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ABSTRACT 
This paper presents new material data for single- and multi-

layer CMOS compatible poly-SiGe films, including mechanical 
quality factor (Q), Young’s modulus, and strain gradient.  Using 
audio frequency folded-flexure comb-drive resonators, the 
mechanical quality factor of poly-SiGe was determined at 2µTorr 
pressure.  As-deposited poly-SiGe has Q = 20,000 – 31,000.  
CMOS compatible rapid thermal annealing (RTA) at 525°C for 60 
seconds results in a quality factor between 40,000 and 44,000.  We 
have measured the highest Q factor yet reported for poly-SiGe 
(Q  61,100), as a result of RTA at 600°C for one minute.  The 
measured resonant frequencies of the resonators were used to 
back-calculate the Young’s modulus of poly-SiGe: 
E = 155 ± 5GPa.  The calculated elastic modulus is significantly 
higher than the metallurgical Young’s modulus of 146GPa.  The 
as-deposited strain gradient of the tri-layer poly-SiGe film was 
found to be 1.75·10-4µm-1 (curl-up).  RTA at 600°C for one minute 
drops the tri-layer strain gradient to 2.67·10-5µm-1 (curl-up).  The 
graded Ge content multi-layer film was observed to induce a larger 
normalized strain gradient. 

I.  INTRODUCTION 
Polycrystalline silicon-germanium (poly-SiGe) is a 

promising material for surface micro-machined MEMS (Micro-
Electromechanical Systems) applications.  Conformal deposition is 
possible using chemical vapor deposition techniques at 
temperatures below 425°C [1,2].  Consequently, poly-SiGe can be 
micro-machined directly on top of modern foundry CMOS.  
Moreover, research by Sedky et al. has shown that thermal 
annealing of CMOS devices at 525°C for up to 90 minutes leaves 
the underlying electronics largely unaffected [3].

Micromachined resonators can exhibit very high mechanical 
quality factors.  Indeed, poly-Si MEMS resonators have been 
reported to have Q’s in excess of 80,000 [4].  Due to their high 
Q’s, MEMS resonators have superior frequency-selectivity 
compared to electronic active filters.  Also, micromachined 
resonators are promising as replacements for discrete filters and 
oscillators in wireless communications systems [5,6].  Integrating 
RF MEMS directly with CMOS promises to drop parasitic 
capacitances and inductances, as well as reduce fabrication and 
integration costs, and the form factor of telecommunications 
devices.

Using low-temperature poly-SiGe, it is our aim to make the 
MEMS CMOS integration process straightforward and modular, 
particularly for RF applications.  This paper lays the groundwork 
for this goal by characterizing single- and multi-layer poly-SiGe 
films with processes relevant for RF MEMS applications.  
Section II presents the fabrication method used to micromachine 
the poly-SiGe test structures.  Section III summarizes Q data 
collected from audio frequency poly-SiGe resonators.  For MEMS 
microresonator filters and oscillators, Q is of prime importance.  In 
Section IV, the measured resonant frequencies and geometric 

dimensions are used to back-calculate the Young’s modulus of 
poly-SiGe.  Finally, strain gradient and the effects of RTA are 
discussed in Section V. 

II.  FABRICATION 
All devices were fabricated using a single-mask, timed-

release process with silicon dioxide as the sacrificial layer.  Single 
crystal silicon wafers were used as the starting substrate.  Two 
microns of low temperature oxide (LTO) was then deposited at 
400ºC.  The LTO acts as both the sacrificial layer and the 
mechanical anchor.  LTO was used as opposed to a polycrystalline 
germanium (poly-Ge) sacrificial layer [1,2] because of the need for 
electrical isolation between the mechanical anchors and the 
substrate. 

Four structural films were studied: 1µm thick poly-SiGe 
films containing 62%, 65%, or 68% Ge, and a 3µm tri-layer 
sandwich (Figure 1).  All films were deposited by LPCVD at 
425ºC and in-situ boron-doped (using B2H6), yielding a deposition 
rate of roughly 80Å per minute.  The as-deposited RMS surface 
roughness of the films is 50Å for the tri-layer sandwich and under 
30Å for the single-layer films.  The tri-layer film was used to 
investigate whether films with different average stresses can be 
combined to cancel out the residual strain gradient [7].

The resonators and strain gradient test structures used for this 
paper were defined using a single-mask photolithography step, 
followed by a standard anisotropic HBr plasma etch using a poly-
Si etch recipe.  A timed dip in concentrated HF was used to release 
the structures while leaving SiO2 pedestals for mechanical 
anchoring of the test devices. 
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Figure 1.  Cross-sectional views of the four types of structural 
films studied in this paper (depicted after HF release).  
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Figure 2.  Schematic of the experimental test setup used for Q
measurements. Vp = 15V and v0 = 1V for the Q data presented in 
this paper.  Higher offset voltages, VP, result in non-linear, 
Duffing behavior.  All tests were conducted at an ambient pressure 
of 2µTorr at room temperature. 

III. Q MEASUREMENT 
Quality factors were measured for 10.5kHz and 20kHz 

folded-flexure comb-drive resonators fabricated from the single- 
and tri-layer films mentioned above.  The test setup is shown in 
Figure 2.  Tests were conducted in an MMR vacuum probe station 
with conventional feedthroughs.  The substrate was biased to VP to 
prevent the shuttle of the comb-drive resonators from being pulled 
down onto the substrate. 

An HP 4195A network analyzer was used to determine the 
frequency response of the resonators.  From the frequency 
response, the resonant frequency and mechanical Q were 
determined. 

As-deposited poly-SiGe has a Q between 20,000 and 31,000 
(Figure 3).  After 1 minute RTA at 600ºC in nitrogen ambient, the 
quality factor of all films increases by a factor of roughly 2.2 to 
2.6.  The tri-layer film had a Q of 61,100, the largest Q measured 
to date for poly-SiGe (Figures 4 and 5).  RTA reduces the defect 
density of the poly-SiGe films, thereby increasing the Q.  As a 
result, the internal dissipation for all films decreases and, in turn, Q
increases. There was no discernable alteration in the resonant 
frequency due to RTA.  Figure 6 clearly indicates that the tri-layer 
film consistently exhibits a higher quality factor than all of the 
other films.  This could be due to the tri-layer resonators having 
larger volumes, which tends to yield higher Q’s [8].

Ideally, all MEMS processing steps should be performed at 
CMOS compatible temperatures: deposition below 425ºC, 
followed by annealing up to 525ºC.  Linear interpolation of Figure 
3 indicates that CMOS compatible poly-SiGe has a Q  40,000 – 
44,000, which is 1.6X – 1.9X better than that of as-deposited films. 

RTA was carried out beyond 525ºC to establish an upper 
bound on Q.  The positive linear trend of Figure 3 is evidence that 

the intrinsic Q of poly-SiGe is higher than 61,000.  To obtain Q’s 
greater than 44,000 and still remain CMOS compatible, longer 
anneal times can be used at temperatures around 525ºC. 

It should be noted that determination of Q was complicated 
by resonant-frequency drift.  Accurate measurements of Q take 
roughly 40 minutes on the HP 4195A network analyzer.  We 
observed a downward frequency drift of roughly 1 to 4Hz over this 
time span.  Resistive heating of the resonators is negligible.  
Adsorption of residual oxygen, however, could be significant.  
Assuming the gas in the chamber is composed of 21% O2,
formation of an oxygen monolayer takes only 3 seconds at 1µTorr 
(assuming a densely packed monolayer and 100% stiction rate).  
Therefore, absorbed gases might be causing a mass-loading affect 
[9], accounting for the downward drift in resonant frequency.  The 
observed drift artificially increases or decreases the measured Q
depending on the sweep direction.  Furthermore, for high-
resolution frequency measurements, the network analyzer takes 
multiple measurements and averages the results, which tends to 
smooth the resonant peak and decrease the measured Q.  Based on 
the large data sets obtained, the Q values presented are estimated to 
have an uncertainty of about ±5%. 
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Figure 3.  Graph of Q versus RTA Temperature.  Notice that Q is 
unaltered for RTA temperatures up to approximately 450ºC.  
Above 450ºC, Q is roughly linear with respect to RTA temperature.  
All RTA was done for 1 minute at the specified temperature in 
nitrogen ambient. 

Figure 4.  The magnitude (dB) versus frequency for a tri-layer 
poly-SiGe, 20kHz (design) comb-drive resonator.  The peak occurs 
around 19.6 kHz. 
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Figure 5.  Close-up of the resonant peak presented in Figure 4.  Q
was measured from a 3Hz frequency sweep near resonance. 

Q vs. Ge Content at Different RTA Temperatures
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Figure 6.  Graph of Q versus %Ge content at different RTA 
Temperatures.  The Q’s for all films are comparable for any given 
set of anneal conditions. 

IV.  YOUNG’S MODULUS 
Young’s modulus, E, was back-calculated from the 

frequency equation: 

(1)         
2
1

3

)3714.0(
)/(2

2
1

+
=

AA
LWEf

p
r ρπ

where fr, the resonant frequency of the resonator, is estimated by 
Rayleigh’s Energy Method [10]. Ap and A are the layout areas of 
the shuttle/comb fingers and the folded-flexure spring suspension, 
respectively.  W and L are the width and length of the folded-
flexures, and  is the mass density of the poly-SiGe film. 

Rutherford back scattering (RBS) was used to verify the 
mass ratio of Si and Ge in the various poly-SiGe films to within 
±2.0%.  This is an extreme upper bound, as the Si/Ge ratio is also 
verified by deposition conditions.  A ±2.0% error in the Si/Ge ratio 
results in a ±1.4% uncertainty in mass density .

W, L, Ap, and A were all measured to within ±30nm or 
±900nm2 using a Wyko confocal white-light interferometer.  The 
uncertainty in W is thus approximately ±1.5%.  Uncertainties in L,
Ap, and A are negligible.  The resonant frequency, fr, of 10.5kHz 
(design) folded-flexure resonators was determined to within ±2Hz 

with the network analyzer.  Combining the measured values of fr,
, W, L, Ap, and A with Equation (1), E was found to be 155GPa, 

with a normalized uncertainty of ±3.0%.  The metallurgical elastic 
modulus for a poly-Si35Ge65 film is 146GPa (i.e., the E interpolated 
from the Young’s modulii of Si and Ge based on the mass ratio of 
a poly-Si35Ge65 film).  There is no discernable trend between E and 
Ge content (Table 1). 

V.  STRAIN GRADIENT 
Strain gradient was determined by measuring the out-of-

plane tip deflection of 10µm wide, 300µm long cantilevers.  The 
deflection was determined using the Wyko white-light 
interferometer.  The strain gradient in as-deposited films decreases 
with increasing Ge content (Table 2).  Rapid thermal annealing for 
one minute at 600ºC improves the single layer strain gradients by 
as much as a factor of 4.7, while the tri-layer strain gradient 
improves by a factor of 6.5 (Figure 7).  The results indicate that the 
strain gradient is most effectively reduced by a modest anneal.  
Both as-deposited and annealed films curl up. 

The strain gradient of the annealed tri-layer film (2.67·10-5

µm-1) is 15 times higher than that of the high-temperature annealed 
poly-Si in Analog Devices’ BiCMOS process (1.78·10-6 µm-1,
[11]).  High-frequency RF devices and, in particular, MEMS RF 
resonators tend to have small dimensions, rendering strain gradient 
of lesser importance.  For such small devices, the strain gradients 
exhibited by the poly-SiGe films are acceptable.  However, their 
high strain gradients make these poly-SiGe films unsuitable for 
many larger micromachined devices. 

Table 1.  Young’s modulii calculated from the measured resonant 
frequencies of as-deposited, folded-flexure resonators with 
10.5kHz & 20kHz (design) resonant frequencies.  The calculated 
Young’s modulii have a normalized uncertainty of ±3.0%. 

Table 2.  Measured and normalized strain gradients for the 
various poly-SiGe films before and after RTA.  RTA for 1 minute at 
600ºC reduces the curl-up of a 300µm tri-layer cantilever beam 
from 7.9µm to 1.2µm.  The tri-layer’s strain gradient is, in general, 
lower than the single layer samples because of its greater 
thickness.  The normalized strain gradient is simply the measured 
strain gradient multiplied by the film’s thickness.  All tip 
deflections were measured to within ±5nm.  Hence, all strain 
gradients have uncertainties less than ±0.5%. 

Strain Gradient (µm-1) Normalized Strain 
Gradient%Ge 

Content As-
Deposited 

RTA @ 
600°C

As-
Deposited 

RTA @ 
600°C

68/65/62 1.75 ·10-4 2.67 ·10-5 5.25 ·10-4 8.01 ·10-5

68 2.95 ·10-4 6.89 ·10-5 2.95 ·10-4 6.89 ·10-5

65 3.54 ·10-4 7.60 ·10-5 3.54 ·10-4 7.60 ·10-5

62 4.68 ·10-4 1.87 ·10-4 4.68 ·10-4 1.87 ·10-4

%Ge 
Content fr (kHz) E (GPa) fr (kHz) E (GPa) 

68/65/62 10.4 149 20.7 158
68 10.6 156 20.6 159
65 10.5 152 19.8 154
62 no data no data no data no data 
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(a) As-deposited tri-layer strain gradient. 

(b) Tri-layer strain gradient after one minute RTA at 600ºC. 

Figure 7. Poly-SiGe strain gradient test structures as-
deposited (a) and after RTA (b).  As is apparent from the figure, 
RTA significantly reduces the strain gradient.  Note: the 
discontinuity in tip deflections in (b) is due to the fact that one of 
the long cantilevers was caught under another one. 

To first order, we can normalize the strain gradient by 
multiplying the measured strain gradient by the film’s thickness.  
Table 3 indicates that the tri-layer film does not have improved 
strain gradient.  Indeed, the tri-layer film exhibits higher 
normalized strain gradient than each of the single films.  RBS data 
confirms that inter-layer diffusion of Ge nullified the graded Ge 
distribution in all but the top half-micron of the film, thereby 
canceling any positive effect that such a grading might have. 

VI.  CONCLUSIONS 
The Q  42,000 and elastic modulus, E  155GPa, of poly-

SiGe are of sufficient quality so as to make poly-SiGe attractive 
for integrated RF MEMS applications.  For small 
nanoelectromechanical systems (NEMS) resonators (where large 
strain gradients are not overly detrimental), poly-SiGe is 
particularly attractive.  The capability of poly-SiGe to be 
micromachined directly on top of modern foundry CMOS enables 

lower parasitics, less feedthrough, and, ultimately, lowers the cost 
of wireless communications devices. 

The large observed strain gradient of poly-SiGe currently 
limits the material’s application to large MEMS devices.  
However, the RTA results presented herein indicate that the strain 
gradient can be reduced significantly with modest annealing.  Our 
group is continuing to develop methods for bringing down the 
strain gradient. 
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