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We present a rolled-up approach to form Ge microtubes and their array by rolling-up
hybrid Ge/Cr nanomembranes, which is driven by the built-in stress in the deposited
Cr layer. The study of Raman intensity as a function of the angle between the
crystal-axis and the polarization-direction of the scattered light, i.e., polarized Raman
measurement reveals that the strain state in Ge tube is uniaxial and tensile, and
can reach a maximal value 1.0%. Both experimental observations and theoretical
calculations suggest that the uniaxial-tensile strain residual in the rolled-up Ge tubes
correlates with their tube diameters, which can be tuned by the thicknesses of the
Cr layers deposited. Using the polarized Raman scattering spectroscopy, our study
provides a comprehensive analysis of the strain state and evolution in self-rolled-up
nano/micro-tubes. C 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4914916]
Due to their unique geometries and distinct physical properties, micro/nanotubes have been
explored in the application of biology,1 optics,2 electronics,3 and mechanics.4 Roll-up nanotechnology has been proven as a convenient approach to fabricate micro/nanotubes, as reported previously.5–9 By releasing the built-in mechanical stress, the rolling-up process induces the curving of
the original flat films, thus resulting in the change of their strain status10 in the rolled-up geometry11 (SiGe/Si tubes or III-V tubes), which have been confirmed by micro-Raman scattering,12 X-ray
microdiffractions,10,13,14 and photoluminescence spectroscopy.15 Meanwhile, physical properties of
semiconductor nanomembranes (NMs),16,17 such as band structures,18,19 and carrier mobilities,20
could be altered by the intrinsic strain/stress.21 As integrated circuit technology is entering 22nm node,
strain is still employed to boost the carrier mobility in the channel of Si-based metal oxide semiconductor field effect transistors (MOSFETs). Other than the mobility enhancement, strain-engineering is
also promising to improve the direct-transition optical gain of Ge due to its particular band structure.22
To be the most promising candidate to replace Si as the microelectronic and optoelectronic technologies enter post-Si era, tensile-strained Ge has been exploited and fabricated by various external
mechanical stress approaches, such as mechanically stretched by high-pressure gas,23,24 three-point
straining platform,25 Si3N4 stressor layers,18 or strain concentrating in microbridges.19
In this letter, we present a combined and convenient approach to introduce strain into Ge NMs
by rolled-up process, and the strain state and evolution is investigated by the polarized microRaman scattering spectroscopy. The rolling-up process consists of patterning and under-etching
the constricted buried oxide (BOX) from Cr/Germanium-on-insulator (GOI) structure. Due to the
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FIG. 1. (a) Schematic diagram illustrating the rolling-up process of the hybrid Ge/Cr nanomembranes into a tube. (b) Optical
microscopy image of the unreleased GOI (as-patterned GOI wafer). (c) SEM image of the released Ge tube array. (d) Ge tube
diameter as a function of the thickness of Cr layer deposited.

built-in stress in Cr films, the Cr/Ge bilayer structure rolls up automatically into a tube configuration, thus generating the tensile strain in the formed Ge tubes. The polarized Raman scattering
spectroscopy as a function of the angle between the crystal-axis and the polarization-direction
of the scattered-light indicates the generated tensile strain is uniaxial. The hyperspectral Raman
measurements together with the calculation results demonstrate that the uniaxial-tensile strain in the
rolled-up Ge tubes varies with the diameter of Ge tubes, which can be tuned by the thickness of the
Cr layer deposited.
The schematic illustration of the rolled-up Ge tubes fabricated with strain-released Ge/Cr NMs
is presented in FIG. 1(a). First, a photoresist (AZ 5214) was spin-coated and patterned into rectangles (30 × 50 µm2) on a (100) GOI wafer with a 50 nm-thick Ge NMs, and the long sides of
the rectangles were designed to be parallel to [100] direction of the top Ge layer. Subsequently,
Cr layers with different thicknesses were deposited at a constant rate of 2 Å/s by e-beam evaporation. It should be noted that the growth condition for Cr layer was tuned to achieve the adequate
built-in stress for the subsequent Ge tubes formation. After the lift-off process, the Cr film was
patterned into the array of Cr rectangles. Then, the Cr rectangle array was used as a mask to transfer
the pattern to the Ge NMs of GOI wafer by reactive ion etching using SF6 and O2. The optical
image of the array is shown in FIG. 1(b). As the obtained pattern structure was immersed into
HF solution, the BOX of GOI substrate was selectively etched, and then the hybrid Ge/Cr layer
stacks were released and detached from the substrate. Driven by the built-in tensile stress in the
top Cr NM,26 the Ge/Cr NMs rolled up and formed the tube structure, as displayed FIG. 1(c). As
reported previously, the rolling-up direction is mainly determined by the geometry of the released
pattern,27 and the Young’s modulus of the released material.28 For the Ge/Cr rectangle pattern with
the geometry particularly designed, it also rolls up from the long side [FIG. 1(c)]. Meanwhile, the
rolling direction of the tube is also along <100> direction where Young’s modulus is small.28 It is
further observed that the diameter of the Ge tube can be tuned by varying the thickness of the Cr
layer as shown in FIG. 1(d). For the typical hybrid Ge/Cr (50 nm/20 nm) NM stacks, the diameter of
the Ge tube is ∼9.3 µm, as exhibited in the insert of FIG. 1(d).

037115-3

Guo et al.

AIP Advances 5, 037115 (2015)

Micro-Raman spectroscopy has been routinely applied to analyze the strain distribution of semiconductor films.12 However, recent studies suggest the strain-induced Raman shifts of suspended
nanostructures are always entangled with the local laser heating effect, thus leading to the overestimation (underestimation) of the tensile (compressive) strain.29,30 In term of the thermal dissipation,
the unique tube structure is expected to be even worse than the suspended nanostructure, since the
micro cavity surrounded by the sidewall of tubes can further retard the thermal dissipation. Therefore,
to accurately identify the strain-induced Raman shifts in the Ge tubes, the local laser heating effect
should be considered systematically. Micro-Raman spectra of the unreleased GOI wafer and released
tubes [FIG. 1(c)] are recorded with the varying excitation laser (laser spot: ∼1 µmφ; wavelength: 325
nm) power, as displayed in FIG. 2(a). The power-dependent peak positions for Ge-Ge vibration mode
obtained from unreleased GOI wafer and released Ge tubes are summarized in Fig. 2(b). For the

FIG. 2. (a) Power-dependent Raman spectra of unreleased GOI (left) and released Ge tube (right). (b) Peak positions for
unreleased GOI and released Ge tube as a function of the power of excitation laser. The insert shows a typical optical
microscopy image of a burnt-out released Ge tube, which is subject to the excitation laser with the power over 1.25 mW.
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unreleased GOI wafer, the Ge-Ge peak position only has slight variations as the power of excitation
laser changes from 0.05 to 5 mW, which suggests the adequate thermal dissipation.29 However, for the
released Ge tube, the Ge-Ge peak position shifts to the low wavenumber monotonically as the power
of excitation laser increases from 0.05 to 1.25 mW. When the excitation laser power approaches 1.25
mW or above, the local laser heating effect becomes rather severe and overwhelming, thus leading
to the ruins of Ge tubes, as highlighted by the arrow in the insert of FIG. 2(b). As demonstrated in
FIG. 2(b), the Raman shift obtained by the laser with 0.05 mW power is close to the virtual one
using zero laser power,29 therefore the laser power of 0.05mW is selected for the following Raman
characterization.
Since the polarized Raman scattering intensities closely correlate to the crystal orientation,31
micro-Raman scattering measurements under polarization filtering of the scattered-light can be
further employed to distinguish the uni- or bi-axial strains.31,32 In this study, the polarized Raman
scattering spectroscopy as a function of the angle between the crystal-axis and the polarizationdirection of the scattered-light is performed on the released Ge tubes to determine its strain state.
Schematic setup of polarized Raman scattering measurement is displayed in Fig. 3(a). The polarization vector of the excitation laser is expressed as ei , and the angle between ei and [100] direction
is denoted as θ which can be changed by rotating the released Ge tube (sketched) or the unreleased GOI wafer (not shown). A schematic diagram of three lattice-parameter components from
a released Ge tube: radial (ar), tangential (at) and longitudinal (al) is also shown in the inset of

FIG. 3. (a) Schematics of the polarized Raman scattering measurement on released Ge tube and three lattice-parameter
components from a roll-up tube. (b) Typical polarized Raman spectra obtained from unreleased GOI wafer (left) and released
Ge tube (right). The black lines represent the corresponding Lorentz fitting of the spectra. (c) The θ-dependent of the polarized
Raman peak intensities for Ge-Ge vibration mode obtained from unreleased GOI and released Ge tube.
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FIG. 3(a). Figure 3(b) displays the typical polarized Raman spectra obtained from the unreleased
GOI wafer and the released Ge tube. For the unreleased GOI wafer, the Raman scattering signals
observed at θ = 45◦ present the characteristic Ge-Ge vibration mode located at ∼301 cm−1 which
vanishes away at θ = 0◦, θ = 90◦, θ = 180◦ and θ = 270◦. The θ-dependent of the intensities for
Ge-Ge vibration mode measured on unreleased GOI wafer is summarized in Fig. 3(c), which clearly
indicates a 90◦ periodicity. For cubic crystal, e.g., strain-free Si, the polarized Raman scattering
becomes inactive along [100] and [010] direction, thus leading to 90◦ periodicity, as reported by
Mizoguchi et al. and Kurosawa et al.31,32 Therefore, similar to bulk Si, the starting Ge NMs of
unreleased GOI wafer also possess the symmetric cubic structure, and no strain is present.
For the released Ge tube, since the rolling direction of the hybrid Ge/Cr layers is along [010]
direction, as shown in Fig. 3(a), strain can be generated along the rolled-up direction according to the
bending effect.33 In Fig. 3(b), polarized Raman results obtained from the released Ge tube exhibit the
most prominent Ge-Ge vibration peak at θ = 45◦. The intensity of Ge-Ge vibration peak decreases
but essentially exists at θ = 0◦ and θ = 180◦, while totally disappears at θ = 90◦ and θ = 270◦. The
θ-dependent of the intensities for Ge-Ge vibration mode is summarized in Fig. 3(c), which clearly
indicates a 180◦ periodicity. Considering the schematic setup of polarized Raman scattering system
in Fig. 3(a), the Ge-Ge vibration mode of the released Ge tube is inactive when the polarization vector
of the excitation laser along [010], and becomes active along [100]. Compared to the unreleased GOI
wafer, the results obtained from the released Ge tube suggest the polarized Raman peak at θ = 0◦ and
θ = 180◦, which is inactive for strain-free unreleased GOI wafer, becomes active under the stress field
induced along [010] direction. Therefore, the strain in Ge tube originating from the rolling-up process
is uniaxial, which induces the asymmetric-change in cubic crystal structure. The asymmetric crystal
structure of the rolled-up Ge tube results in the modification of the selection-rule for the polarized
Raman scattering spectroscopy.32 Since the uniaxial-tensile strain only distributes along the rolling
direction of Ge tube, the lattice parameter at of the Ge tube along the rolling direction is expanded,
while al along the longitudinal direction [FIG. 3(a)] could not be influenced and keep the same as
that of the unreleased GOI.
Finally, hyperspectral Raman measurements on released Ge tubes with different diameters
[shown in FIG. 1(c)] are performed, and the spectral resolution is 0.1 cm−1. The dimensiondependent peak positions for Ge-Ge vibration modes of the released Ge tubes are summarized
in FIG. 4(a), and that of unreleased GOI wafer is plotted for reference (dashed gray line). The
Ge-Ge mode peaks measured on released Ge tubes display distinctly down-shifts with respect to the
unreleased GOI wafer, indicating the presence of tensile strain created by the rolling-up process.
By considering the influence from the phonon deformation potentials,31 the relation between Raman
shifts and the tangential strain ε yy in uniaxial-strained Ge tube, i.e., [010] in FIG. 3(a), is expressed
by25
∆ωbulk = −k × ε yy

(1)

Where ∆ωbulk represents the relative shift of the peak position of Ge-Ge vibration mode between
released Ge tubes and unreleased GOI, i.e., ωstrained − ωbulk. k = 0.646 denotes a proportionality
factor for uniaxial-strained Ge.19 According to Eq. (1), the deduced uniaxial strain values of the
released Ge tubes with various diameters are summarized in FIG. 4(b). As the diameter of the
released tubes decreases to around 8µm, the consequent uniaxial strain increases up to ∼1%. The
generation of uniaxial strain by the rolling-up process is also analyzed by the theoretical calculation.
The rolling-up process can been considered as the bending the hybrid Ge/Cr layers to extremely
small radii. The strain, ε, in the released Ge tubes can be calculated by the following equation33
ε=

(dGe + dCr) (1 + 2η + χη 2)
,
2r
(1 + η)(1 + χη)

(2)

where dGe and dCr are the layer thicknesses for the top Ge NM of GOI and as-deposited Cr layer,
respectively. r is the radius of the released Ge tubes. η = dCr/dGe and χ = YCr/YGe, where YGe and
Ycr are the elastic Young’s moduli for the Ge NM and the Cr layer, respectively. Based on Eq. (2),
the calculated strain values for the released Ge tubes with different diameters are also displayed in
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FIG. 4. (a) Raman peak position obtained from released Ge tubes and unreleased GOI (dashed line) under the power of the
excitation laser 0.05 mW. (b) Experimental and calculated strain values of Ge tubes with different diameters.

FIG. 4(b) as well. It is found that the calculated values fairly agree with the experimental observations. The minor discrepancy between experiment measurements and theoretical calculations is
assumed to be due to two possible reasons: (i) the reduced but unavoidable thermal effect on
released tubes by local laser heating;29 (ii) the strain variation along the side-wall of the tubes and
z direction.34 As shown in FIG. 2, the laser-heating effect, though greatly suppressed to the utmost,
can cause the shift of Raman peak of the Ge-Ge mode towards lower wavenumber, thus resulting
in the overestimation of the strain value. Furthermore, the focusing of the excitation laser on the
circular Ge tubes is extremely difficult; therefore, the contribution from the side-wall or the deep
region other than the top surface of Ge tube may induce the perturbation of the obtained strain value
as well.
In summary, the Ge tube array has been achieved by roll-up nanotechnology, and the diameters
of Ge tubes are tuned by the thickness of Cr layer in the hybrid Ge/Cr nanomembranes. With
the minimization of the laser heating effect, the strain existing in the tubes has been systematically studied by polarized Raman scattering and hyperspectral Raman measurements. The obtained
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θ-dependent polarized Raman scattering intensities ensure that the strain state of the rolled-up Ge
tubes is uniaxial. Both the calculation results and the experimental data suggest the uniaxial-tensile
strain residual in the rolled-up Ge tubes correlates with the diameter of Ge tube, which is controlled
by the thickness of Cr layer with built-in stress.
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