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reestanding AlN/GaN nanomembranes have gained considerable interest, recently, because of applications in flexible electronics,1,2 photonics,3,4
sensor devices,5 and microelectromechanical systems (MEMS).6⫺9 Exceptional properties of AlN/GaN nanomembranes are manifold, including wide bandgap emission and
absorption, good thermal and electrical
conductivities,2 large piezoelectricity,5 large
elastic modulus,8 and excellent biocompatibility.10 Freestanding nanomembranes
driven by strain can self-assemble into certain geometries11,12 such as
micro/nanotubes11⫺13 and spirals;14 which
serve for potential applications in, for example, electronics,15,16 mechanics,14
fluidics,17,18 and photonics.19 It is challenging, however, to create AlN/GaN nanomembranes due to limitations in growing ultrathin crystalline layers with thicknesses
below 50 nm while retaining etching selectivity. It has been shown previously that
freestanding AlN/GaN films with thicknesses larger 100 nm can buckle and
bend.20⫺23
Here, we demonstrate that ultrathin
crystalline AlN/GaN nanomembranes
grown on Si(111), can be released by the selective etching of the silicon substrate and
self-assemble into tubes, spirals, and curved
sheets. Interestingly, nanoporous crystalline
microtubes with pore sizes ranging from
several to several tens of nanometers are
produced when the layer thicknesses are in
the range of 20⫺35 nm due to initial island
growth of AlN on Si(111). During

F

www.acsnano.org

ARTICLE

Fabrication, Self-Assembly, and
Properties of Ultrathin AlN/GaN Porous
Crystalline Nanomembranes: Tubes,
Spirals, and Curved Sheets

ABSTRACT Ultrathin AlN/GaN crystalline porous freestanding nanomembranes are fabricated on Si(111) by

selective silicon etching, and self-assembled into various geometries such as tubes, spirals, and curved sheets.
Nanopores with sizes from several to tens of nanometers are produced in nanomembranes of 20ⴚ35 nm nominal
thickness, caused by the island growth of AlN on Si(111). No crystal-orientation dependence is observed while
releasing the AlN/GaN nanomembranes from the Si substrate indicating that the driving stress mainly originates
from the zipping effect among islands during growth. Competition between different relaxation mechanisms is
experimentally revealed for different nanomembrane geometries and well-described by numerical calculations.
The cathodoluminescence emission from GaN nanomembranes reveals a weak peak close to the GaN bandgap,
which is dramatically enhanced by electron irradiation.
KEYWORDS: nanomembrane · GaN · AlN · porous · nanotube · rolled-up

strain⫺relaxation, there is no particular dependence on crystal-orientation, suggesting that the driving stress mainly originates
from the zipping effect among islands during growth. The competing relaxation
mechanisms in nanomembranes with hundreds of nanometer width are experimentally investigated and explained by detailed
simulations. The cathodoluminescence
study shows that the photoemission close
to the GaN bandgap from the ultrathin GaN
layer can be dramatically enhanced by electron irradiation. These results suggest that
shaped nanomembranes out of porous AlN/
GaN are possible candidates for applications in for example, molecular separation24
or artificial blood capillaries.25
RESULTS AND DISCUSSION
We first investigate the surface morphology of AlN films with various thicknesses
(less than 50 nm) in order to determine the
growth conditions allowing us to obtain
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Figure 1. Surface morphologies of ultrathin AlN layers with various
thicknesses of (a) 10, (b) 20, (c) 30, and (d) 50 nm grown on Si(111)
checked by AFM; (e) surface roughness as a function of AlN layer
thickness, analyzed from panels aⴚd.

continuous epitaxial films. After deposition of a 10 nm
thick AlN film (Figure 1a) a mixture of small dots and
rods, which do not coalesce, is observed. In contrast, a
rather continuous epitaxial film is obtained after deposition of a 20 nm thick AlN film (Figure 1b). When the
AlN films become thicker (as in Figure 1c,d: 30 and 50
nm, respectively), the size of the crystalline grains increases. The sample roughness stays within the same
range for the different film thicknesses considered here
(Figure 1(e)). As schematically shown in Figure 2a, after
removal of the sacrificial layer (here Si), the AlN/GaN
layer spontaneously forms into microtubes (Figure 2b)
due to a strain gradient in the bilayer as discussed later.

Figure 2. (a) A schematic diagram illustrating the shaping of
an AlN/GaN nanomembrane into a microtube on Si(111) by
etching away the sacrificial Si underneath; (b) an SEM image
of a rolled-down AlN/GaN microtube on Si(111). Other types
of shaped AlN/GaN nanomembranes: (c) a single curved
sheet from a mesa structure, (d and e) spirals, and (f) a
curved sheet from a defined hole array.
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Figure 3. (a) An SEM image of two microtubes rolled from a
striped AlN nanomembrane (20 nm thick) with a high aspect
ratio on Si(111). The lower inset shows an enlarged SEM image of the open end in panel a, while the upper inset displays an SEM image of a pure AlN microtube with a layer
thickness of 30 nm; (b) a TEM image of a selected AlN microtube having a layer thickness of 20 nm; (c) an enlarged TEM
image showing the pores existing in the tube wall; (d and e)
a high-resolution TEM image revealing the crystal structure
of the rolled-up AlN membrane.

It should be mentioned here, that we use the AlN layers as a seeding layer for growing GaN layers on
Si(111).26 By varying the geometry of the defined pattern, freestanding AlN/GaN nanomembranes can also
be shaped into curved sheets (Figure 2c,f) or spirals (Figure 2d,e), which has been systematically studied previously for other material systems.27 A freestanding 20 nm
thick AlN nanomembrane released from a high aspect
ratio rectangular mesa rolls up into two microtubes
with a diameter of about 1 m, as shown in Figure 3a.
An enlarged SEM image (lower inset) reveals its porous
character. It is noted that the porous feature was also
observed in our GaN/AlN nanomembranes (not shown).
For comparison, a microtube from a 30 nm thick nanomembrane was also studied, which confirms that pores
also exist in the tube walls (upper inset). The pores,
however, are smaller in 30-nm-thick nanomembranes
than those in 20-nm-thick films (see enlarged SEM images in the Supporting Information, Figures 2 and 3).
Comprehensive transmission electron microscopy
(TEM) was conducted to study the pores in more detail
and to investigate the crystalline quality of these ultrathin shaped nanomembranes. Figure 3b shows an
overview TEM image of a selected microtube created
by a nominal 20 nm thick AlN nanomembrane. A magnified image (Figure 3c) clearly resolves the pores with a
size of 10⫺20 nm. Furthermore, the grains of the
www.acsnano.org
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of the layer relaxes because it is
grown beyond the critical thickness
for plastic relaxation.34 More recently, a new rolled-up method was
developed employing polymers as
sacrificial layers and inorganic films
as functional layers. The polymer
sacrificial layer was removed by a
solvent (such as acetone) and the inorganic layer forms into tubular
structures.5 In this case, the difference in the thermal expansion coefficients between the polymer and
deposited inorganic layers is beFigure 4. Scanning electron microlieved to be mainly responsible for
scope images of curled AlN nanomembranes with the layer thickthe strain gradient generation.
ness of 30 nm on Si(111) after
When AlN is grown on Si(111), the
etching (a) clock and (b) mesaisland growth occurs up to a deposhaped structures.
sition thickness of 10 nm. For thicker
layers, the islands become larger and eventually coalesce generating tensile stress known as a “zipping”
mechanism.28,35 Beyond this critical thickness, no further tensile stress is created since no new islands form.
This effect creates a strain gradient in the AlN/GaN layers, where the lower part close to the islands experiences tensile strain and the upper part close to the surface has little or no strain. These assumptions are
confirmed in our experiments, since all the curved
structures roll downward toward the substrate surface
as shown in Figure 2b⫺f.
To exclude other possibilities for the generation of
the strain gradient, two types of patterns were defined: a clock shape as shown in Figure 4a and a simple
array of mesa structures as in Figure 4b. For pseudomorphic layer systems, the rolling usually proceeds along
the soft crystal direction to minimize the total energy
of the system.11,12,33 If such a mechanism is dominant in
the AlN/GaN layers, there would be six preferred rolling directions arising from the wurtzite structure. This
symmetry would arise from the wurtzite crystal structure of the AlN/GaN film in its 具0001典 direction. Our
structural analysis by TEM indicates a strongly textured
but grainy material, which also could lift the six-folded
symmetry of the AlN/GaN film. On the other hand, the
evolution of the thin film growth observed in our AFM
study could lead to an additional strain gradient caused
by the overgrowth of the AlN porous structure by the
GaN film. To clarify the presence of a preferred rolling
direction as well as the presence of additional strain
arising from the AlN/GaN film other than the island formation, clock-shaped and triangle-shaped mesas with
arms were defined on the surface. After release of the
film from these mesas, however, there appears to be no
pronounced directional-dependent rolling in either
the clock- nor in the mesa-shaped patterns (see Figure
4a,b). In the clock-shaped pattern, some “wings” have
not bent down like others but this effect is attributed
VOL. 3 ▪ NO. 7 ▪ 1663–1668 ▪ 2009
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rolled-up nanostructure can be observed in the TEM images of Figure 3b,c. The grains form a dense network.
From literature26,28 as well as from the obtained diffraction image of flat areas of the tube (not shown), a highly
textured growth in the 具0001典 direction is expected
and observed. To investigate the structure and the crystal quality of the grown and released AlN membrane
forming the rolled-up tube, high-resolution TEM (HRTEM) was carried out on several positions. In Figure 3d
a HRTEM image near the {001} pole position is shown.
Two neighboring grains, the grain boundary as well as a
pore in the AlN membrane can be observed. In the center of the image clear lattice fringes are visible indicating a similar lattice alignment of the two grains. To
verify the crystal quality and the lattice spacing, a fast
Fourier transformed (FFT) filtered image of the region is
depicted in Figure 3d. The measured distance of two
lattice fringes (0.56 nm) agrees reasonable well with the
expected distance of the lattice spacing of the d100 lattice planes (2 ⫻ 0.27 nm).29 Furthermore, the coalescing
single grains can be clearly distinguished by the grain
boundary of 2⫺3 nm between grains. The TEM as well
as HRTEM results not only verify the expected strong
texture of the grains in the 具0001典-growth direction but
also imply a preferred crystal orientation of neighboring grains separated by low angle grain boundaries.
Normally, such boundaries are formed by a dislocation
network and several dislocations in the crystal structure
between grains are indicated by the arrows.
It is well-known that a large lattice mismatch of
19% exists between AlN(0001) and Si(111), which results in island formation during the initial growth
stage.28 It was reported that AlN films grown on Si(111)
with a thickness of up to 20 nm causes formation of isolated islands on the surface.28 In our experiments, for
the deposition of 10 nm thick AlN, no film was found
on the sample surface after removing the sacrificial
layer, indicating that layers thinner than roughly 10
nm are not continuous (i.e., coalescent). We found that
20 nm thick AlN films are continuous but porous, directly reflecting the partial coalescence of neighboring
islands, which produce the porous structures. The technique for releasing nanomembranes therefore not only
offers a method to fabricate porous nanomembranes
in view of practical applications,24,25 but can also help
to understand the initial seed growth of epitaxial
layers.28,30
It is well-known that stress can drive nanomembranes into certain shapes,31 such as tubes11⫺13 or
wrinkled channels.17,32 Curled structures form due to a
pronounced strain gradient within the layers. For high
quality epitaxial layers, the strain gradient is usually
generated by the lattice mismatch within a bilayer of
two different materials, and the magnitude of the strain
can be well tuned by changing the composition of at
least one of the layers.33 In ref 34, a strain gradient was
created in a single material film, in which the upper part
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loose end reaches the fixed end; (2) no roll-up for
wide stripes (roughly 500⫺1000 nm wide).
The cease of the roll-up mechanism by twisting
the stripes is quantitatively described by a total elastic strain energy calculation shown in Figure 5d.
First, the initial strain gradient (0.64%) is estimated
from the obtained spiral diameter (⬃3.4 m).36 The
stripe of length L is divided into 2 parts, that is, a
twisted part with a length LT and a rolled part with
a length LB. The elastic energy of the first part has
two contributions from the unrelaxed layer (E0) and
the torsion part (ET). The unrelaxed strain is proportional to the length E0 ⬀ LT. Here we analytically calculate the torsion energy37 assuming a constant torsion angle per unit length of /(2LT) and we obtain
the torsion energy ET ⬀ 1/LT. The second part of the
stripe rolls up and the elastic energy is relaxed into
EB, which is obtained by minimizing this energy in
cylindrical coordinates.38 Because of the relaxation
by rolling into a spiral shape, the elastic energy is reFigure 5. (aⴚc) SEM images of freestanding AlN/GaN nanomembranes with difduced to 27% of the initial elastic energy, and this
ferent width w. Smaller width has more number of spiral rotation as shown in
panel a. All rolled nanomembrane is shown with a twisting of about 90°. (d) The bending energy is proportional to the bending
calculated elastic energy contribution from the torsion part and the bending
length EB ⬀ LB. By considering a rectangular stripe
part. The torsion of the membrane limits the rolling distance. Origin of torsion
is due to the preferential rolling on the long edge at the beginning. Inset of panel with width w of 150 nm and total length L of 10 m,
d shows a magnified SEM image of a spiral; torsion part with the length of ⬃2
the total elastic energy is minimized at a bending
m is observed. (e) The calculated elastic energy as a function of membrane
distance of 8.2 m. This is consistent with the exwidth for different shapes (no relaxation, planar relaxation, shape no. 1, and
perimental result shown in the inset of Figure 5d.
shape no. 2). Vertical dash line and arrows describe the shape evolution pathway of observed spiral shapes. (See text for more detail.)
Note that the twisting part of the stripe has a length
of ⬃2 m. By changing the total length L without
rather to fluid dynamics during the etching and/or critichanging
the stripe width, the calculation shows that
cal drying process than to any crystal anisotropy. In
the equilibrium bending length LB increases while LT is
the mesa array, the freestanding nanomembranes are
almost constant (at ⬃2 m for this condition).
curled down randomly. Since there appears to be no
Our above total elastic energy minimization cannot
preferred shape of the islands as well as no preferred
explain the nonspiral feature of the free-standing AlN/
connection between the islands, we believe that the
GaN nanomembrane with a larger width (w ⬎ 500 nm)
zipping mechanism contributes mostly to the strain
as shown in Figure 5c. However, by considering the
gradient in the AlN/GaN curved nanomembranes.
elastic energy for different shapes as a function of stripe
To facilitate a deeper insight into the strain relaxwidth, we can theoretically explain this nonspiral pheation of freestanding nanomembranes, AlN/GaN (10
nomenon (see Figure 5e). In this figure, the total elasnm/10 nm in thickness) stripes with width w (100⫺1000
tic energy of shape no. 1 is numerically calculated by asnm) and length L (10⫺20 m) are realized by means
suming that the curvature (1/R) varies linearly from the
of optical lithography and wet chemical etching as deequilibrium value at the free end to zero at the fixed
scribed above. Figure 5a⫺c display SEM images of the end. The obstruction of the spiral formation can be exfreestanding nanomembrane stripes after relaxation.
plained as follows: During the initial underetching proFor the patterns with a small width (hundreds of nano- cess, the unrelaxed film can gradually release the enmeters; for example ⬃150 nm) as shown in Figure 5
ergy by bending downward, and it prefers to bend
panels a and b, spiral shapes are formed. The strain gra- along the long edge (shape no. 1 in Figure 5e) bedient originates from the morphological evolution dur- cause of its lower energy configuration. To further reing film growth and causes a “bending-down” of the
lease the elastic energy after the underetching process
structures. After a certain underetching length, the
is complete, the nanomembrane with shape no. 1 has
stripes are twisted by ⬃90° due to interaction with the to transform to the planar relaxation and then form into
substrate surface. In contrast, the freestanding nashape no. 2. This means that there is an energy barrier
nomembranes with larger widths of ⬃1 m (one typiin this process (dashed line and arrow in Figure 5e). For
cal SEM image shown in Figure 5c) show no such rolla small width w, the energy barrier is small; therefore,
ing into a spiral shape. In the following we discuss these a shape instability due to fluidic dynamics during etchtwo phenomena: (1) the roll-up of narrow stripes
ing can easily induce the stripe transformation from
shape no. 1 to shape no. 2. In contrast, the stripe with
(roughly 100⫺500 nm wide), which ceases before the
VOL. 3 ▪ NO. 7 ▪ MEI ET AL.
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a larger width might not be able to overcome the barrier and therefore stays in the configuration of the
shape no. 1. It is noted that at this considered length,
the torsion energy is relatively small and negligible
compared to the bending energy.
The optical properties of AlN/GaN nanomembranes
were investigated by cathodoluminescence (CL) at 4.2 K,
which is often used to characterize wide bandgap
semiconductors.39⫺41 The sample investigated consists of
20 nm GaN/15 nm AlN//Si(111) substrate. As presented in
Figure 6, several areas of the sample were measured: an
unetched area, a freestanding area, and an electronirradiated area. The electron-irradiated area was generated by an electron beam when recording the CL spectra in the SEM. A nanomembrane containing one electron
irradiation line is shown in the inset of Figure 6. In the unetched area, bandgap related emission of GaN at ⬃350
nm (⬃3.54 eV) is observed (black solid line). In the freestanding area, defects were generated in the nanomembranes by the etching process, which leads to a broad vis-

EXPERIMENTAL DETAILS
The AlN/GaN samples were grown by metalorganic vapor
phase epitaxy (MOVPE) using an Aixtron AIX 200/4 RF-S reactor.
The (111) silicon substrates were chemically etched to remove
the oxide layer and to produce a hydrogen-terminated surface.
Prior to deposition of the AlN layer, the substrate was exposed to
trimethylaluminum (TMAl) for 10 s in order to prevent the formation of a SixNy layer. The AlN layer was then grown at 1050 °C using a mixture of TMAl and ammonia. Afterward, the GaN layer
was deposited at the same temperature using trimethylgallium
(TMGa) and ammonia. Different patterns were defined on the
sample surface by photolithography and subsequent reactive
ion etching using SiCl4 gas.43 The sacrificial silicon underneath
the AlN/GaN layer was then selectively removed by a 1⫺3 min
etching bath, in a solution consisting of HNO3 (69%) and HF
(50%) with a volume ratio of 10:1. For this particular concentration, the Si etching rate is around 3 m per minute. We did not
witness any obvious erosion effect on our AlN/GaN layers due to
the etchant (see Supporting Information). A supercritical point
dryer was adopted in the fabrication of shaped nanomembranes
to avoid the structure collapsing due to the surface tension of
the aqueous etchants. Since we observe rolling-down of the
tubes, the AlN layer is the inner layer and the GaN layer is the
outer layer. The morphology of the sample was investigated by
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Figure 6. CL spectra of an ultrathin AlN/GaN layer (thickness: AlN 15 nm; GaN 20 nm) in unetched, freestanding, and
electro-irradiated areas, measured at 4.2 K.

ible emission band observed at around ⬃500 nm (blue
dotted line).42 In both the unetched and freestanding areas, the bandgap emission is very weak. However, when
the layer is irradiated by an electron beam while measuring, the bandgap emission is enhanced by 1 order of
magnitude compared to the nonirradiated. In ZnO materials, Hui et al. have reported an enhanced ultraviolet
(UV) emission after electron-beam irradiation when the
layer is coated by an AlOx layer.40 Xie et al.41 suggest that
such enhancement could be due to the desorption of absorbed water from the ZnO. Here, the layers were grown
at a high temperature (1050 °C) and should be well-crystallized; therefore, recrystallization of the GaN layers is excluded as a reason for the CL enhancement. We therefore believe that the desorption of water adsorbed during
wet-chemical etching in such ultrathin porous nanomembranes can be responsible for the improved band-gap
CL emission of GaN.
CONCLUSION
We have fabricated ultrathin, crystalline, porous AlN/
GaN nanomembranes, which self-assemble into tubes,
spirals, and curved sheets after selective etching of the
underlying Si(111) substrate. Nanopores with sizes ranging from several to several tens of nanometers are produced in 20⫺35 nm thick nanomembranes due to the island growth of AlN on Si(111). The rolling direction does
not depend on any particular crystal orientation, implying
that the driving strain is mainly created by a so-called zipping effect due to island formation during growth. Competing relaxation processes in narrow nanomembranes
are experimentally revealed for different structural geometries and explained by simulations. CL emission from a
GaN nanomembrane originates from the GaN bandgap,
and can be dramatically enhanced by electron irradiation
due to desorption of adsorbed water.

a Zeiss NVision40 scanning electron microscope (SEM) and a FEI
Tecnai T20 transmission electron microscope (TEM), while the
surface morphology was characterized by a Veeco Dimension
3100 atomic force microscope (AFM) in tapping mode. The
cathodoluminescence (CL) measurement at 4.2 K was performed
in a homemade setup, based on a modified JEOL 6400 SEM.
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Mönch, J. I.; Ding, F.; Reindl, T.; Fu, R. K. Y.; Chu, P. K.;
Schmidt, O. G. Versatile Approach for Integrative and
Functionalized Tubes by Strain Engineering of
Nanomembranes on Polymers. Adv. Mater. 2008, 20,
4085–4090.
14. Bell, D. J.; Dong, L. X.; Nelson, B. J.; Golling, M.; Zhang, L.;
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