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Abstract

The vibrations of a single-crystal germanium (Ge) membrane are studied in air and vacuum
using laser vibrometry, in order to determine mechanical properties such as Q-factors, tensile
stress, anisotropy, and robustness to shock. Resonance modes up to 3:2 are identified, giving a
residual stress measurement of 0.22 GPa, consistent with the value obtained from x-ray
relaxation studies. The membrane is found to be isotropic, with Q-factors ranging from around
40 at atmospheric pressure to over 3200 at 5 X 10~ mbar, significantly lower than those found in
polycrystalline Ge micromechanical devices. The robustness to shock is explained through the
high resonance mode frequencies and the dissipation mechanism into the substrate, which is a
direct consequence of having a high quality film with low residual tensile stress, giving the

potential for such films to be used in optoelectronic devices.

Keywords: single crystal Ge membrane, laser interferometry, quality factor, elastic properties

1. Introduction

Germanium (Ge) has been suggested as a suitable integrating
material for combining many different device functions on
traditional complementary metal-oxide semiconductors
(CMOS), with the possibility of devices being combined on a
single chip. Ge on a Si substrate forms the basis for many
optoelectronic  devices, including near-infrared photo-
detectors, photonic modulators and lasers [1-3]. Ge subcells
have also been used with top cells made of group III-V ele-
ments for efficient solar cell applications [4—6]. Electrical
transport measurements in Ge have shown that an ultra-high
hole mobility can be achieved, which could impact on fab-
rication of devices such as CMOS, resonant tunnelling
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diodes, heterojunction bipolar transistors etc [7]. This high
mobility appears in Ge layers that are strained by growing
on a graded buffer that contains relaxed, high Ge-composition
Si,_,Ge, alloys [8, 9]. Ge has recently had a revival as a
spintronics medium and has shown efficient spin injection
and polarization [10, 11]. The integration of relaxed and
strained Ge together with III-V materials on a single buffer
could thus be used as an all-round integration platform.

By mechanically decoupling a Ge film from a bulk Si
substrate, a Ge membrane can be produced that responds
more rapidly and with higher sensitivity than an uncoupled
film, having eliminated the damping, and other parallel
effects, of the substrate. This opens the possibility of adding
new functionality to integrated systems, for example, the
production of micro-mechanical electronic systems (MEMS)
using Ge, which is a promising area that has not yet been
explored in great depth. The freestanding membrane is a very
simple MEMS system, and these have recently been fabri-
cated using a Ge on Si (001) layer [12]. The membrane was

© 2014 National Institute for Materials Science


mailto:o.trushkevych@warwick.ac.uk
mailto:r.s.edwards@warwick.ac.uk
http://dx.doi.org/10.1088/1468-6996/15/2/025004
http://creativecommons.org/licenses/by-nc-sa/3.0
http://creativecommons.org/licenses/by-nc-sa/3.0
http://creativecommons.org/licenses/by-nc-sa/3.0

Sci. Technol. Adv. Mater. 15 (2014) 025004

O Trushkevych et al

doped with phosphorous using reduced pressure chemical
vapour deposition (RP-CVD) and tensile strained in a bi-
metallic layer process; in combination these two processes
allow the membrane to effectively become a direct bandgap
material, and the sample showed efficient electro-
luminescence [12]. In addition, a distinct advantage of sus-
pending crystalline Ge is that the electrical leakage, which
arises due to dislocations within the layer from relaxation
processes, can be minimized [13].

To produce useful devices, knowledge of the mechanical
properties is key. High Q-factors are desirable for applications
of membranes as MEMS, while robustness to shock and
mechanical stability are the main concern in applications that
rely on the optoelectronic and electronic properties of Ge,
regardless of the resonant membrane behaviour. Knowledge
of the elastic properties of thin films and their residual stresses
are therefore important in device fabrication [14]. The elastic
and vibrational properties of thin films can be studied by
using the static load versus deflection method to extract
Young’s modulus and Poisson’s ratio [15—-17], or by dynamic
techniques, in which the resonant frequencies of vibrating
films are measured and used for determining the film’s elastic
properties or stress [18-22].

Resonance frequencies of various membrane materials
have been measured previously using laser interferometry for
detection of the vibration displacements, following actuation
using speakers or piezoelectric transducers depending on the
desired frequency. Materials have included high temperature
oxides, with lateral dimensions of 1.2—7.8 mm and thickness
of 550 um, and circular membranes of various materials
including polyamide and silver, with thicknesses ranging
from 10 um to 250 ym [18, 21]. More recently, thin film
graphene and graphene oxide resonators (15 nm thick and up
to 7.5 ym in diameter) have been studied using electrical or
optical actuation and detection by laser deflectometry
[23, 24].

Here, we use a piezoelectric transducer in combination
with laser interferometry to study the vibrational properties of

a square Ge membrane, with an area of 1 mm® and sub-
micron thickness. The potential applications for such Ge
membranes envisage their use at atmospheric pressure and
also in vacuum. High Q-factors are required for MEMS
applications, while they are not necessary for optoelectronic
applications, where an excellent material quality (defined by
low density of defects, uniformity of stress and boundary
conditions), mechanical stability and robustness to shock
(characterized by vibrational properties and defined by energy
dissipation mechanisms) are of paramount importance. The
measurements are performed at atmospheric pressure and in

near-vacuum (to pressures of 5 X 107 mbar), and at fre-
quencies of up to 400 kHz. The resonant frequencies of sev-
eral modes are used to measure the residual tensile stress in
the membrane, and Q-factors are investigated as a function of
pressure. Energy dissipation mechanisms and membrane
uniformity are induced from these measurements. The method
that is used here is suitable for rapid assessment and is more

cost effective and fast compared to full 2D characterization of
vibrational modes [25].

2. Experimental details

The Ge membrane was made by growing a single-crystalline
Ge film onto a Si substrate, then removing part of the Si sub-
strate with an anisotropic etch [13]. Ge layers were grown by
RP-CVD, in an ASM Epsilon 2000 system, on either side of a
double side polished, low resistivity Si (001) substrate of
thickness 300 um. The back side of the wafer was patterned
using standard lithographic techniques and subjected to deep
reactive ion etching using an Al,O; mask. To complete the
process the chemical resistivity of Ge in an anisotropic 80°C
25% tetramethylammonium hydroxide heated bath was utilized
to remove selected areas of Si and fully suspend the membrane.
The substrate dimensions for the sample studied were
approximately 10 x 5 mm, while the membrane was of lateral
dimensions 965 x 965 ym (measured by atomic force micro-
scopy) and thickness 700 nm. The thickness was measured
using white light reflectometry (Sci-soft Filmtek 2000 M) of
wavelength 380-890 nm, with the measurement accuracy con-
firmed through destructive testing of several samples to view
the cross-section using scanning electron microscopy. The
thickness measurement, including consideration of any non-
uniformity across the membrane, had a maximum 12% error.
At ambient pressure, a speaker (NeoCD2.0 True Ribbon
Tweeter by Fountek; nominal frequency range of 1.2-40 kHz
and output up to 100kHz) was first used to excite the
membrane in the low frequency range, in an arrangement
similar to that given in [18]. In this arrangement the substrate
was clamped, and the membrane vibration was excited
through the air pressure variations on the membrane. At fre-
quencies above 100 kHz the excitation of the membrane was
done using a lead zirconate titanate piezoelectric transducer
(from Physik Instrumente), with the entire sample mounted on
the transducer horizontally; the membrane and the substrate
were both vibrated. The transducer was 10 mm in diameter
and 1 mm thick, with a nominal frequency of 2 MHz but with
broadband generation possible. The membrane showed a
larger deflection signal than the substrate at most excitation
frequencies, with a much larger response at resonance fre-
quencies. A function generator was used to excite both the
transducer (at 0.1 V peak-to-peak voltage) and the speaker,
with a continuous sinusoidal signal generated. The frequency
was either ramped from 100 kHz to 400 kHz, or fixed at the
required value when studying membrane behaviour at reso-
nant frequency. The membrane vibration was monitored to
check that this did not deviate from the expected sinusoidal
profile for the generated vibrations, and the vibration ampli-
tude of the membrane was also monitored. The membrane
behaviour was sensitive to its position relative to the trans-
ducer centre, and therefore all measurements were done when
the membrane was placed in the centre of the transducer.
The out-of-plane displacement of the membrane due to
the deflection on vibration was monitored optically using a
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Figure 1. The experimental arrangement (not to scale) with (a) a transducer and a sample within the vacuum chamber, (b) shows a close-up,
with the spacer to allow free membrane movement. Positions of frequency spectra measurements (red dots) and scanning directions across the

membrane (white arrows) are shown in (c).

two-wave mixer laser interferometer produced by Intelligent
Optical Systems Inc. (I0S, AIR-1550-TWM), with wave-
length 1550 nm, and calibrated so as to give a measure of the
absolute out-of-plane deflection amplitude. The Ge layer has
excellent reflectivity at this wavelength; however, 3.2% of the
laser energy at 1550 nm is absorbed by the membrane and so
the optical power of the laser was set to 0.1 W to minimize
heating effects. Two types of measurements were made: (i)
scanning in frequency when the probe beam was in the centre,
on the substrate or at another position of maximum deviation
of the membrane (figure 1(c)); (ii) scanning across the
membrane at a chosen frequency, to record the deviation
profile as a function of detection position. Scans in four
directions relative to the membrane orientation were done:
along the centre line (parallel to either @, or a ), and along two

diagonals (figure 1(c)). In this way the first and higher order
modes could be distinguished. In vacuum scans were done
along a, and a, as the modes were at similar frequencies to

those identified at atmospheric pressure and the diagonal
scans were not required for mode identification. Figure 1
shows the experimental set-up; either the laser detector
measurement head or the sample were mounted on a motor-
ized stage to allow scanning of the modes across the sample
(figure 1(c)), with scanning steps in the x-direction of 25 ym.
The position of the sample or laser detector measurement
head in the y-direction could also be controlled, allowing full
identification of resonance mode patterns. For low pressure
measurements the membrane and piezoelectric transducer
were placed inside a vacuum chamber capable of with-

standing pressures down to 107° mbar, with a quartz optical
window for laser access. Pressure inside the chamber was
controlled using a rotary pump and a Pirani gauge down to

5 x 107" mbar, the pressure at which the damping effects of
the air are no longer significantly pronounced [26, 27].

The laser interferometer beam was focused into a spot of
200 ym diameter, with the resolution perpendicular to the
scan direction defined by the beam size. In the direction of a
scan, features with dimensions below 200 um should be
resolvable through using a smaller scan step size and

considering overlap of detection positions. For higher order
vibrational modes, where the nodal lines are spaced by
240-320 pm, it was difficult to remain absolutely parallel to
the nodal lines when scanning, and additional minima in the
deflection amplitude could be observed. When scanning the
membrane from the substrate side, sharp dips in reflectance
were observed during each scan as the beam crossed the
substrate and membrane edge (figure 1(b)), and these features
were used to position the beam relative to the membrane. The
measurement system was fully automated and controlled
using LabVIEW.

3. Theoretical background

The vibration frequencies of thin films can be governed either
by elasticity (with the dominant restoring force due to the
bending of the material; the film is called a ‘plate’ in this
regime) or by tensile stress (with the dominant restoring force
the tension applied along its boundary; the film is a ‘mem-
brane’ in this regime) [28, 29]. Figure 2 shows the first
resonant mode vibration shapes expected from a square plate
(in (a), adapted from [29], p 60) and a square membrane (in
(b), adapted from [30]). It should be noted that in the stress-
governed regime for a square membrane there should be no
preference for either the 1:m or the m:1 mode (m > 1) over the
other, and their resonant frequencies may overlap, giving a
resonance pattern showing superposition of modes. If there is
anisotropy in the tensile stress the modes will split [22, 28]. A
superposition of modes may be observed at certain resonant
frequencies if the membrane is fully isotropic and has
equivalent side lengths.

The natural vibration frequencies of a square film in the
stress-governed regime (membrane) in vacuum are given by

O (R Rt

where n and m describe the mode number, ¢ is the biaxial

f vac __
nm
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Figure 2. (a) First five resonance modes for a square plate fully
clamped on all sides. (b) First five resonance modes for a square
membrane. The dashed lines are nodal lines which have zero
deflection amplitude, while the darker and lighter areas are vibrating
away from and towards the reader respectively.

tensile stress, a is the membrane dimension and p is the
density of the material. The frequencies for the elastically
governed regime (plate) follow a different pattern, described
by [29]

vac Knm Edz
fnm =

2na’ 12(1 - yz)p '

2
where K, is the mode coefficient (taken from tables in [29]),
E is Young’s modulus, d is the film thickness and v is
Poisson’s ratio.

When the membrane is at atmospheric pressure, the fre-
quencies obtained in each case must be corrected to allow for
atmospheric damping [19], using

f vac
nm

Wair ’
M+ 1347

where p_is the density of the air. This correction is for

‘f;lh‘l = (3)

circular membranes, but will give a suitable approximation
for the case of a square membrane. Table 1 shows the cal-
culated vibration frequencies in air for several different modes
for the elastically and stress-governed regimes of the studied
membrane (mode shapes in figure 2), with density taken to be
p =5323 kgm™ and o = 0.182GPa. For the elastically
governed regime the mode coefficients are taken from [29]
(table 4.22). The expected frequency of each mode differs by
up to two orders of magnitude depending on which regime the
membrane operates in.

To identify the regime of operation of the film (plate or
membrane) the flexural rigidity D can be calculated. The
stress-governed (membrane) regime occurs when D satisfies
the inequality [29]

2 2
D= L2 <. 4)
12(1 =% n
For a pure Ge film, Young’s modulus £ = 102.110 GPa and
v = 0.26 [31]. For the Ge film used here to behave like a
membrane, the biaxial tensile stress has to be much greater

Table 1. Expected frequencies of vibration modes for the elastically
governed (plate) regime and for the expected value of stress in the
stress-governed (membrane) regime at ambient pressure. Selected
modes are illustrated in figure 2.

Mode k Elastically Mode n: Stress
(n:m) governed f m governed” f
1 (1:1) 4.74 kHz 1:1 113.8 kHz
2(1:2) 9.66 kHz 1:2 180.0 kHz
3(2:2) 14.24 kHz 2:2 227.7 kHz
4(2:2 17.33 kHz 3:1 254.6 kHz
diag)

5 (1:2 circ) 17.40 kHz 3:2 290.2 kHz
6 (3:2) 21.72 kHz 4:1 331.9 kHz

" for estimated 6=0.182 GPa

than 10° Pa. It is possible to estimate the stress in the mem-
brane when relaxation (in our case from thermal expansion
coefficients mismatch) and lattice mismatch between the film
and the substrate are known, using

c=¢E; e=f(1-R), (®)]
where ¢ is the strain, f is the lattice mismatch and R is the
relaxation. X-ray diffraction measurements on the membrane
gave a value of R = 104.2% (R > 100% means the membrane

is under tensile strain), and for Ge on Si f= —0.04177,

therefore ¢ = 1.735 x 107 [32]. The calculated value of the
stress is therefore given by 6 = ¢E = 0.182 GPa, and hence it
is expected that the Ge film will behave like a membrane, i.e.
it will vibrate in the stress-governed regime.

4. Resonance modes

The resonance spectra and the profiles of the spectral peaks
were studied firstly in the low frequency range (below 100
kHz), using the speaker to actuate the membrane at ambient
pressure, to confirm that no elastically-governed resonances
were observed (table 1). For these measurements a simple 1:1
type resonance was seen at many frequencies, but no higher
order vibrational modes were observed. This suggests that the
observed resonances were subharmonics, and that the 1:1 and
higher modes occur at higher frequencies, as expected from
the above calculations if the behaviour is stress-governed. The
membrane was then studied using piezoelectric transducer
actuation in the frequency range of 100—400 kHz and differ-
ent modes were observed. This measurement was repeated at

lower pressures, down to 5 X 10~ mbar.

4.1. Frequency scans at atmospheric pressure

The response of the membrane to excitation was measured at
points on the membrane where displacement maxima of
certain modes are expected. These positions were at the centre
of the membrane, where the maximum deflection is expected
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Figure 3. The membrane response to excitation at different
frequencies at atmospheric pressure, measured at different points on
the membrane where the maxima for odd and even modes are
expected. The membrane substrate response (dashed line) showing a
transducer resonance around 250 kHz is also included.

for modes including 1:1 and 1:3, and a quarter-way along the
membrane (figure 1(c)), where high deflection for certain
other modes will be observed (e.g. 1:2 and 2:3 on figure 2(b)).
Figure 3 shows the amplitude of the displacement at these
positions along with a measurement of the substrate. Peaks in
the substrate response indicate transducer resonances (such as
the strong peak around 250 kHz visible on the membrane and
the substrate), and hence any resonance mode will show as an
increase over the background (substrate) oscillation where
there is no peak in this background oscillation. The measured
frequency response indicates that there are mode resonances
at around 142, 225, 312, 322 and 368 kHz, with the mode at
142 kHz having a large amplitude, suggesting that this is the
1:1 mode. These frequencies were chosen for further inves-
tigation and profile scans across the directions shown in
figure 1(c).

4.2. Position scans

The membrane displacement amplitude was monitored across
the membrane, with a scan done along four directions; along a,,
a,, and the membrane diagonals d, and d, (figure 1(c)), around

the frequencies of interest identified from figure 3. This com-
bination of scans allows for full characterization of mode shapes
from just a few measurements rather than a full 2D scan, fol-
lowing consideration of any misalignment of the detector from
the exact membrane centre-lines during scans. It is worth noting
that as the beam width (200 xm) is of a similar magnitude to the
spacing between the modes, there will always be some con-
tribution from the neighbouring regions in the cross-membrane
scans, however the mode pattern will be visible.

The expected mode profiles were calculated for pure
modes and their interference patterns, shown in figure 4, with
the colours showing the maximum absolute displacement at
each position on the membrane. Figures 4(b), (¢) and (h)
show equal mixing of two modes (e.g. 1:2 and 2:1 in (b))
assuming both modes are in-phase. Figures 4(c), (f) and (i)
show the effect of having a dominant mode mixed with its
symmetric counterpart. Expected displacements along differ-
ent scan directions can then be obtained both for perfect

positioning of the scan along the centre-lines or diagonals,
and for a small offset by 200 um. Note that for even modes a
slight rotation of the scan line relative to the membrane side
will produce an identical effect to that expected from the
mode mixing. Figure 5 shows the expected membrane dis-
placement profiles along a,, a, and diagonals for the case of

averaging over the scanning beam area (200 ym) for the 1:2,
1:3 and 2:3 modes and mixing with their symmetric coun-
terparts at 70/30% and 50/50% ratio, as on figure 4.

Figure 6 shows the profiles of the membrane displacement
at different frequencies, measured in air, again showing the
maximum absolute displacement at each position. The inserts
show the attributed modes based on figure 4 and the expected
scanning positions. Some traces are labelled with a multi-
plication factor, used so that all had a similar maximum
amplitude on the plot. The fundamental 1:1 mode, with no nodal
lines, can be clearly seen for all four scan directions at 142 kHz.
The mode around 225 kHz can be identified as a 2:1-dominant
mode, with a nodal line parallel to the a, direction. The mod-
ulation along the a, direction is consistent with the scan direc-
tion either being slightly rotated relative to the a, direction, or to

the presence of mode-mixing of the 2:1 and 1:2 modes. In the
region of 312-322 kHz the broad resonance appears to be the
mix of third modes, with the mode at 312 kHz identified as a
3:1-dominant mode, and the mode at 322 kHz an interference of
1:3 and 3:1 modes. This broad resonance has profiles that
deviate from those expected of simple, in-phase mode mixing,
hence the assignment is approximate for this mode combination.
The mode at 368 kHz is identified as a 2:3-dominant mode, with
two nodal lines parallel to a,, and one parallel to a,.

At low pressure only pure modes were observed, and no
interference or splitting of symmetric modes was present.
Figure 7 shows the profiles of the observed modes. The mode
at 143 kHz is 1:1, while the one at 227 kHz is identified as a
1:2 mode, with nodal line parallel to a,. The mode at 320 kHz

is a 1:3 mode. The small modulation in this scan along a, is

due to the scan not being perfectly parallel to the membrane
side, which leads to a crossing of one of the nodal lines that
lies along a,. The mode around 370 kHz is a 2:3 mode, with

two nodal lines parallel to a, and one parallel to a,.

Anisotropy in the biaxial tensile stress or in the mem-
brane boundary conditions can be identified if the n:m and
m:n modes split. The studied film did not exhibit clear
splitting, but some modes were clearly suppressed. The lack
of clear splitting infers a reasonable uniformity of the stress in
the membrane, and allows a meaningful assessment of Q-
factors for the resonances. The mode which was suppressed
varied between experiments, and between atmospheric and
low pressure, suggesting that mode selection is influenced by
mounting conditions and environmental factors, rather than
being predefined by the membrane structure. This is expected,
as the wavelengths of the resonant frequencies in Ge and Si
are much larger than the sample thickness, and hence the
modes will be influenced by the properties of the mount, the
transducer, and the scanning stage. The exact mode pattern
(1:2 or 2:1, combination of 1:3 and 3:1) depends strongly on
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Figure 4. Calculated membrane displacement profiles for different modes and their superposition patterns. The red circle in (a) indicates the
scanning beam size. (a), (d) and (g) pure 1:2,1:3 and 2:3 modes; (b), (¢) and (h) interference pattern of the symmetric (k:m and m:k) modes
when both modes are equally present; (c), (f) and (i) pure modes with the addition of 30% of their symmetric counterpart.

the way the membrane is mounted on the transducer, and
hence varies between experiments.

4.3. Spectral evolution at reduced pressures

In air, the resonant modes are significantly damped. Two main
effects are expected as the pressure is decreased: the resonant
frequencies should shift to higher frequencies, and the Q-fac-
tors should increase. Figure 8 shows (a) vibrational spectra of
the membrane at different pressures and (b) the evolution of the
fundamental mode as the pressure is decreased. There is a clear
dependence on pressure for all modes, and figure 8(c) shows
the frequency shift of several chosen modes over a range of
pressures. These show a general shift to lower frequencies as
the pressure is reduced; this is contrary to what would be
expected due to the reduction in damping, indicating the
influence of another effect on the resonant frequency.

Figure 9 shows a more detailed study of the fundamental
1:1 mode as a function of pressure, showing the behaviour of
(a) the resonant frequency (measured at the membrane centre)
and (b) the Q-factor. The positions of the peaks were obtained
by fitting experimental curves with a Lorentzian. Q-factors
were calculated as Q = f /FWHM ., where FWHM is the

peak?
full width at half maximum of the Lorentzian peak. At least
three measurements were made at each pressure decade to
check reproducibility.

As the pressure is reduced from atmospheric to 10 mbar,
the resonant frequency generally increases, as expected.

However, as the pressure is further reduced, the resonance
moves to a lower frequency. This shift can be explained by
heating of the sample by the laser beam of the interferometer;
out of the 100 mW probe beam at 1550 nm, 3.2mW is
absorbed by the membrane. At the reduced pressures con-
vective cooling is impeded and heating may therefore start to
become significant. The heating leads to thermal expansion of
the membrane and Si substrate, with the net effect of reducing
tensile stress in the membrane (note that at the growth tem-
perature of 913 K the stress is zero). To evaluate the impor-
tance of heating in our system we have modelled the system
using MATLAB and performed an experiment where the
vibrational laser beam, provided by the guide-beam for the
interferometer, was used in addition to the probe beam (see
appendix). The guide beam has a power of 1 mW, which is
fully absorbed over the 700 nm Ge film.

For the worst case scenario, where only the Ge film
conducts heat, with no thermal anchoring to the environment,
the cooling is by natural convection only. In this case the
temperature of the membrane will increase by less than 2 K at
atmospheric pressure, both with the additional laser on and
off. At 0.18 mbar, where the convection cooling coefficient is
known [33], the temperature increase will be 14 K without,
and 18 K with the additional laser beam on. The region under
the laser spot will be only marginally («0.1 K) warmer than
the rest of the Ge membrane due to its relatively high thermal
conductivity, hence the membrane shape is not changed and
no anisotropy is introduced by the laser beam.
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Figure 5. Expected scanning profiles for the 1:2, 1:3 and 2:3 modes and mixing with their symmetric counterparts for the four scan directions.
The red dashed lines indicate scan profiles when the beam is offset (by 200 ym) from the membrane centre.

4.4. Q-factors

Q-factor is a measure of energy dissipated in the oscillator
and is determined from the various loss mechanisms, each
giving 0, using 0! = ¥ Q"' At atmospheric pressure, there
is strong damping in air, through acoustic radiative loss and
viscous drag [34]. Q-factors for suspended film MEMS and
nano-mechanical electronic systems (NEMS) are usually
quoted for vacuum [27, 35-37]. In vacuum, the loss
mechanisms in the membrane that would contribute to low-
ering of the Q-factor are phonon—phonon interactions, ther-
moelastic losses, radiation into the substrate (clamping losses)
and dissipation at intrinsic effects in the membrane
[25, 35, 37, 38]. Radiation into the substrate is reduced and Q-
factors increase when the tensile stress in the membranes is
increased, thus increasing acoustic impedance mismatch
between the substrate and the membrane [27, 37]. Dissipation
at defects could lead to deterioration of the devices with time,
which should manifest itself as an irreversible downshift in
resonant frequencies. No such changes were observed with
the membrane over a period of greater than six months.

The Q-factor in the studied system (figure 9(b)) at
atmospheric pressure is similar to the earlier reported values
for polycrystalline Ge and Si-Ge membranes [36], and it
increases monotonously as the pressure is reduced, as

expected. Q-factors as high as 3240 are observed at 5 x 107"
mbar for the fundamental mode. The Q-factor limit due to
phonon—phonon interaction [35, 39] in the studied membrane

23K — 15 % 10° and

ph—ph —

is calculated to be Q

O

melting point, while the thermoelastic Q-factor limit [38] is

293 K _57x104 andQlleK
= 5. )

thermoelastic hermoelastic
for room temperature and Ge melting point.

The measured Q-factors in vacuum are therefore lower
than those reported for polycrystalline Ge and Si-Ge mem-
branes [36] and significantly lower than the theoretical pho-
non—phonon and thermoelastic limits calculated for the studied
membrane. The membrane in this study was specifically pro-
duced to have low residual stress, thus the radiative loss into the
substrate is expected to be significant. While other mechanisms

are eliminated as the major contributors to the low Q-factor at

= 3.7 x 10’ in vacuum for room temperature and Ge

= 1.3 x 10* in vacuum
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vacuum, radiation loss into the substrate is identified as the
dominant energy dissipation mechanism in the studied mem-
brane. Higher Q-factors can be achieved, if necessary, by
increasing the stress in the membrane. Laser heating contributes
to the reduced Q-factor value by further reducing the stress in
the membrane and increasing the radiative loss.

4.5. Stress calculation

In an ideal membrane, one resonant frequency is enough for a
precise computation of the stress. However, any deviation
from the ideal membrane (for example, the sides of the square
not being of equal size, the stress being anisotropic, or
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boundary conditions being non-uniform) has a large influence
on the mode shape and frequencies [22]. Monitoring several
modes simultaneously therefore gives better precision in
estimating the stress in the membrane than using just one
mode, with measurements in vacuum giving the best preci-
sion. Due to heating effects at very low pressures, the
experimental f = values from measurements at 10 mbar
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Figure 9. The (a) positions and (b) Q-factors of the 1:1 mode peaks

at different pressures, from atmospheric to 5 x 10™* mbar measured
at the membrane centre.

pressure were chosen for calculating stress in the membrane
as they should show the best balance between reduced
damping and limited heating. For comparison, a similar stress
calculation was done using the measurements at atmospheric
pressure, with the correction for atmospheric damping.

The resonance frequencies in air and vacuum, allowing
for damping due to atmospheric pressure in air, were calcu-
lated assuming operation in the stress governed regime of the
membrane vibration, in the same way as in table 1, for a range
of values of ¢, and the calculated frequencies were compared
to the frequencies measured in the experiment. Table 2 shows
the calculated resonance frequencies in vacuum and air
for 0 = 0.221 GPa and ¢ = 0.283 GPa respectively, alongside
the experimental values at 10 mbar (left) and in air (right).
These stress values were chosen from the best agreement with
the experimental data. The agreement is excellent, in parti-
cular at reduced pressure, and mostly within the error of the
experimental measurements. As discussed earlier, at atmo-
spheric pressure the 1:3/3:1 mode is broad; note that the
expected value for it is 317.4 kHz, in good agreement with the
observed values. Also note that the correction for atmospheric
damping is only suitable as an estimation.

The stress calculated from the measurements at 10 mbar
pressure (0.221 GPa) should be the closest to the actual value
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Table 2. Experimentally observed and calculated frequencies of vibration modes. Calculations for frequencies in air use the atmospheric

damping correction.

In vacuum (10 mbar)

In air (1000 mbar)

Mode

mm S (£0SKH) QST g (x1kHZ) Q[
1:1 149 kHz 252 149.3 kHz 142 kHz 47  142.0 kHz
2:1 235.5 kHz 548  236.1 kHz 225 kHz 27 2245 kHz
3:1/1:3 334 kHz 202 3339 kHz 312/322 kHz 59 317.4 kHz
3:2 381.5 kHz 281  380.7 kHz 368 kHz 63  361.9 kHz

of the stress in the membrane as the modes are better defined
at low pressures compared to measurements at atmospheric
pressure, while the heating effects are still small compared to
measurements at higher vacuum. This value is a small
underestimation of the real stress value, as frequencies should
further upshift when damping in gas is reduced at higher
vacuum. The calculated values for the stress are higher than
the value approximated using thermal expansion mismatch
(0.182 GPa) used to calculate the values in table 1, but are of
a similar magnitude.

5. Conclusions

Vibrational modes of a Ge membrane of thickness 700 nm
and lateral dimensions 965 x 965 uym were studied using
actuation by a speaker or piezoelectric transducer and detec-
tion using a laser interferometer. The Q-factors are 47 in air

and 3240 at 5 x 10~ mbar for the fundamental mode. From
the frequencies of the observed vibrational modes the stress in
the membrane was estimated to be 0.221 GPa, slightly larger
than but similar to the value estimated from the x-ray
relaxation study, 0.182 GPa. No significant mode splitting
indicating stress anisotropy was detected.

The membranes exhibit high robustness to shock, and
from this study it can be seen that their main modes of
vibration are well above the frequencies commonly present in
the environment (usually below 40 kHz), and are character-
ized by rather low Q-factors at atmospheric pressure. In
vacuum, the Q-factors are also modest compared to the values
reported for polycrystalline Ge and Si—-Ge membranes [36];
however, the values could be a slight underestimation due to
the heating effects at low pressures. The Q-factors are
increased by increasing residual tension, which points to this
as a route to higher Q-factors if desired.

Low Q-factors show that energy is dissipated in the
membrane during each cycle of vibration. This can be bene-
ficial for applications where high amplitude vibrations are
experienced that could otherwise lead to membrane failure,
provided that the thermal energy is dissipated over the entire
area of or outside the membrane. If, on the other hand, this
energy were dissipated locally on impurities or dislocations it
may, over many cycles, modify the membrane structure and
lead to its eventual failure. Such changes in the membrane
would manifest themselves in changes to the resonant modes,

10

and also lead to anisotropy and mode splitting. That we did
not observe any such irreversible changes in resonant fre-
quencies or anisotropy during this study suggests that this
latter mechanism is small, if present at all; however, more
work should be done to explicitly answer the question of
membrane stability. The dominant mechanism of energy
dissipation in the studied membrane is the radiative losses
into the substrate, a way of dissipating energy that is con-
sistent with excellent shock robustness.

The measurement method described here is fast, non-
destructive and convenient, suitable for vacuum and ambient
pressure, and can provide information about material prop-
erties such as stress or Young’s modulus, and the vibrational
behaviour (Q-factor) of a membrane. The measurements will
also give information about membrane anisotropy, if present,
from the appearance (or not) of mode splitting. The method is
particularly suitable for providing fast feedback when opti-
mizing membrane growth and etching conditions, and for
real-time monitoring of membranes during lifetime testing. It
is a simpler and lower cost alternative to interferometric
techniques and 2D visualization of vibrational modes.
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Appendix

Modelling of heating by a 100 mW laser with 1550 nm
wavelength and by an additional 1 mW red laser was done
using MATLAB software, with the partial differential equa-
tion toolbox. The amount of optically absorbed light was
calculated using absorption constants from [40]. The Ge film
was modelled in a stationary state (elliptic partial differential
equation) with no thermal anchoring to the environment
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(Neumann boundary conditions with zero heat flux), where
the cooling was by natural convection only. All relevant
coefficients were taken from reference literature [31], and
the values of the convection coefficient are known for
atmospheric pressure and at 0.18 mbar [33]. The studied
sample was a 4 X 7 mm Si substrate with Ge film grown on
top; in one location Si substrate was etched away to reveal a
0.965 x 0.965 mm suspended Ge film. The sample was
modelled as a 4 mm by 7 mm Ge film. Figure 10 shows the
temperature field in the sample with a laser beam heating a
200 ym diameter spot on the membrane for 3.2% of the laser
beam energy absorbed by the film. The temperature difference
between the heated spot and the rest of the film is remarkably
small, less than 0.01 K at atmospheric pressure. The

11

appearance of the temperature profile remains the same at
different pressures and heating powers, however the tem-
perature scale changes. The temperature rise due to heating is
about 1 K at atmospheric pressure and about 14 K at 0.18
mbar. Heating by an additional laser can be introduced by
increasing the value of absorbed energy to 4.2 mW, compared
to 3.2 mW on figure 10. This increases the temperature rise at
low pressure to 18 K. In reality, losses through the Si sub-
strate would render the temperature rise smaller.

The experimental study of the heating effects involved
measuring vibrational spectra at the centre of the membrane
with and without an additional laser beam on the sample
(1 mW red guide laser, fully absorbed by the membrane).
Figure 11 shows the effect of using an additional laser during
measurement of the vibrational spectra (a) at ambient pressure
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and (b) at 5 x 10" mbar. At ambient pressure, where there is
an efficient cooling through convection, there is virtually no
shift between spectra taken with or without the extra heating.
However, at lower pressures there is a shift of the modes by
about 1 kHz to lower frequencies, consistent with the mod-
elling results (0.5-0.8 kHz shift for 1:1 mode and 0.7-1.4 kHz
shift for 1:2 mode is predicted at 0.18 mbar due to heating),
supporting the suggestion that the heating effects become
significant at low pressures.
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