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� A novel process has been developed
to fabricate suspended Si1-yCy

membranes.
� The process can be extended to
silicon membranes as an alternative
to SOI wafers.

� The strain of the suspended Si1-yCy

epilayer was measured using a
m -XRD technique.

� The tensile strain of the suspended
Si1-yCy increased by 20% of its original
value.

� Increased tensile strain is caused by
crystalline tilt at edges of the
membrane.
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The alloy silicon carbon (Si1-yCy) has various strain engineering applications. It is often implemented as a
dopant diffusion barrier and has been identified as a potential buffer layer for cubic silicon carbide (3C-
SiC) heteroepitaxy. While suspended membranes formed from thin films of semiconductor (Ge and 3C-
SiC) and dielectric (Si3N4) materials have been well studied, pseudomorphic, defect-free epilayers under
high levels of tensile strain have received little attention. Often, tensile strain is a desired quality of semi-
conductors and enhancing this property can lead to various benefits of subsequent device applications.
The strain state and crystalline tilt of suspended Si1-yCy epilayers have been investigated through
micro-X-ray diffraction techniques. The in-plane tensile strain of the alloy was found to increase from
0.67% to 0.82%. This strain increase could reduce the C content required to achieve suitable levels of strain
in such alloys and further strain enhancement could be externally induced. The source of this strain
increase was found to stem from slight tilts at the edges of the membranes, however, the bulk of the sus-
pended films remained flat. The novel process utilised to fabricate suspended Si1-yCy thin-films is appli-
cable to many other materials that are typically not resistant to anisotropic Si wet etchants.
� 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Silicon carbon (Si1-yCy) is an alloy formed by the substitutional
incorporation of C atoms into sites in the Si lattice and enables
manipulation of the physical properties of the alloy from that of
pure Si. The addition of C into the Si lattice changes the lattice con-
stant according to the modified Vegard’s Law [1] that approxi-
mately follows a linear interpolation between that of Si (y = 0)
and cubic Silicon Carbide (3C-SiC) (y = 0.5). The resultant strain
induced in Si1-yCy/Si heterostructures is around 10 times greater
than the strain induced in Si1-xGex/Si heterostructures of equiva-
lent substitutional composition. As a result, the main applications
of Si1-yCy alloys are found in strain engineering, such as inducing
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strain within metal oxide semiconductor field effect transistor
(MOSFET) channels to increase mobility [2] or compensating for
the strain induced by Ge in Si1-x-yGexCy ternary alloys, such that
the band structure can be modified whilst still matching the lattice
structure of Si [3]. The incorporation of C in the Si lattice has also
been shown to reduce ‘‘transient enhanced diffusion” [4]. This
property has been utilized in various silicide applications such as
increasing the maximum anneal temperature of Pt and Ni silicides
[5,6] as well as reducing the Schottky barrier height with the aim
to significantly reduce contact resistance [7]. One drawback to
Si1-yCy alloys is that it is very challenging to increase the C content
of Si1-yCy layers beyond around 1.5% without inducing significant
densities of defects and amorphous inclusions during growth [8].
The only way around this issue is to use more reactive and expen-
sive silicon and carbon based precursors or resort to non-
conventional growth methods [9,10].

Another application for Si1-yCy is as an intermediate epilayer for
subsequent heteroepitaxy. One of the major issues when growing
3C-SiC directly on silicon substrates is the out diffusion of silicon
into the growth of the 3C-SiC. This can lead to the formation of
voids in the silicon at the interface which are one of the types of
defects cosidered as device killers for power electronic applications
and various efforts are made to reduce and eliminate their forma-
tion [11]. Growing on Si1-yCy buffer layers can help to avoid this
issue as the diffusion of material through Si1-yCy is significantly
reduced when compared to pure silicon, making Si1-yCy alloys a
potential buffer layer for 3C-SiC epitaxy [12,13]. In addition, Si1-
yCy has been shown to precipitate 3C-SiC at temperatures above
900 �C which could also help in subsequent nucleation of 3C-SiC
on the surface [14].

Suspended membranes and microwires have already demon-
strated various advantages over bulk material in Ge and SiGe alloys
grown on Si such as reduced misfit dislocations, slight enhance-
ments of tensile strain, improved optical properties as well as the
potential for use as growth platforms for further epitaxy [15–18].
Suspending thin films is also a technique applied to 2-
dimensional systems such as graphene, which have been formed
into membranes for MEMS applications using novel processing
techniques [19,20]. The fabrication of silicon membranes is extre-
mely challenging as there is no distinction between epilayers and
the substrates and suspended silicon is almost always achieved
through the use of silicon-on-insulator (SOI) substrates [21]. Sus-
pended membranes of thin (<100 nm) Si epilayers offer various
applications for highly sensitive sensors, optical windows or com-
pliant substrates, however, limitations with SOI substrates makes
fabricating these structures difficult.

Suspending Si1-yCy may offer a route to increasing tensile strain
without relying on higher C content layers and could also act as
suspended growth platforms for 3C-SiC. Heteroepitaxial growth
on thin substrates has theoretically been shown to reduce the for-
mation of defects and increase the critical thickness of pseudomor-
phic epilayers [22,23]. This is difficult to achieve in practise as the
substrate thickness needs to be on the order of nanometers to have
an impact on growth, however, this could be achieved through sus-
pended films.

For Si1-yCy membranes to be of use as growth platforms they
must remain flat upon suspension, ideally without the edge effects
that have previously been observed in suspended Ge and 3C-SiC
membranes [24]. However, if these edge effects and inclusion of
shear stresses are indeed the cause of tensile strain enhancements
in suspended films, then these effects will be required for strain
engineering purposes. In either case, the strain state and crystalline
quality of suspended Si1-yCy must be understood in order to deter-
mine its suitability for further practical applications.

Si1-yCy alloys suffer from the same drawback as pure Si epilay-
ers and are not resistant to standard Si etchants which makes it
2

very dificult to fabricate suspended structures and membranes.
To overcome this limitation, a novel fabrication process was devel-
oped through the introduction of an etch stop material that is com-
patible with standard silicon epitaxial processes and did not
interfere with the epitaxial growth of the Si1-yCy alloy and hence
could also be utilised for the fabrication of suspended thin Si epi-
layers. This study aims to demonstrate the viability of fabricating
Si1-yCy membranes using this novel technique and dircetly mea-
sure the strain state and crystalline tilt of the alloy using an X-
ray diffraction technique.
2. Experimental details

Unlike 3C-SiC and Ge, Si1-yCy is not resistant to standard alka-
line Si wet etchants such as potassium hydroxide (KOH) or tetram-
ethylammonium hydroxide (TMAH) and therefore a suitable etch
stop layer must be included in the heterostructure. Silicon boron
(Si1-xBx) was chosen for this purpose as its lattice parameter
reduces with increasing B content, as with Si1-yCy and has been
shown to resist the etching effect of TMAH [25]. Si1-yCy layers were
epitaxially grown on top of epitaxial Si1-xBx layers on 100 mm
diameter, 525 lm thick Si (001) substrates by reduced pressure
chemical vapor deposition (RP-CVD) in an ASM Epsilon 2000 sys-
tem. The Si1-xBx layer was grown using diborane (B2H6) and disi-
lane (Si2H6) precursors at 700 �C then immediately followed by
the growth of the Si1-yCy epilayers using disilane and trimethylsi-
lane ((CH3)3SiH) precursors at 550 �C. The thickness of the Si1-yCy

epilayer was grown at � 20 nm as thinner epilayers have been
shown to suffer from fewer surface defects [8]. To act as a suitable
etch stop a slightly thicker Si1-xBx layer was grown at� 50 nm. This
technique could be used to suspend other epitaxial materials than
are non-resistant to alkaline Si wet etchants including Si itself.
Growing on a Si1-xBx buffer offers an ideal etch stop layer for the
fabrication of thin suspended Si membranes.

Lattice parameters of the heterostructures were collected using
a lab based Panalytical X’Pert MRD diffractometer using Cu Ka1

radiation. The in- and out-of-plane lattice parameters were deter-
mined by (224) and (004) reciprocal space maps (RSMs)
respectively.

The suspended Si1-yCy /Si1-xBx membranes were fabricated in
several stages [26]. A 2 mm � 2 mm window, over which the Si1--
yCy/Si1-xBx membrane was suspended, was first defined by optical
lithography on the underside of the Si(001) substrate using an
alkaline etch resistant ProTEK PSB photoresist. The Si1-yCy surface
was also protected by this photoresist. Then, the samples were
etched in a 25 %wt. TMAH bath at 90 �C for approximately 16 h
in order to etch through the entire Si substrate. The TMAH selec-
tively etches the {001} Si planes whereas the {111} planes are etch
resistant [27]. It is necessary to protect the Si1-yCy layer as it is
rapidly etched away in the TMAH bath. The fabrication of the sus-
pended Si1-yCy is only possible due to it being masked by the pho-
toresist on the top side and the etch-resistant Si1-xBx on the
underside. The Si1-yCy / Si1-xBx membrane remains under tensile
strain as it fixed to the Si1-yCy / Si1-xBx on Si (001) frame. Finally,
the samples were treated in a Piranha etch (4:1, concentrated
H2SO4 to 30 %wt�H2O2) for� 5 mins to remove the ProTEK photore-
sist followed by a 2.5 % HF dip for 30 s to remove any formed oxide
on the Si1-yCy surface.

Micro-diffraction experiments were performed on beamline
B16 at the Diamond Light Source synchrotron [28] using X-rays
with an energy of 14.6 keV (k = 0.849 Å). A compound refractive
lens was used to focus the X-ray beam with a spot size of approx-
imately 4 lm � 4 lm. The sample was mounted on a piezo stage
(50 nm precision) on top of an XYZ stage (0.5 lm precision) in a
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fivecircle diffractometer allowing the sample to be moved through
the beam, see Fig. 1.

Scattered X-rays were collected by a large PILATUS 300 K area
detector capable of mapping the position of Bragg peaks in both
2h (the scattering angle) and c (the angle between the detector
arm and the vertical plane). To locate the membrane, the diffrac-
tometer was aligned to the Si substrate (004) peak and the disap-
pearance of this peak was observed as the sample was moved to a
position where the beam only impinges on the suspended mem-
brane without its Si substrate. The diffractometer was then aligned
onto the Si1-yCy (004) peak on the supported frame of the mem-
brane and the detector centered on a scattering angle halfway
between the Si substrate and Si1-yCy layer peaks. The 2D slice
acquired by the PILATUS detector for a given angle of incidence
(x) does not lie in the [001]-[110] plane in reciprocal space. Each
column and row of pixels corresponds to a different 2h and c given
by

2h ¼ atan
w pm � pið Þ

L

� �
þ 2hmc ¼ atan

w pm � pið Þ
L

� �
þ cm ð1Þ

where pm is the middle pixel, pi the index of the pixel in either the
row or column, w = 172 lm and is the width of a single pixel, L is
the distance from the sample to the detector (1.5 m) and 2hm and
cm are the angles the detector is centered on. Reciprocal space maps
(RSMs) as a function of position were obtained across the sample by
rocking x around the (004) and (115) reflections at various spatial
points. This set-up effectively gives us a 4D plot of measured inten-
sity with respect to three variables (2h, c and x). Fitting to these
variables gives the position of the Bragg peaks in the coordinates
of the diffractometer. For the case of the (004) RSMS it is possible
to resolve the position of the Bragg peak in three axes qx 110½ �,
qy 11

�
0

h i
and qz 001½ � using

qx ¼
k
2
sin hð Þsinðx� hÞ ð2Þ

qy ¼
k
2
sin hð ÞsinðcÞ ð3Þ
Fig. 1. (a) XRD scattering geometry for the acquisition of (004) RSMs. (b) Schematic
cross-section of a 2 mm � 2 mm Si1-yCy/Si1-xBx membrane fabricated by selective
wet etching. (c) Experimental set up of the fine translation piezo stage situated
upon the course translation XYZ stage.
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qz ¼
k
2
sin hð Þcosðx� hÞ ð4Þ

where k is the wavelength of the incident X-ray beam. This allows
crystalline tilt to be measured in both in-plane directions of the
sample surface by

tiltx=y ¼ atan
qx=y

qz

� �
ð004Þ

ð5Þ

The in-plane and out-of-plane lattice parameters of the crystal

layers were calculated by taking RSMs around the ð11
�
5Þ Bragg

peak which was located by setting c to 15.79� (the angle between

the (004) and ð11
�
5Þ planes) from the normal. In this case the in-

plane and out-of-plane lattice parameters are defined by

qjj ¼
k
2
sin hð Þsinðc� tiltyÞ ð6Þ

q? ¼ k
2
sin hð Þcosðc� tiltyÞ ð7Þ

respectively. This is only the case for these m-XRD measure-

ments as in order to get into the ð11
�
5Þ Bragg diffraction condition

the sample was rotated in c to access the asymmetrical Bragg peak
rather than in x as with standard lab-based HR-XRD
measurements.

Strain profiles for the suspended Si1-xBx and Si1-yCy were charac-

terized by measuring symmetric (004) and asymmetric 1 1
�
5

� �

RSMs every 10 lm along the ½11
�
0� direction across the membrane

edge along the middle of the sample. Once the edge was traversed
the step size was increased to 25 lm along the membrane and sub-
sequently reduced to 10 lm again as the other edge was
approached to reduce the scan time. 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. The in- and out-of-plane lattice parameters (ak and a? respec-

tively) were determined from the ð11
�
5Þ RSMs after being cor-

rected for the tilt measured from the (004) RSMs using

ajj ¼
ffiffiffi
2

p

qjj
a? ¼ 5

q?
: ð8Þ

The addition of the piezo stage allows fast maps to be gener-
ated; a 95 lm � 95 lm region is scanned in 6 lm increments
for a given x. Upon completion x is incremented and the process
repeated. This process continues until a x is scanned across the Si,
Si1-xBx and Si1-yCy (004) peaks. Once this area is mapped the XYZ
stage is moved and the piezo scan repeated. Such a map can be
obtained in approximately half the time compared to the genera-
tion of the same map from a series of line scans.

3. Results and discussions

A coupled scan shows that the inclusion of the Si1-xBx buffer
layer has little impact on the crystallinity of the Si1-yCy epilayer
as both (004) Bragg peaks can be seen from each layer, see
Fig. 2. The broadness of the Si1-yCy epilayer Bragg peak in the scan
is a result of its low thickness. Thickness fringes can be seen in the
plot also, however, the limited number of peaks visible makes it
difficult to resolve the fringes due to each epilayer individually
and cannot be used for thickness calibration. The presence of thick-
ness fringes indicates that the epilayers are free from relaxation
and any subsequent defect formation implying a high crystal qual-



Fig. 2. x-2h coupled scan of the Si1-yCy/Si1-xBx/Si (001) heterostructure. Bragg
peaks associated with each epilayer can be distinguished, the interference pattern
of the thickness fringes resulting from each layer can also be seen.

Fig. 3. Lab based RSMs around the (004) (left) and (224) (right) reflections. The Si1-
xBx and Si1-yCy epilayers are tilt free and under 0.125% and 0.677% tensile strain
respectively. The C content of the Si1-yCy was calculated to be 1.5%.

Fig. 4. 4D plot showing intensity iso-surfaces in the XRD measurement coordinates.
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ity. More experimental data highlighting the surface morphology
and crystalline quality of Si1-yCy epilayers grown using this tech-
nique can be found here [8].

Symmetric and asymmetric RSMs of the bulk grown materials
were obtained using lab-based HR-XRD, see Fig. 3. The alignment
of the (004) Bragg peaks indicate that both epilayers are free of tilt
from the Si substrate. The strain state of the epilayers is deter-
mined from the positions of the tilt corrected (224) Bragg peaks.
Both epilayers are found to be fully tensile strained to the Si
substrate.

RSMs were collected at various spatial points across the sus-
pended membrane using the 5-circle diffractometer collecting
intensities across the 2D detector at a range of omega positions.
This set-up effectively gives a 4D plot of measured intensity with
respect to the three variables, see Fig. 4. Each variable was individ-
ually fit to using 1D Gaussians by projecting the data against the
other two variables.
4

The strain profiles along the ½11
�
0� direction across the sus-

pended Si1-xBx and Si1-yCy are shown in Fig. 5.
An increase of in-plane tensile strain can be observed across

both the Si1-xBx and Si1-yCy suspended epilayers of approximately
Dejj �0.09% and Dejj � 0.15% respectively, see Fig. 5 (a) ad (c). How-
ever, the uncertainty on these values is large due to nature of the
in-plane calculations from the (115) reflection, see eq. (8), as such
we will instead focus on the out-of-plane strain, which is inversely
proportional to the in-plane strain assuming we have pure biaxial
strain. This assumption will apply for the majority of the mem-
brane and only becomes uncertain at the edges of the membrane.
The out-of-plane lattice parameter contracts for the suspended
Si1-xBx and Si1-yCy (a? = (5.4166 ± 0.0001) Å and (5.3633 ± 0.0002
) Å) compared to the supported material (a? = (5.4192 ± 0.0002)
Å and (5.3667 ± 0.0004) Å) resulting in the suspended material
becoming more strained out-of-plane than the bulk material, see
Fig. 5 (b) and (d). The reduction in the out-of-plane lattice param-
eter upon suspension is similar for both materials with Da? �
0.003 Å (De? � 0.05%) although the uncertainties on the Si1-yCy lat-
tice constants are greater due to the reduced crystal quality and
epilayer thickness. The out-of-plane strain is constant across the
suspended structures with a very clear transition between the bulk
and suspended material. This variation of strain is significantly
more substantial that that observed in Ge suspended membranes
[15].

The strain and tilt variations were mapped over a 2D area by
performing a piezo scan across the corner of the membrane by
the acquisition of (004) RSMs. In this case, the tilt refers to the
variation of an epilayer crystal orientation with respect to itself.
To make this possible, a reference point was taken upon the sup-
ported region of the structure and defined to have tilt equal to zero.
Maps of a? for the suspended Si1-xBx and Si1-yCy are shown in Fig. 6.

As shown before in the linescan profiles, the out-of-plane lattice
parameter is seen to decrease upon suspension from the silicon
substrate. This implies that the in-plane lattice parameter has
increased and as such the membrane is under more in-plane ten-
sile strain. The area scans show no corner or edge effects in the
strain variations of either the epilayers. Significantly more noise
can be observed in the area map for the Si1-yCy epilayer, however,
the impact of suspension appears consistent between the Si1-xBx

and Si1-yCy epilayers,



Fig. 5. The (a) ek and (b) e? profiles across the suspended Si1-xBx and (c) ek and (d) e? profiles across the suspended Si1-yCy.

Fig. 6. 2-dimensional maps of the out-of-plane lattice parameters of the Si1-xBx and Si1-yCy suspended membrane corners. The boundary of the membrane is denoted by the
black line and is defined by a decrease in the Si (004) Bragg peak intensity by 50%.
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It had previously been suggested that tilt effects at the edge of
suspended Ge and 3C-SiC membranes are the origin of this strain
enhancement across the membrane entirety. In order to assess this
explanation in more detail the tilt was calculated for the sus-
pended membrane in both the qx and qy directions for both epilay-
ers, see Fig. 7.

A significant increase in the tilt occurs along the borders of
the membrane indicating the presence of shear strains along
the membrane edges. These strains can account for the increase
of in-plane lattice spacing found across the central region of the
5

membrane which demonstrates biaxial strain. Similar effects can
be observed in both epilayers, although there is significantly
more noise in the variation of a? for the Si1-yCy due to the epi-
layer being thinner. This indicates that the epilayers undergo the
same physical distortions which are expected assuming the crys-
talline layers remain bound to one another. There is a slight
misalignment between the positions of these tilt variations
between the two epilayers; this is thought to be due to a slight
shifting of the sample on the stage during the long measurement
process.



Fig. 7. 2-dimensional maps of the crystalline tilt, in both the qx and qy directions. In each case the tilt was defined as zero for the position at (10.03,-4.57). The boundary of the
membrane is denoted by the black line and is defined by a decrease in the Si (004) Bragg peak intensity by 50%.

G. Colston, O. Newell, S.D. Rhead et al. Materials & Design 211 (2021) 110135
4. Conclusions

In other systems where strain has been measured across sus-
pended semiconductor structures (Ge or 3C-SiC), the initial tensile
strain has always been a residual effect from thermal expansion
mismatch and upon suspension the increase or decrease of tensile
strain has been a combination of relaxation from thermal mis-
match and strain increase from shear stresses due to tilting of
the epilayers. As the system measured here is under tensile strain
due to lattice matching the Si1-xBx and Si1-yCy to the Si substrate,
there is little impact of thermal mismatch.

The work presented here is the first example of strain mapping
across a Si1-yCy suspended structure and one of the first examples
of a system under a high level of tensile strain. The fabricated
membranes are found to remain intact after fabrication and can
even undergo an aggressive piranha etch during the removal of a
protective surface film. The process of suspending Si1-yCy is shown
to increase the in-plane strain of the system by approximately
1/5th of its original value (0.67% bulk to � 0.82% suspended). This
level of tensile strain in a Si1-yCy epilayer is equivalent to a C con-
tent of � 1.85%, using the modified Vegard’s law this equates to an
increase of 0.35% C from the epilayers actual composition of 1.5%.
This increase in strain has been shown to be a result of the shear
stresses and resulting tilt at the edges of the suspended mem-
branes. While the increase in strain is modest it could be utilised
to increase the performance of certain devices making use of a
Si1-yCy channel. A more ideal structure for this application could
be with suspended Si1-yCy wires which would not only restrict
the current flow to certain dimensions but may further increase
strain uniaxially in the direction of the current flow. Suspended
membranes may be strained further by the presence of external
stimuli such as physical force on the membrane or the creation
6

of a pressure difference across the membrane, both of which would
result in bowing and further tensile strain enhancement in the
material. With the exception of edge effects, the membranes
remain flat and therefore may present applications as compliant
growth platforms for other materials, such as 3C-SiC. A novel
membrane fabrication process was developed to overcome the lack
of etch resistance of the Si1-yCy alloy. The technique described,
whereby a Si1-xBx etch stop layer is employed, could be utilised
in the fabrication of other suspended films including pure Si and
offers a simple method of fabricating thin Si membranes on stan-
dard Si(001) substrates without relying on SOI wafers which often
suffer from poor crystal quality, especially in thin (<100 nm) device
layers.

In conclusion, micro-X-ray diffraction techniques have been
used to map the strain and tilt variation across suspended bilayers
of monocrystalline Si1-xBx and Si1-yCy. An increase in tensile strain
in both epilayers can be observed across the suspended square
membrane of around a fifth of the initial strain in the bulk as-
grown Si1-yCy and Si1-xBx epilayers. This strain variation is signifi-
cantly more than in similar suspended m
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