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Tensile strain mapping in flat germanium membranes
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Scanning X-ray micro-diffraction has been used as a non-destructive probe of the local crystalline
quality of a thin suspended germanium (Ge) membrane. A series of reciprocal space maps were
obtained with ~4 um spatial resolution, from which detailed information on the strain distribution,
thickness, and crystalline tilt of the membrane was obtained. We are able to detect a systematic strain
variation across the membranes, but show that this is negligible in the context of using the membranes
as platforms for further growth. In addition, we show evidence that the interface and surface quality is
improved by suspending the Ge. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874836]

Germanium (Ge) is a logical supplement to enhance
existing silicon (Si) semiconductor technologies, as its mate-
rial behavior is very similar to Si, and it allows new and
improved functionality.' Ge has potential in spintronic,” opti-
cal detection,” and lasing® fields and is an accommodating
buffer for III-V materials making it an excellent platform for
photonic devices.”® Major advantages of growing Ge epitax-
ially on Si are that Ge based devices can be manufactured on
a Si substrate, using existing Si technologies, and that the Si
(001) substrate has superior mechanical properties compared
to bulk Ge (001): it is lighter, less brittle, and considerably
less expensive to produce. However, due to the large 4.2%
lattice mismatch between Ge and Si only a few monolayers
of Ge can be grown pseudomorphically on Si (001), with
thicker layers relaxing to the bulk Ge lattice parameter
through the formation of misfit and threading dislocations.
Nevertheless, high-quality crystalline Ge layers can be grown
epitaxially on Si (001) that are almost fully relaxed, with sub-
nm roughness and low defect densities,” although such epi-
taxial Ge on Si is still susceptible to electrical leakage by con-
duction through the dislocation network still present in the
layer.'®"'? Generally, research efforts have focused on reduc-
ing the threading dislocation density (TDD); however, it has
been speculated that the deleterious surface-to-surface con-
duction could be prevented if instead the misfit dislocations
could be removed.'? A possible approach to achieve this is
by suspending the Ge layer, which would remove the Ge/Si
interface and potentially the majority of the misfit dislocation
network. In this way, tensile strained Ge membranes could be
enabled for use as platforms for complimentary metal-oxide-
semiconductor (CMOS), optoelectronic and cryogenic inte-
gration purposes.

Ge membranes, that remain atomically flat by being sus-
pended under tensile strain, also offer a crystalline alternative
to other popular membrane materials such as silicon nitride
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(Si3Ny). In the case of SizNy, strain can be controlled using
plasma enhanced chemical vapor deposition growth techni-
ques; however, it is an amorphous insulator which limits fur-
ther epitaxial growth of semiconductor materials and the
fabrication of solid state devices directly onto its surface.
Most integrated circuitry is fabricated on single crystal sub-
strates, due to the enhancements in charge carrier lifetime'*
and its mobility' within the material, as well as a higher yield
of functional devices than from polycrystalline material where
inconsistencies arise due to small differences in grain size.'®
Single crystal material also has good thermal transport proper-
ties compared to poly-crystalline and amorphous materials.'’
This is important for room-temperature microelectromechani-
cal systems (MEMS) devices, such as accelerometers, gyro-
scopes, and micro-mirror devices'® that are found in today’s
smartphones. In the particular case of micro-mirrors, an
essential component in a pico-projector system,'? the surfaces
need to be atomically smooth to increase the reflectance of
visible light.*® The need for flat MEMS surfaces is also
required for other applications if integration of planar CMOS
technology is to be incorporated on membrane-type plat-
forms.?' This could potentially allow Ge membranes to inte-
grate optical technologies alongside CMOS and MEMS to be
an all-round integration platform.

Realizing a Ge light source remains a particularly chal-
lenging goal, due to Ge being an indirect bandgap material.
However, under sufficient tensile strain Ge can becoming a
direct band gap material and so a tensile-strained Ge crystal-
line membrane could be a useful platform for a Ge light
source, or other Ge-based optical devices. Recently, thin
(<1 pm) freestanding Ge membranes*** and various other
suspended structures'> have been fabricated through rela-
tively simple processing. Nam er al.** and Kurdi et al.**
have used such structures to show the electroluminescence
and photoluminescence effect of further tensile straining a
Ge membrane, but neither comment on the strain distribution
across the membrane prior to strain. If the starting membrane
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is not homogenous in its properties then other effects appa-
rently observed on further straining may be a composite
from a spectrum of different strain values and in actuality lu-
minescence may be shaper, rather than broader, in response
to strain.”* However, standard structural characterization
such as transmission electron microscopy (TEM) and scan-
ning probe microscopy of these membranes are difficult due
to their fragility. Two dimensional strain maps can be deter-
mined indirectly using micro Raman spectroscopy” and
spectroscopic ellipsometry;26 however, analysis often
requires prior knowledge of the structures and complex sim-
ulation of the data.

High-resolution X-ray diffraction (HR-XRD) is the
non-destructive technique of choice for determining the com-
position, strain-relaxation and thickness of single-crystal
materials. These parameters can be easily obtained once a
Bragg reflection with a strong structure factor has been meas-
ured (such as the Si (004) Bragg Peak) and used as a reference
point for all further data. However, for a standard lab-based
diffractometer, the X-ray beam is typically several hundreds
of microns in diameter, meaning that the measured HR-XRD
is insensitive to localized, real-space changes of the composi-
tion or strain. In the past decade, significant progress has been
made in the focusing of X-rays and spot sizes smaller than
100 nm are now achievable.”” This allows a small X-ray
beam to be scanned across a sample as a local probe in a simi-
lar fashion to scanning microscopy techniques. Consequently,
micro- and nano-diffraction experiments have been used to
determine the strain and composition of single micron sized
SiGe islands,®?° strain relief in single patterned SiGe
nanostructures,30 silicon-on-insulator deformation induced
by stressed linear structures,”’ and even the strain of a
single SiGe quantum dot inside a field-effect transistor.*?
Etzelstorfer et al. have recently described the X-ray micro-dif-
fraction of a suspended Ge bridge and the technique required,
but the reported sample was one dimensional, so strain is uni-
axial; the bridge was also thick (~2 pm) and cracked, all of
which points to a non-uniform strain distribution in the
bridge.*® In this study, we have used X-ray micro-diffraction
to determine the local crystalline quality of a <150 nm thick
suspended Ge membrane, for the purposes of evaluating its
potential as a uniform platform on which further epitaxial het-
erostructures can be grown. The root mean square (RMS)
roughness of the layers was determined using atomic force
microscopy (AFM). An Asylum Research MFP-3D used in
tapping mode was used with SizNy tips to capture the images.
Plan-view transmission electron microscopy (PV-TEM) meas-
urements were performed using a JEOL JEM-2000FX TEM
operating at 200kV. No mechanical preparation of the sam-
ples was required as the membranes were thin enough to be
electron transparent. A micro-Raman line scan across the
membrane was measured as a comparison with the X-ray
micro-diffraction. The Raman spectra were measured at room
temperature with a high resolution HORIBA Jobin-Yvon
spectrometer, using the 488 nm line of a mixed Ar:Kr laser in
conjunction with a 50x objective. The focus diameter was
approximately 1.2 um. The Raman spectra were fitted using
Lorentzian functions with a spectral accuracy of 0.03 cm ™.

Ge layers were epitaxially grown on both sides of a
double-sided polished Si (001) substrate by reduced-pressure
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FIG. 1. (a) Schematic of the suspended Ge membrane. (b) A scanning elec-
tron microscope (SEM) image of the suspended Ge membrane with the
(004) scattering geometry overlaid. The membrane edges are aligned paral-
lel to the (110) directions. RSMs at each spatial point are obtained by scan-
ning along the [110] and [010] directions. The plan view SEM image is
shown in the bottom right. The bulk Ge is dark grey whilst the membrane is
bright white.

chemical vapor deposition in an ASM Epsilon 2000 system
using a germane precursor.’ Prior to fabrication, the top-side
Ge layer was 200 nm thick and under slight tensile strain,
which arises during the epitaxial growth of Ge on Si;
although the Ge layer is fully relaxed at growth temperatures
it becomes tensile strained during cooling due to the differ-
ence in thermal expansion of the Ge and Si. The Ge mem-
brane is fabricated in several stages.13 The ~1 x 1mm
window, over which the Ge membrane was suspended, was
first defined by optical lithography and reactive ion-etching
on the bottom-side Ge layer. Then, the sample was etched in
a 25% wt. tetramethylammonium hydroxide (TMAH) bath at
85 °C for approximately 12 h. The TMAH selectively etches
the {001} Si planes whereas the {111} planes are etch resist-
ant.** Ge is extremely etch-resistant to TMAH and as a result
the top-side Ge is suspended over a 1 mm” window (Fig.
1(a)). The Ge membrane is slightly thinned after etching to a
thickness of 80-120 nm, but remains under tensile strain as it
is fixed to the Ge-on-Si (001) frame.

Micro-diffraction experiments were performed on beam-
line B16 at the DIAMOND Light Source™ using X-rays with
an energy of 12.4 keV (wavelength = 1 1&). A compound re-
fractive lens was used to focus the X-ray beam with a spot
size of 3.72 um x 1.85 um (horizontal x vertical). Due to
the angle of incidence the beam footprint was approximately
circular with a diameter of ~4 pum. The sample was mounted
on a XYZ stage (with 0.5 um precision) in a five circle dif-
fractometer allowing the sample to be moved through the
beam (Fig. 1(b)). Local heating caused by the beam has the
potential to either damage the structures or distort strain
results by thermal expansion; therefore to mitigate these
effects the sample was actively cooled by a nitrogen jet at
low flow at 20 °C. Scattered X-rays were collected by a large
PILATUS 300K area detector. To locate the membrane, the
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diffractometer was aligned to the Si substrate (004) peak and
the disappearance of this peak was observed as the sample
was moved to a position where the beam only impinges on
the suspended membrane without its Si substrate. The dif-
fractometer was then aligned onto the Ge (004) peak on the
bulk frame of the membrane and the detector centered on a
scattering angle (20) halfway between the Si substrate and
Ge layer peaks. Reciprocal space maps (RSMs) as a function
of position where obtained by rotating o around the (004)
reflection at each spatial point and rastering the sample
through the beam.

The strain along the membrane was characterized by
measuring (004) RSMs every 10 um along the [110] direction
across the middle of the sample (Fig. 1(b)). The membrane
edge, incident and scattered X-rays were all parallel to the
[110] direction of the crystal and the spatial resolution of the
RSMs given by the spot size (~4 pum). The RSMs obtained
for selected positions along the sample are shown in Fig. 2.
An RSM containing both the Si substrate and Ge (004) peaks
is shown in Fig. 2(a). The Si substrate peak is fixed at ¢ = 0
+ 0.00003 A~! (the parallel scattering component) and ¢
= 0.7365 * 0.00003 A" (the perpendicular scattering com-
ponent) and is used as a reference throughout. The Ge peak is
centered on ¢ = 0 = 0.00003 A~! for both the supported
and suspended Ge (Figs. 2(a) and 2(c)), confirming the ab-
sence of tilt in the lattice plane in these regions, whereas there
is a significant peak shift at the membrane edge (Fig. 2(b))
that is most likely due to bending of the lattice planes as a
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result of partial strain relaxation in this transition region.
Diffraction profiles as a function of g, (with ¢j =0 10\71) for
the supported Ge and the middle of the Ge membrane are
shown in Fig. 2(d). There is a slight peak shift to higher ¢, at
the middle of the membrane corresponding to a decrease in
the out-of-plane Ge lattice parameter (@, ). The reduction in
intensity is simply a result of the bulk material being slightly
thicker than the membrane. Pendellosung (“thickness™)
fringes are observed in the membrane profile (the separation
of the fringes corresponds to a membrane thickness of 114
* 5 nm), but not for the supported Ge profile. These fringes
arise from interference of X-rays reflected from the top and
bottom of thin films and are often not visible due to lateral
sample inhomogeneities. For the supported Ge there are mis-
fit dislocations at the substrate-layer interface, resulting from
the 4.2% lattice mismatch between Si and Ge. The region
close to the defects will be strained and distorted, which will
disrupt the X-ray wavefields in the region of the interface and
causes the X-rays reflected from the surface and interface to
become incoherent; as a result the thickness fringes disap-
pear.*® The observation of thickness fringes on the membrane
suggests that the misfit dislocation network is removed along
with the Si substrate and confirms that the membrane is uni-
form along [110]. A line scan along the [010] direction from
corner to corner (not presented here) was obtained by rotating
the sample by 45° and displayed identical behavior to the line
scan along the middle of the membrane. This result confirms
the membrane surface is uniform across the entire membrane.
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FIG. 3. Position and FWHM of the (004) Ge Bragg peak as a function of
position for (a) ¢ and (b) g .

The Ge peak position and full-width half maximum
(FWHM) as a function of real space position are shown in
Figure 3. The FWHM of the Ge peak for both ¢, and g is
widest for the supported material and narrowest on the mem-
brane. The broadened peak in g (i.e., along [110]) from the
supported Ge is a result of diffuse scattering that arises from
the misfit dislocation network. The peak is centered on g
=0 * 0.00003 A" along the supported Ge, but suddenly
drops to ¢ = —0.0004 = 0.00003 A~" at the left membrane
edge (corresponding to a crystal tilt of ~0.035°) before
returning to 0 A~" across the remainder of the membrane.
The edge effect is less pronounced at the right hand side
because the sample was not mounted exactly flat on the sam-
ple stage but was slightly raised on the right edge compared
to the left edge (seen as the slight drift in the FWHM). This
result confirms that, apart from at its edges, the membrane
itself is free from tilt and is flat relative to the original Si wa-
fer. In the perpendicular direction, the Ge peak from the sup-
ported region is found at approximately ¢, = 0.70777
+ 0.00003 A~ (a; =5.6516 = 0.0003 10\) and there is a sud-
den drop to ¢, = 0.70775 = 0.00003 Al (a, = 5.6517
* 0.0003 A) at the membrane edge. As the epitaxial Ge layer
is under tensile strain the peak shift to lower values confirms
partial strain relaxation at the membrane edge leading to
bending of the lattice planes. There is a gradual increase in
q. from the edge to the middle of the membrane where ¢,
= 0.70781 = 0.00003 A~' (a,= 5.6512 = 0.0003 A) and
then a subsequent decrease approaching the edges. Assuming
the pure Ge behaves elastically, strain relaxation can be cal-
culated easily. The bulk material is 103.72% relaxed (con-
firmed by lab based XRD) and the membrane edge and
middle are 103.64% and 103.91% relaxed, respectively. The
in-plane strain (¢)) is 1.55 x 1077, 1.51 x 107> and 1.63
on the bulk, edge and middle of the membrane and demon-
strates the strain profile is symmetrical across the middle of
the membrane and the membrane is slightly more tensile
strained than the supported Ge. The [010] line profiles again
show identical behavior to the [110] demonstrating uniform-
ity across the membrane.

A typical PV-TEM micrograph of the bulk, edge and
membrane is displayed in Fig. 4 and the TDD is approxi-
mately 3 x 10° cm ™2 for the bulk and suspended Ge, how-
ever, whereas a misfit dislocation network is observed at the
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FIG. 4. PV-TEM micrograph of the membrane edge.

Si/Ge interface this network disappears when the Si substrate
is removed. The surface morphology across the membrane
edge measured by AFM is shown in Fig. 5(a). A line profile
across the membrane edge is extracted from this scan (Fig.
5(b)). The height range is approximately 2 nm on the bulk
and membrane. The bulk and membrane are averaged on 0
nm but there is a drop at the edge to ~—2.5 nm. This recov-
ers to 0 nm 45-50 ym away from the membrane edge;
explaining the large tilt at the edge shown by the X-ray line
profile. A line profile across the middle of the membrane
(not presented here) shows the membrane is flat with a height
range of ~2 nm. The surface of the suspended material is
also smoother than the bulk material; the RMS roughness of
the membrane is 2.16 = 0.16 nm whereas the RMS rough-
ness of the bulk material is 2.66 = 0.05 nm. This shows that
by suspending the Ge membrane both the interface and sur-
face quality are improved.

A micro-Raman line scan across the middle of the mem-
brane was performed in a similar manner to the scanning
X-ray micro-diffraction. Raman spectra were measured ev-
ery 10 um and the peak position of the GeGe optical phonon
tracked. The phonon frequency was found at ~300 cm ™' and
~299.5 cm ™' for the supported and suspended Ge, respec-
tively, corresponding to a g of ~1.4 x 1072 and ~1.55
x 1077, respectively.’” There is relatively good agreement
between the two techniques and in both methods the mem-
brane is more tensile strained than the bulk material and
symmetric across the membrane. However, the resolution of
g is significantly poorer when measured with Raman and

L
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LL‘MI\JI—-O—NWA
M refPE RN ]
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10 20 30 40 S0
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FIG. 5. AFM surface scans showing (a) the surface morphology and (b) the
extracted height profiles across the membrane edge.



172107-5 Rhead et al.
unlike scanning X-ray micro-diffraction, the strain relaxation
and tilt at the edges is not observed with micro-Raman.

To conclude, we report spatially resolved X-ray micro-
diffraction across a 114 nm thick suspended Ge membrane.
This technique provides a non-contact and non-destructive
method for studying the local crystalline quality of single
crystal suspended structures. X-ray diffraction was used as
the lattice parameter, strain, crystalline quality and tilt can be
determined in a single measurement. The membranes are
platforms for further epitaxial growth of any semiconductor
materials compatible with Ge and if there is significant tilt or
bending at the edges of the membranes incorporating the
membranes into devices is problematic. Raman measure-
ments may be able to provide a two-dimensional strain map
of the membranes; however, if the layer is tilted this informa-
tion can become distorted and no information on crystallo-
graphic parameters such as tilt can be determined. The
membranes have the potential to be excellent growth and
integration platforms: compared to bulk Ge epitaxially grown
on Si (001) they are perfectly flat and XRD and PV-TEM
confirm the misfit dislocation network has been removed.
Preliminary strain analysis shows that the strain profile across
the membrane is symmetrical and the membrane is slightly
more tensile strained than the bulk material. The strain varia-
tion across the membrane is sufficiently small that optical de-
vice performance would not be affected by strain-induced
variation in the Ge bandgap across the entire membrane.”
Coupled with the smoother surface and absence of misfit dis-
location network, compared to the bulk material, we have
shown that these tensile strained Ge membranes are excellent
strain tuning platforms for optical applications.
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