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Abstract

Si1xGex (0<x<1) thin films were deposited by means of biased target ion beam sputtering at
a low substrate temperature near 100 °C inside a vacuum chamber. The as-deposited films
were all found to be amorphous and to be compressively stressed, and the magnitude of the
compressive stress was found to decrease with increasing Ge content. Heat treatment for 30
minutes under vacuum conditions in the range from 100 °C to 800 °C was found to relax the
compressive stress and to eventually cause crystallisation of the films at higher temperatures.
The temperature required to achieve full stress relaxation was found to decrease with
increasing Ge content, and to be well below that for film crystallisation. Annealing at
temperatures above the crystallisation temperature caused physical damage to films
containing more than 50 at %Ge. Films with < 50 at % Ge showed no damage after annealing
up to 800 °C.
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1. Introduction

Si1xGey thin films have attractive optical and mechanical properties for application in optical
microelectromechanical systems (MEMS) technologies. These include a high refractive index
in the range of 3.6 to 4.2 [1], negligible absorption at infrared wavelengths [1], high

mechanical strength, and suitable Young’s modulus [2, 3] enabling Si;xGex to serve as an
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optical and/or structural layer for free standing MEMS structures. Importantly, these
materials are highly compatible with thin film and MEMS device fabrication technologies,
such as chemical vapour deposition (CVD) or magnetron sputtering for thin film layer
deposition, photo-lithography and etching for layer patterning, as well as integration with
microelectronic circuits [4]. Owing to these characteristics, Siy.xGex thin film materials have
been widely incorporated in the fabrication of MEMS devices, such as the structural layers in
pressure sensors [5, 6], functional films in thermoelectric gas sensors [7-9], base materials for
heterojunction bipolar transistors [10, 11], thin film solar cells [12, 13], and electro-

absorption modulators [14, 15].

Si and Ge have identical crystal structure and are fully miscible in the solid state to form
alloys of any intermediate composition. Si;.xGey thin films are commonly created by means
of chemical vapour deposition from SiH, and GeH, precursors [16-20]. Advantages of the
CVD method include low deposition temperatures (<490 °C) and high deposition rates [21],
which produces Si-Ge thin films that are usually amorphous and hydrogenated, often denoted
as a-SiGe:H [21-23]. Such films are amorphous, largely due to the low kinetic energy of the
Si and Ge atoms at the low deposition temperature, and the hydrogen content in the films
originates from the hydrogen-containing precursors, which can be as high as 6.8 at % [24].
Another common technique for fabricating SiixGex thin films is physical sputtering, in which
Si and Ge targets are bombarded by ionised atoms that are accelerated by either an electric or
magnetic field, and eject the target material atoms towards a substrate surface for deposition
as a thin film alloy. The source of ionised atoms is usually an inert gas, such as argon [25-27],
and the Si-Ge thin films are usually amorphous and often contain ionised source atoms
trapped within the films [28]. The films are amorphous because of the bombardment of the
arriving atoms, whose high Kkinetic energy generally exceeds the threshold of atom
displacement in the as-formed film, and causing random atom displacement and destruction
of any atomic ordering. Both CVD and sputtered a-SiGe thin films can be crystallised by a
post-deposition heat treatment at above 500 °C [21, 25, 27].

Many studies have been conducted to explore the properties of Si; xGe thin films. Gromova
et al. studied the mechanical and electrical properties of hydrogenated microcrystalline
silicon germanium (pc-Siz-xGex:H) thin films prepared by plasma enhanced CVD method,
and found that the they contained low tensile stresses (25 MPa) and had relatively low
electrical resistivities (7-9 mQescm) compared to commercial bulk Si material [29]. Tajima et

al. studied the thermoelectric properties of radio frequency (RF) sputtered SipgGeg, thin
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films for application in hydrogen gas sensors [7]. The amorphous SiogGeg, layers were
annealed at 850 °C in vacuum to achieve crystallisation, and exhibited a high carrier mobility
of 10.54 cm?/Vs and a high Seebeck coefficient of -198 pV/K (absolute value) [7]. The
fabricated hydrogen sensor was able to detect hydrogen in air from 0.01% to 3% volume
concentrations. Shahahmadi et al. studied Ge-rich SiGe thin films deposited by RF
magnetron sputtering. The films were crystallised via annealing at 450 °C and were found to
have a band gap of 1.2 — 1.26 eV, which is suitable for photovoltaic applications [30, 31]. In
a separate work, the electrical resistance of ion beam sputtered SipsGeg, thin films was

measured to decrease by 80% as a result of electrical pulse annealing [32].

In addition to the above mentioned functional properties, the thin film mechanical properties
and physical state are also important considerations for MEMS design [29, 33, 34]. One of
the advantages of using SiGe in MEMS devices is the ability to control the Si/Ge ratio, which
provides an additional avenue to control the properties of the resulting material. For example,
the Young’s modulus of a pure Si thin film is generally found to be ~180 GPa whereas that of
pure Ge is ~ 140 GPa, which raises the possibility of fine tuning the Young’s modulus of the
alloy film between these two values by adjusting the alloy film composition [35, 36].
Schaffler has reported that the refractive index of Sii.xGey thin films in the infrared region
increases monotonically with Ge content, from 3.42 for x=0 to 4.00 for x=1 [36].

Some studies have investigated the internal stress and related crystallisation processes of Si;.
xGex (0< x<0.6) thin films [37-39]. Le Meur et al. found that ion beam sputtered Si; «Gex thin
films were highly compressively stressed in the as-deposited state (1~1.5 GPa) [37], which is
commonly found in sputtered thin films. Therefore, when stress-free films are required, CVD
techniques are often chosen in preference to sputtering. Sedyky et al. investigated CVD SiGe
thin films prepared at elevated temperatures (>625 °C), under either atmospheric pressure or
reduced pressure, and found that the films were polycrystalline and had residual stresses
varying from -145 MPa (compressive) to +60 MPa (tensile) [38]. Control of residual stresses
over such range is often desirable in MEMS fabrication. However, such high processing
temperatures, and the even higher annealing temperatures often needed for film stress
reduction, are not favorable for MEMS process integration [39, 40]. Also noteworthy, Tada et
al. investigated crystallisation of CVD Si;.xGey thin films prepared at temperatures below
400 °C and found that the required annealing crystallisation temperature decreased from
650 °C to 450 °C as the Ge content increased from 0% to 50% [41].



It is evident that both deposition conditions and post-deposition heat treatment can
significantly alter the properties and the mechanical state of SiGe thin films. Whilst CVD
SiGe thin films have been thoroughly investigated, much less is known of ion beam sputtered
Si;xGeyx thin films. This study has investigated the effect of composition and the influence of
post-deposition heat treatment on stress and crystallisation of Si;.xGey thin films prepared by

biased target ion beam deposition.

2. Experimental procedures

Si-Ge thin films of 500 nm nominal thickness were deposited onto (100) single crystal Si
substrates by means of sputtering using a 4Wave Inc. biased target sputtering tool with an
Kaufman type Ar ion beam source at a substrate temperature near 100 °C, as per the
manufacturer’s specification. The Si wafers were 90 um thick and were cleaved into 20
mmx3 mm strips to use as substrates for deposition, with the [110] direction along the length
of the samples. The film/substrate interface were prepared by standard solvent cleaning
procedure. Si and Ge targets of 99.99% purity supplied by Super Conductor Materials, Inc.
were used as elemental sources for deposition. Both targets are 4 inch diameter disks. The
disk faces are arranged vertically to the ground, perpendicular to the ion source on top, and
the two targets are 180 degree apart facing each other inside the chamber. The targets were
sputtered simultaneously using deposition parameters listed in Table 1 under the same bias
voltage of -800 V, but with different pulse times to allow control of film composition.

Table 1. Sample deposition parameters: target bias voltage = -800V, Ar flow rate = 53 sccm,
target bias on/off time, film composition from EDS analysis, measured thin film thickness,
Young’s Modulus (E) and Hardness (H). Note that EDS analysis for film composition was

normalised after excluding any Ar content.

Nominal Sitarget Getarget Thickness EDS Ar  Young’s Hardness,
film on/off on/off (nm) analysis  (at.%) Modulus, H (GPa)
composition time (us) time (us) E (GPa)

Si 12/2 OFF 528 Si 4.0 143 10.4
Sio_7G€0_3 12/2 2126 515 Sio,73G€o,27 4.0 137 9.48
Sio,5Geo,5 12/2 10/18 533 Sio,4gG€o_51 4.0 128 8.78
Sio_3G€0_7 12/2 27/1 576 Sio,ngEo]z 4.0 121 7.89



Ge OFF 26/2 527 Ge 4.0 115 5.77

Thin film stress was determined by measuring the curvature of the film-substrate strip
samples using a Zygo NewView 7300 optical surface profiometer, and calculated using the
Stoney equation [42]. The curvature of each sample was measured both before and after
deposition and the net change of the curvature was used for stress calculation.

All samples were annealed in vacuum (10 Torr) for 30 minutes to relax the internal stress of
the films, using an ANNEALSYS AS-One rapid thermal annealing system with a new as-

deposited sample used for each anneal. The heating rate was 20°C/s.

The thickness of the deposited films was measured using a Veeco Instruments Inc. Dektak
150 stylus profilometer. The morphology of the films was examined using a FEI Inc. Verios
XHR scanning electron microscope (SEM), and the composition was analysed by means of
X-ray energy-dispersive spectroscopy (EDS) within the SEM. All samples were coated with a
5 nm thick Pt layer to avoid charging effect under HRSEM. The crystallisation state of the
films was determined by means of X-ray diffraction (XRD) using a PANalytical Inc.
Empyrean diffractometer with Cu Ko radiation. A transmission electron microscope (FEI
Titan G2 80-200 TEM/STEM) was used for examining the film structure and the Young’s
modulus and hardness of the films were measured using a Hysitron T1 950 Tribolndenter.
The indentation was conducted under load control, and the load varied from 500 uN to 10000
pN.

3. Results and analysis

Figure 1 shows the as-deposited SigsGegs thin film sample, and the corresponding surface
profilometry measurements of curvature. Figure 1(a) is an SEM image of the film, indicating
no sign of defects, whereas the higher magnification in Figure 1(b) shows an “orange peel
effect” surface texture due to the Pt coating used for SEM sample preparation and is not a
feature of the underlying SiGe film [43]. The film surface is found to be perfectly flat and
defect free, and Figure 1(c) shows Zygo profilometer images of the 20 x 3 mm strip sample.
The left hand image is the surface of the bare Si wafer substrate before deposition, with the
strip surface normal being along the [001] direction and the strip length along the [110]
direction of the single crystal Si substrate. The central image shows the surface of the strip

after deposition of the Sigs5Gegs film (with the film side facing down). The right-hand colour
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scale indicates the surface height and is common to both images. It is noted that the strip
sample curves upwards, indicating a compressive stress in the film. Linear profiles of the
sample were measured in both the longitudinal and lateral directions along the scan lines
indicated in the profilometry image, as well as the radius of curvature calculated from these

profiles.

Figure 1(d) shows the scan height profile of line A-A’ (as indicated in Figure 1(c)) along the
length of the strip sample and the local radii of curvature (determined within a + 500 pum
range on the profile at the point) along line A-A'. It is seen that the radii of curvature are
largely the same at ~0.8 m along the full sample length. This implies that the sample profile

is an arc of a circle, and that the stress is uniform along the length of the sample.

Figure 1(e) shows the height profiles and local radii of curvature along the lateral lines of BB',
CC' and DD, as indicated in Figure 1(c). It is evident that the radii of curvature are also
largely consistent for all the three scan lines, indicating the shape and stress uniformity. It is
also notable that the radii of curvature along the width are marginally higher than along the
length. Neglecting this small difference, the sample strip can be considered a biaxial system,

thus the biaxial modulus is used in Stoney’s equation to estimate film stress.

The above observations were found to be common for all samples, and independent of the Si-
Ge composition. Using the radius of curvature data determined from bending profile
measurements, film stresses were calculated using Stoney’s equation for both the as-
deposited films and after annealing at different temperatures. Figure 2 presents the
determined stress of all films, plotted as a function of Ge content for different annealing
temperatures in (a) and as functions of the annealing temperature for different film
compositions in (b). It is evident that all Si;xGeyx thin films were compressively stressed in
the as-deposited state, and that the magnitude of the compressive stress decreased with

increasing Ge content from -650 MPa for x=0 to -300 MPa for x=1.

It was observed that annealing at elevated temperatures resulted in significant stress
relaxation for all films, with most of the relaxation occurring at temperatures below 400 °C.
The relative magnitude of the thin film compressive stress after annealing maintained the
same trend with regard to Ge content as in the original as-deposited films (Figure 2(a)). Films
annealed at higher temperatures eventually became near stress-free or slightly tensile (Figure
2(b)) and, in general, films with higher Ge content had higher internal tensile stress after

annealing at high temperature.



The surface morphology of the films was examined using scanning electron microscopy.
Figure 3 shows SEM micrographs of Sip7Geps and Sig3Geg; after annealing. Figure 3(a)
shows a Sip;Gegs film after anneal at 800 °C and (b) shows the same film at a higher
magnification. The film is intact without any sign of damage in visible physical forms, which
is practically the same for the Si film. Figures 3(c) and (d) show the Sig3Geo7 film after
annealing at 500 °C. This sample presented densely and uniformly distributed small damage
holes. Similar surface damage was overserved on other high Ge content samples (SigsGeos
and Ge) that are indicated by the arrows in the Figure 2(b).

The SEM images in Figure 4 show the progressive physical damage occurring in the
Sip3Geg7 sample after annealing at different temperatures, indicating that the physical
damage commences at 500 °C, and the damage developed as small and uniformly distributed
pin holes at lower temperatures into large semi-connected large voids at higher annealing

temperatures.

It is also clear from the evidence presented above that there is a critical annealing temperature
above which physical damage occurs in high Ge content films, as indicated by the arrows in
Figure 2(b). It is observed that the critical annealing temperature decreases with increasing
Ge content in the films and, no damage was observed for pure Si and Sip7Gegs films up to

800 °C, which was the maximum annealing temperature used.

The films were also analysed by means of grazing incident x-ray diffraction (GIXRD) with
an incident angle of 0.8°. Figure 5 shows the GIXRD patterns of the five Sii.xGey films before
and after annealing at various temperatures. For each film composition, a new sample was
used for each anneal. All films were amorphous in the as-deposited state. Annealing at
elevated temperatures resulted in crystallization of the films, and additional samples were
used for annealing at temperatures to narrow down the film crystallization temperature
window to 10 °C. For clarity of presentation, films annealed at below the crystallization
temperature window, which all remained amorphous, are not shown in the figure. It is seen

that the critical temperature for crystallization decreases with increasing Ge content.

Figure 6 shows TEM analysis of the annealing-induced structural changes to the films. Figure
6(a) is a bright field TEM micrograph of a cross-section of the Sip3Geg 7 film annealed at 600
°C. The film structure is heterogeneous, with many isolated clusters in bright contrast to the
surrounding continuous matrix. Figure 6(b) is a high resolution TEM image of a bright

contrast region, labelled ‘A’ in Figure 6(a). The inset in (b) is the fast Fourier transform



pattern of the region, clearly indicating that these bright regions are amorphous Sig3Geg .
Figure 6(c) shows a high resolution TEM image of the matrix of the film, as indicated by ‘B’
in Figure 6(a), and the inset in (c) shows the fast Fourier transform pattern of the region. It is
evident the continuous region in the film was crystalline Sig3Geg7. The compositions of the
amorphous and crystalline regions were analyzed by means of EDS, and Figure 6(d) shows a
high-angle annular dark-field (HAADF) image of the film cross section. In this image the
isolated amorphous clusters appear in dark contrast. Figure 6(e) shows the element
distribution along the line indicated in (d), as determined by EDS line scan with both Si and
Ge registering very low x-ray counts within the amorphous regions. The significant signal
drops are likely caused by void present in the amorphous regions, which could be a result of
atoms interdiffusion or crystallisaiton upon annealing. Figure 6(f) plots the Si:Ge atomic ratio
along the line which despite the strong signal difference between the amorphous and
crystalline regions, remained essentially constant at 0.4 along the line, corresponding to the

nominal Si:Ge = 3:7 molar composition of the film.

The mechanical properties of the SiGe films were determined by means of nanoindentation at
the ambient temperature. The Young’s modulus and hardness values obtained for each
sample are the average values over 125 indents. Figure 7 shows the measured Young’s
modulus and hardness of the films, with (a) showing them as functions of the Ge content and
(b) as a function of the annealing temperature for the SigsGegs film, which is representative
of all samples. It is seen that both the Young’s modulus and hardness decreased
monotonically with increasing Ge content and that both parameters of each film show little

variations after annealing at different temperatures.
4. Discussions

As presented in Figure 2(a), the as-deposited Si;.xGey thin films all contained significant
compressive stresses. This is consistent with previous observations of Si;.xGex thin films
prepared by ion beam sputtering [37], and the magnitude of the stress is generally higher than
that found in Si;xGey thin films deposited by means of chemical vapour deposition [38, 44]
or molecular beam epitaxy [45]. Compressive stress in these films is generally attributed to
the effect of ion bombardment during sputtering [46], since particles arriving at the film
surface, including both sputtered atoms and backscattered carrier ions, often have energy
levels in the order of 10 eV to 100 eV [37]. These energy levels exceed the threshold energy
needed for atomic displacement in Si;.xGex films [47, 48], thus causing displacement of

already deposited atoms within the film structure as well as forced entry of newly arriving
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atoms. At the same time, the relatively low deposition temperature does not provide sufficient
energy for dense atomic packing and relaxation of the structure via reshuffling of the atoms,
leading to residual compressive stress [37, 46]. The magnitude of the stress is affected by
several factors including ion energy, carrier ion flux, and properties of the target material [49,

50], as described the intrinsic stress scaling law [50]:
lo| = 1.91KjEp°Q /Ny 1)

where o is the film stress, K is a scaling factor, j is the carrier ion flux, E; is the carrier ion
energy, No is Avagadro’s number, and Q is the elastic energy density of the film material,

which is expressed as:

M
T @a-v)b

Q )

where Y is the biaxial modulus, M is the atomic mass, v is Poisson’s ratio, and D is the
density of the deposited film. In this work, all the parameters that determine stress in equation
(1) are common for all film compositions, except Q. For the Si;Gey alloy, Q can be
calculated as a function x, since as listed in Table 2 the Young’s modulus, atomic mass,
Poisson’s ratio and density are all functions of x [3, 35, 36]. The calculated values of Q for
Si;xGey are plotted as a function of Ge content in Figure 2(a), indicating that Q is negatively
correlated with Ge content, and the relationship is consistent with the observed dependence of

stress in as-deposited Siy.xGey films.

Table 2. Young’s modulus, atomic mass, Poisson’s ratio, density and elastic energy of Sis.

xGey alloy as a function of x.

Properties Equation Source
Biaxial modulus, Y (GPa) Y = 180.45 — 39.96x [35], [36]
Atomic mass, M M=28x(1—-x)+32x Mass fraction
Poisson’s ratios, v v =0.278 — 0.005x [3]
Density, D (g/cm®) D = 2.329 + 3.493x — 0.499x2 [36]

Stress relaxation upon annealing has been observed previously in amorphous Si;.xGey thin

films [37, 51, 52]. Le Meur et al. reported that ion beam sputtered Sigg7Geg o3 thin films



deposited at 550 °C had a compressive stress of 1 GPa, which can be reduced to 0.5 GPa by
annealing at 750 °C for 15 minutes in flowing N, [37]. Kannan et al. investigated PECVD
Si;xGey thin films and found that the stress of a SiggGeg, film changed from compressive to
tensile after annealing at 520 °C in Np[52]. This stress relaxation has been attributed to
reshuffling of atoms in the films at elevated temperature [52-55]. During annealing, “over
packed” compressively stressed amorphous films may undergo structural relaxation involving
short range movement and ordering of atoms, and annihilation of point defects inside the film
structure [56, 57]. These atomic movements are generally described by material viscous flow,

as suggested by Loopstra et al. and Witvrouw et al. [55, 58]:

S __9
Y_f_ 6n (3)

where Y; is the biaxial modulus of the film, n is the instantaneous shear viscosity, o is the

film stress and ¢ is the stress relaxation rate. The film viscosity can be calculated as [54, 58]:

n=-— 4

6ep

where ¢, is the biaxial plastic strain of the film. Since the film is constrained by the substrate
in all lateral directions, then:

& + € = constant 5)

g te =0 (6)
where &, is the biaxial elastic strain of the film. Also, it is well-known that:

. G

Ee = Y_f (7)
By combining equations (4)-(7), equation (3) can be obtained. It has also been shown that
viscosity is inversely proportional to defect density in amorphous Si and Ge films [53], thus n
is expected to increase with time during the process of annealing as defects get progressively
annihilated. In addition, relaxation reduces the value of o. Therefore, according to equation

(3), g is expected to decrease continuously with time during annealing, which is consistent

with the experimental observations shown in Figure 2.

Based on above argument, the limit to stress relaxation is expected to result in zero stress in
the film, although experiments indicate that some films have become clearly tensile after
annealing. This cannot be explained by structural relaxation via viscous atomic flow in the

films, and may be attributed to the difference in coefficient of thermal expansion (CTE)
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between the film and the silicon substrate, such that films with high Ge content will have
higher CTE values than the silicon substrate [59]. The film stress is expected to fully relax to
nil via atomic movement at the higher annealing temperatures, but during the period of post-
annealing cooling to ambient, films with higher CTE values will contract more than the

substrate does, resulting in tensile stresses in these films.

Closer examination of the XRD patterns shown in Figure 5 reveals that the positions of the
three major peaks shift towards lower 20 values for films with higher Ge contents as a result
of annealing. Considering that all the films were near stress free after annealing, this
diffraction peak shift implies a lattice constant increase with increasing Ge content, which is
consistent with our expectation given that Ge is a larger atom than Si. Figure 8 plots the
lattice constant determined using the 111 peak as a function of Ge content for the films
annealed at 700 °C (400 °C for the pure Ge film). The lattice constant was also calculated
using the 220 and 311 diffraction peaks, and the results are consistent with that from the 111
peak. It is evident that the lattice constant increased approximately linearly with increasing
Ge content, as expected for the larger atomic size of Ge. Also plotted in the figure is the full
width at half maximum (FWHM) of the 111 peak, as an indication of the crystallite size,
which is found to decrease with increasing Ge content. This observation suggests that
samples with higher Ge contents tend to have larger average crystal size for the same

annealing temperature.

It is clear from the evidence presented above that the films exhibit different critical
temperatures for various events upon annealing. Figure 9 plots these critical temperatures as a
function of Ge content, including the lower and upper bound temperatures for crystallization,
the temperature for full stress relaxation and the temperature for onset of physical damage. It
is seen that all three characteristic temperatures decrease with increasing Ge content, and that
the events follow the temperature sequence of stress relaxation-crystallization-physical

damage upon annealing.

The deposited films are not suitable for MEMS applications due to the high compressive
stress. However, the Sig3Geg 7 film can reach near stress free state after annealing at around
300 °C. This characteristic makes the film a suitable structure material in the MEMS devices
applications. The low process temperature allows the integration of MEMS devices on
prefabricated complementary metal-oxide-semiconductors (CMOS) as well as polymer

substrates, such as benzocyclobutene, polyimide and polyethylene terephthalate [4].
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5. Conclusions

(1) Si;-xGey (0<x<1) thin films were deposited onto (100) single crystal silicon wafer
substrates by biased target ion beam sputtering. Both Young’s modulus and hardness
of the films were found to monotonically decrease with increasing Ge content. High
compressive stress was observed for all as-deposited Si;«Gex films, and the
magnitude of the stress was found to decrease with increasing Ge content.

(2) Annealing in vacuum was found to cause changes to the films, including stress
relaxation, crystallization and, in some cases, physical damage. The low Ge-content
films became stress free after annealing, whereas in high Ge-content films the stress
became slightly tensile after annealing at high temperature.

(3) High Ge-content films were also found to be more susceptible to physical damage
upon high temperature annealing. The damage occurs in the form of small and
randomly distributed holes and voids in the films.

(4) The critical temperatures required for stress relaxation, crystallization, and the onset
of physical damage were all found to decrease with increasing Ge content. The lattice
constant of the crystallized films was also found to increase linearly with Ge content.
The occurrence of the three events appear to follow a consistent order of stress

relaxation - crystallisation — physical damage upon annealing in vacuum.
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Figure 1. A SipsGegs film and film stress measurement. (a) and (b): SEM images of the film
in as-deposited condition. (c): Zygo images of the surface profile measurement of the 20 mm
x 3 mm strip sample before and after film deposition. (d): Height profile (curve, left axis)
and radius of curvature (data points, right axis) along the length of the strip sample. (e):
Height profile (curve, left axis) and radius of curvature (data points, right axis) along the
width at three different locations of the strip sample. The positions of the surface profiles
across the width of the sample have been offset vertically for clarity of presentation.
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Figure 2. Effects of Ge content and annealing temperature on film stress. For the as-deposited
films in (a), each data point represents one deposition event consisting of 3-4 samples, and
the dashed line presents the calculated elastic energy density (Q) of Si;«Gey thin films plotted
as a function of Ge content on the right-hand Y axis (note the reverse order on the second Y
axis). The arrows in (b) indicate the critical temperatures at which film surface damage was
observed in samples with higher Ge content.
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Figure 3. Effect of vacuum annealing on Siy.xGey thin film morphology. (a) and (b): A
Sig7Gep 3 film annealed at 800 °C. (c) and (d): A Sip3Geg 7 film annealed at 500 °C. Note
the different magnification scales between images.
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Figure 4. Surface morphology of the Siy3Geg 7 film after annealing at different

temperatures, with a critical temperature for damage formation of 500 °C (see Figure 2(b)).

Note the different magnification scales between images.
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Figure 5. GIXRD patterns of Si;.xGey thin films after annealing at different temperatures. The

dashed line is used to indicate the shift in the 111 peaks for all films.
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Figure 6. Cross-sectional TEM analysis of a Sip 3Geg 7 film annealed at 600 °C. (a) Bright
field TEM micrograph. (b) HRTEM micrograph of the amorphous white area in (a) with
FFT image in the inset. (c) HRTEM micrograph of the crystalline dark area in (a) with FFT
image in the inset. (d) HAADF image of the same sample and (e) EDS line scan of Si, Ge,
O and Pt, and (f) a plot of Si to Ge ratio across the film.
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Figure 7. Young’s modulus and hardness of (a) as-deposited Si;.xGex films, and (b) as a
function of annealing temperature for SipsGeg s, as determined by nanoindentation
technique.
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annealed at 700 °C (400 °C for the pure Ge sample) as a function of Ge content. The lines

connecting the markers are simply a guide for the eye.
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Figure 9. Characteristic annealing temperatures as a function of Ge content for (i) stress
relaxation (square symbols), (ii) crystallisation (upper bound: green round symbols; lower
bound: red round symbols) and (iii) physical damage (diamond symbols).
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Table 1. Sample deposition parameters: target bias voltage = -800V, Ar flow rate = 53 sccm,

target bias on/off time, film composition from EDS analysis, measured thin film thickness,

Young’s Modulus (E) and Hardness (H). Note that EDS analysis for film composition was

normalised after excluding any Ar content.

Nominal Sitarget Getarget Thickness EDS Ar  Young’s Hardness
film on/off on/off (nm) analysis (%) Modulus  (GPa)
composition time (us) time (us) (Si1-xGey) (GPa)

Si 12/2 OFF 528 Si 4.0 143 10.4
Sio_7G€o_3 12/2 2/26 515 Sio_736€0_27 4.0 137 9.48
Sip5Gegs 12/2 10/18 533 Sip49Geos1 4.0 128 8.78
Sio.3GEo.7 12/2 27/1 576 Siolngeojz 4.0 121 7.89

Ge OFF 26/2 527 Ge 4.0 115 5.77
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Table 2. Young’s modulus, atomic mass, Poisson’s ratio, density and elastic energy of Si;-
xGey alloy as a function of x.

Properties Equation Source
Biaxial modulus, Y (GPa) Y = 180.45 — 39.96x [29], [30]
Atomic mass, M M=28x(1-x)+32x Mass fraction
Poisson’s ratios, v v =0.278 — 0.005x [3]
Density, D (g/cm®) D = 2.329 + 3.493x — 0.499x2 [30]
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The as-deposited Si;xGey films contain in-plane compressive stresses. The stresses are
relaxed upon annealing (Fig. a). The critical temperatures for stress relaxation and for
crystallization decrease with increasing the Ge content of the films (Fig. b).
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