkle. A typical structure is shown
in Figure 1c. After deterministic wrinkling and bond back,
the etched layer is characterized by two types of regions:
wrinkles (I) and bonded back layer (II). The wrinkles
experience an arc shape, are 900-1000 nm wide, and around
120 nm high at the open end. The channel height gradually
decreases toward the unetched region. The average wrinkle
periodicity is around 8 µm. The wrinkles form due to the
relaxation of the compressively strained QW upon release
of the layer. The size and geometry of the wrinkles can be
controlled by several experimental parameters such as surface
patterning and etching conditions.17
Parts a and b of Figure 2 show linear and circular wrinkling
geometries, respectively. The left panels display optical
microscopy images, while the middle and right panels show
maps of integrated PL intensity and PL peak position,
respectively. The circular structure is obtained by underetching a ringlike mesa (III, etched region; IV, unetched region).
From the intensity maps we see that the PL intensity from
the wrinkled regions is stronger than that from the bonded
back regions, while the peak position maps show that the
emission from the wrinkles is slightly blue-shifted compared
to the emission from bonded back regions. In Figure 2c,
representative PL spectra collected from a wrinkle (I) and
from a bonded back region (II) are shown together with a
spectrum from an unetched region. Because of the extra
surface created during etching and associated nonradiative
recombination centers, the integrated PL intensity from the
wrinkles and bonded back regions drops compared to the
unetched regions (see also middle panel of Figure 2b). The
Nano Lett., Vol. 7, No. 6, 2007

Figure 2. (a and b) Optical microscopy images, integrated PL
intensity maps, and PL peak position maps (from left to right) of
a QW in linear (I, wrinkle; II, bonded back region) and circular
(III, etched region; IV, unetched region) channel networks,
respectively. (c) PL spectra of unetched QW layer, wrinkled QW,
and bonded back QW.

intensity from the wrinkled regions is about 10 times higher
than the intensity from the bonded back regions. Moreover,
the emission from the underetched regions is strongly redshifted with respect to the unetched regions, with the bonded
back regions displaying the longest wavelength. From the
Gaussian fits of the PL peaks, peak energy values of 1.3762,
1.3644, and 1.3684 eV are extracted for the unetched, the
bonded back, and the wrinkled QW, respectively.
The shift of the QW emission peak position can be used
to monitor the strain state in the layer after deformation since
the strain affects the electronic structure of the QW layer.
Assuming different strain states for each structure, we can
deduce the residual stresses and the lattice constants as shown
schematically in Figure 3a. Since our as-grown InGaAs QW
has a thickness below the critical value for dislocation
introduction, the compressive strain is fully confined in the
QW layer. After the removal of the sacrificial layer (AlAs)
by selective etching, the strain of the QW layer in the bonded
back region is partially relaxed due to the release of the
sandwiched QW layer. In this case the equilibrium configuration is between the fully strained QW (without tensile
strain in the barrier layers) and fully relaxed QW (with high
tensile strain in the barrier layers). In order to calculate the
residual strain in each layer, we perform a strain energy
minimization of the structure.25,26 This results in tensile strain
(0.237%) in the barrier layers due to the partial relaxation
of the compressive strain in the QW. A schematic of the
forces and lattice constants after relaxation is shown in the
middle panel of Figure 3a. For the wrinkled region, the
bending of the film produces a inhomogeneous strain
distribution where the lattice constant along the growth
1677

Figure 3. (a) Schematic of the unetched (strained QW), bonded
back (partially relaxed QW), and wrinkle (bent QW) structures.
Arrows represent the force applied to the layer, and the dotted line
in the wrinkle structure indicates the neutral plane. (b) Band diagram
corresponding to the structure shown in (a). The lines in the middle
of the QW show the quantized energy levels of the electron in
conduction band (CB) and heavy hole in the valence band (VB).
Light-gray lines are guides to the eyes. (c) Transition energy of
the bent QW as a function of the bending curvature. The dasheddotted-dotted and the dashed-dotted lines represent the transition
energy of the strained QW and partially relaxed QW, respectively.
Three bent QW models are presented (see text for details).

direction is a function of inner lattice constant and the
curvature and is varied linearly with the distance from the
inner wrinkle surface (see eq 1 in ref 26). Assuming a certain
position for the neutral plane, defined as the plane where
there is no change of the strain state before and after
bending23 (dotted line), we can obtain the residual forces,
which can be tensile or compressive as shown in the right
panel of Figure 3a. By applying linear deformation potential
theory,27 we can draw the corresponding band diagrams as
well as numerically calculate the quantized energy levels of
these QW structures as shown in Figure 3b. For the strained
QW, we obtain a transition energy of 1.3762 eV when we
assume an indium content of 0.218 for the 4 nm thick QW.24
The strain relaxation of this QW is calculated by minimizing
the total strain energy of the structure.25 The relaxation leads
to a smaller transition energy of 1.3638 eV for the partially
relaxed QW in the released layer. This value (12.4 meV
lower than the strained QW) agrees well with the experimental observation (11.8 meV). For the bent QW, we have
to assume that the neutral plane (dotted line) lies ∼1.7 nm
above the center of the QW in order to obtain a reasonable
fit with the experiment (see discussion below). The schematic
of the bent QW is shown on the right panel of Figure 3b.
From this calculation, we obtain a transition energy of 1.3683
1678

eV for a curvature of 1.33 µm-1, which is extracted from
the atomic force microscopy (AFM) height profile of the
wrinkle.
Figure 3c summarizes the calculation of the transition
energy as a function of curvature. In this plot, the transition
energies for the strained and partially relaxed QWs are also
shown as horizontal dashed-dotted lines for reference. For
the bent QW (wrinkle), we consider three models in order
to understand the experimental result. In the first model (Bent
QW I), the minimization of the strain energy in polar
coordinates is performed at a fixed curvature. The tangential
lattice constant is extracted from the minimum energy
configuration.26 The result (dotted line in Figure 3c) indicates
only a red shift of the transition energy as compared to the
partially relaxed QW, in contradiction with the experimental
observation. For the second model (Bent QW II), based on
the fact that the grown structure is symmetric, we assume
the neutral plane at the center of the QW. The calculation
also shows only a red shift, which cannot fit the experimental
result. For the third model (Bent QW III), the position of
the neutral plane is varied as a fitting parameter. In this case
we can obtain a blue shift of the PL energy (4-6 meV) with
respect to the partially relaxed QW within the curvature range
of 1-2 µm-1. Note that in all three models the transition
energy approaches the value for the partially relaxed QW
when the curvature approaches zero (very large radius )
flat surface). For the last model (Bent QW III), a red shift is
observed for large curvatures (small radii), which we do not
expect in the presented structures. From this calculation, we
conclude that the wrinkle structure is in a nonequilibrium
strain state for our geometry without any external force. This
might originate from the fact that the nearby bonded back
film influences the strain state of the wrinkle.
The wrinkled structures display a stronger PL emission
intensity compared to that of the bonded back regions (see
Figure 2c). In order to quantify this effect, we investigate
another large wrinkle (its height is about 160 nm at the open
end). As shown in Figure 4a, its integrated PL intensity map
reveals two maxima across the high part of the wrinkle and
only a single maximum in the regions with reduced height.
On the basis of the geometry of our structure and on the
measurement setup, several effects are considered in order
to calculate the relative PL intensity I as a function of
measurement position. These effects are (i) interferenceenhancement,28 (ii) effective excited area due to wrinkling,
and (iii) power distribution of the excitation laser spot. I can
be expressed as
I(x0,y0) ∝

∫ ∫ F(h) R(S/S0)‚ P(x-x0,y-y0) dx dy

(1)

where (x0,y0) represents the measurement position; F is the
interference factor, which is a function of the height h of
the emitter from the “mirror” surface; R is the ratio of the
effective excited area S of a wrinkled region over the
corresponding flat region S0; and P is the power distribution
across the excitation laser spot. On the basis of interferencecontrast theory,28 an enhanced signal can be obtained when
the active structure is above the substrate, because of the
Nano Lett., Vol. 7, No. 6, 2007

findings and theoretical calculations present an understanding
of the optical properties of wrinkled QWs, which might act
as functional layers for read out and detection in highly
integrative nanochannel networks on a single chip.17
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Figure 4. (a) Integrated PL intensity mapping of a large wrinkle.
(b and c) AFM height profiles, integrated PL intensities, calculated
PL relative intensities as a function of the position in the wrinkles
either in the higher and lower ends of the wrinkle (dashed lines
in (a)).

interference between the reflected light from the substrate
and the direct light from the emitter. The calculation based
on this theory is shown in the inset of Figure 4b. The
interference factor F is plotted as a function of h. (Realistic
material parameters at the corresponding excitation and
emission wavelengths are taken from ref 29.) By calculating
R from the AFM height curves shown in parts b and c of
Figure 4 and assuming a Gaussian distribution with a full
width at half-maximum (fwhm) of 0.625 µm for the laser
power P, we can calculate the intensity curves from eq 1
and compare them to the experimental data. Our calculation
agrees well with the experimental data as shown in parts b
and c of Figure 4. The deviation may be due to the limited
spatial resolution of the PL setup.
In summary, a wrinkled nanomembrane with embedded
QW is fabricated by the REBOLA method and its optical
properties are spatially resolved by µ-PL spectroscopy. The
wrinkled layer deformation after deterministic wrinkling and
bond-back is revealed by the shifts of the transition energies
of embedded QWs together with detailed quantized energy
calculations, which include the effect of strain relaxations.
We find that the neutral plane of the wrinkle is shifted away
from the equilibrium state while the layer in the bonded back
regions is fully relaxed. Light emission enhancement of the
wrinkled QW is attributed to interference effects, which
agrees well with a numerical calculation. Our experimental
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