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ABSTRACT 

Epitaxially grown polycrystalline silicon (epi-poly) has shown 
great promise as a MEMS material, offering isotropic material 
properties with minimal residual stress and stress gradients. While 
epi-poly has been used previously for MEMS inertial systems or 
sensors, its use in high precision resonator applications has been 
restricted to an encapsulation layer for resonators fabricated in 
single crystal silicon. In this work, encapsulated resonators 
fabricated with epi-poly as the functional layer were tested 
alongside single crystal silicon devices with regard to resonant 
frequency, quality factor, temperature dependence, and stability. 
Test results indicate that epi-poly resonators have very similar 
mechanical properties and stability to single crystal silicon 
resonators when operated in a clean package. 

 
INTRODUCTION 

Polycrystalline silicon was introduced in the early 1980s for 
surface micromachining [1] and has since become one of the most 
common MEMS materials. However, conventional low-pressure 
chemical vapor deposited (LPCVD) polysilicon has residual stress 
and stress gradients that are difficult to control, making the 
deposition of thick functional layers challenging [1,2]. In the 
1990s, epitaxially grown polycrystalline silicon (epi-poly) was 
developed [3-8], allowing for a high deposition rate with minimal 
residual stress and stress gradients [7,8]. This enabled thick 
depositions (>10 µm), necessary for many surface micromachined 
MEMS devices. Since then, it has been used as functional material 
in MEMS accelerometers, gyroscopes and other products [4,5]. 
Particularly in gyroscopes, the stability of mechanical 
characteristics of the material is critical to performance. Epi-poly 
gyroscopes made by Bosch have an outstanding reputation for 
long-term stability in harsh environments, such as automobiles. 

Despite this excellent reputation for epi-poly, engineers 
building precision time references, such as at SiTime [9], have 
relied exclusively on single crystal silicon as a functional material. 
Our group has shown that single crystal silicon resonators offer 
excellent long-term stability [10,11], and SiTime is currently 
marketing timing products with sub-ppm frequency stability over 
time and temperature based on single crystal silicon resonators. An 
important ingredient in the stability of these resonators has been 
the use of high-temperature encapsulation with epi-poly as the 
sealing layer (epi-seal) [12]. This encapsulation process has 
emerged as a basis for the characterization of single crystal silicon, 
with resonators demonstrating many better-than-reported 
properties when packaged as such [10,11,13]. Single crystal 
silicon, however, is highly anisotropic [14] and is challenging to 
implement in devices for which isotropic material properties are 
desired, such as bulk-mode resonators and wine-glass resonators. 

Epi-poly, on the other hand, has a polycrystalline structure 
with isotropic material properties. Because of its low stress and 
stress gradients, thick layers are possible for MEMS applications. 
However, its performance as a material for high precision MEMS 
still remains unknown. Material stability is crucial for these 
devices – drift over time could severely limit the performance of 

many devices. Thus, the question we seek to answer is: Just how 
stable are epi-poly resonators, when properly packaged? 

To answer this question, double-ended tuning fork (DETF) 
resonators (Fig. 1) were fabricated in single crystal silicon as well 
as epi-poly. DETF resonators were chosen because they have been 
well-characterized by our group previously in epi-seal packages 
[15]. Of interest here are the mechanical properties of epi-poly 
compared to those of single crystal silicon for MEMS devices – for 
resonators, these are the resonant frequency, quality factor, 
temperature dependence, and stability. To measure the resonant 
frequency, quality factor, and temperature dependence, frequency 
sweeps with a network analyzer was conducted on the resonators.  

 A precise measure of resonator frequency stability is more 
difficult to obtain. Silicon resonators are known to have 
approximately -31 ppm/°C frequency-temperature dependence [16] 
– even a slight variation in the environmental temperature causes a 
significant change in frequency, limiting stability measurements. 
To filter out the temperature dependence, multiple identical single 
anchored DETF resonators were fabricated in proximity with a 
common anchor (Fig. 1). Measuring the resonant frequency over 
time and subtracting the relative frequency changes greatly reduces 
temperature variation effects, yielding a measure of stability [10]. 
 

 
 
Figure 1: Multiple single-anchored double-ended tuning fork 

(DETF) resonators in proximity with a common anchor in an epi-

seal process. (Inset) Single-anchored DETF resonator with 

resonating beams in-between sense and drive electrodes. 

 

FABRICATION 

To elucidate the difference between single crystal silicon and 
epi-poly for MEMS, resonators were fabricated in an epi-seal 
process in both single crystal silicon as well as epi-poly (Fig. 2) 
[12]. For single crystal silicon devices, the process started with an 
n-type phosphorus-doped silicon-on-insulator (SOI) wafer with a 2 
µm buried oxide layer and a 20 µm (100) device layer with a 
resistivity of 16 mΩ-cm. A similar epi-poly silicon-on-insulator 
(PSOI) wafer was fabricated by first growing a 2 µm silicon 
dioxide layer on a wafer (Fig. 2a) and then depositing an n-type 
phosphorus-doped 20 µm layer of epi-poly with a resistivity of 8 
mΩ-cm. The epi-poly deposition process has previously been used 
in our group for encapsulation, but is used in this work as the 
functional layer. 

9780964002494/HH2012/$25©2012TRF 271 Solid-State Sensors, Actuators, and Microsystems Workshop
Hilton Head Island, South Carolina, June 3-7, 2012



Epi-poly deposition was performed in an Applied Materials 
Centura EPI reduced-pressure epitaxial reactor. A thin 
(approximately 100 nm) seed layer of polysilicon was first 
deposited using silane (SiH4) in a H2 carrier at 800°C and 600 Torr 
with a SiH4 gas flow rate of 60 sccm for 90 s. This acts as a 
nucleation layer for polysilicon deposition on oxide. 
Dichlorosilane (DCS, SiH2Cl2) at 1080°C and 30 Torr was used to 
grow 20 µm of polysilicon epitaxially with a flow rate of 400 sccm 
(DCS) in a H2 carrier. The polysilicon was doped in-situ with 100 
sccm of phosphine (PH3). Growth rates were approximately 1 
µm/min. Due to chamber limitations, 3 µm of polysilicon was 
grown at a time, with the wafer kept under load-lock and H2 baked 
at 1130°C for 300 s between deposition steps to ensure a high 
quality epitaxial deposition. Chemical Mechanical Polishing 
(CMP) was then used to planarize the polysilicon wafer surface 
before further processing. 

Following the epi-seal fabrication process as previously 
detailed [12], identical resonator designs were etched into the 

device layer of the SOI and the PSOI wafers using Deep Reactive 
Ion Etching (DRIE) for a capacitive transduction gap with a trench 
width of 1.5 µm (Fig. 2b). Tetraethyl orthosilicate (TEOS) oxide 
was used to refill the trenches and create the oxide spacer between 
the device layer and the encapsulation (Fig. 2c). Vias were plasma 
etched in the oxide to allow for electrical access to the electrodes. 
Thereafter, a first layer of epi-poly (~6 µm) was deposited (Fig. 
2d) using the same epi-poly process as described above. Vent holes 
were etched in this layer using DRIE and the oxide around the 
device was released with HF vapor (Fig. 2e). A second epi-poly 
sealing layer (~20 µm) was deposited over the vents to seal the 
device and to provide mechanical stability (Fig. 2f), with a high 
temperature (1130°C) H2 bake performed prior to deposition to 
remove the native oxide around the device. The epitaxial 
deposition also seals the device cavity under low pressure with H2 
remaining in the cavity. For electrical access through the cap to the 
electrodes, isolation trenches were etched with DRIE. Another 
layer of oxide was then deposited over the trenches. Finally, 
aluminum electrical contact pads were patterned (Fig. 2g). To 
reduce the pressure in the cavity even further, H2 was diffused out 
by annealing in a nitrogen flow at 400°C for 90 hours. 

Single crystal silicon and epi-poly cross-sections are 
compared in Fig. 3 (a) and (b), with the granular structure of epi-
poly clearly noticeable. From another view (Fig. 3c), the epi-poly 
grains are seen to be columnar and increasing in size from the base 
(~200 nm) to the top (~5 µm), as also reported in [8]. This occurs 
as the silicon deposition on top of the nucleation layer continues 
epitaxially, during which the deposited silicon conforms to the 
underlying lattice, adding to the existing polycrystalline structure, 
producing grains that are columnar and growing larger in plane. 

 

   
           (a)                       (b)                                     (c) 
Figure 3: (a) Transduction region for single crystal silicon; (b) 

Transduction region for epi-poly; (c) Grain structure of epi-poly. 

 
Since the wafers are baked in H2 at high temperatures  

(1130°C) and low pressures (30 Torr) during the epitaxial sealing 
step, silicon migration is expected to occur to minimize surface 
energy – in single crystal silicon, this has the desirable effect of 
smoothing out the DRIE scallops. For epi-poly, however, the 
different crystal orientations result in grain growth along the 
randomly oriented grains and cause a rough surface with numerous 
bumps. From SEM images, the surface roughness of the epi-poly is 
apparent and is about ~0.3 µm. For the resonators tested in this 
work, the transduction gap size is 1.5 µm and thus no adverse 
effects from the roughness were observed during resonator testing. 

On the completed resonator die (Fig. 4), only the final 
aluminum electrical traces are visible. The resonators are buried 
underneath in a vacuum, protected from dust, oxygen, moisture, 
and other contaminants in the environment. 

 
(a) 
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(g) 

Figure 2: Cross-section view of the epi-seal process using epi-poly 

as the device layer. (a) Oxide is grown on a handle wafer; (b) Epi-

poly is deposited to form a PSOI (polysilicon on insulator) and 

resonator designs are etched in epi-poly; (c) trenches are filled 

with oxide; (d) electrical contacts are etched in the oxide and a first 

epi-poly encapsulation layer is deposited; (e) vents are etched in 

the cap and the oxide around the device is released with HF vapor; 

(f) the device is sealed with a second layer of epi-poly; (g) 

Electrical isolation and contacts are defined, completing the 

process. Single crystal silicon devices were also fabricated in the 

same manner starting from an SOI (silicon on insulator) in (b).  
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Figure 4: Completed resonator die (2mm × 1mm) with multiple 

DETF resonators. The resonators are buried in a vacuum under a 

thick polysilicon seal, protecting them from dust, oxygen and 

moisture. Only the final aluminum electrical traces are visible. 
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Figure 5: Experimentally measured resonant peaks normalized at 

peak frequency for (a) single crystal silicon, and (b) epi-poly. 

 
TESTING METHODOLOGY AND RESULTS 

Single-anchored, double-ended tuning fork (DETF) resonators 
(Fig. 1, 4) were used for material characterization. These 
resonators had nominal beam dimensions of 200 µm x 6 µm, 
giving a theoretical resonant frequency of about 1.3 MHz. 
Measured resonant frequencies were approximately 1.27 MHz with 
a bias voltage of 8 V for single crystal silicon resonators oriented 

in the <110> direction as well as epi-poly resonators. Frequency 
sweeps revealed very similar response for single crystal silicon and 
epi-poly resonators at various temperatures (Fig. 5). Plotting 
resonant frequency (Fig. 6a) and quality factor (Fig. 6b) against 
temperature also indicate that epi-poly resonators are very similar 
to single crystal silicon resonators, owing to the similarity in the 
material properties that affect dynamic MEMS devices. 
Temperature coefficient of frequency (TCf) differences observed 
between single crystal silicon and epi-poly is likely to have been 
due to the doping concentration difference (~2×1018 cm-3 for single 
crystal vs. ~6×1018 cm-3 for epi-poly), which is expected to affect 
the TCf [17]. 

For stability measurements, the frequencies of two identical 
DETF resonators on the same die were measured simultaneously 
with oscillation circuitry and frequency counters in a temperature 
chamber maintained at 70°C as in [10]. The resonant frequencies 
of the resonator pair exhibit near-identical time variations, 
indicating that both are responding to changes in the temperature 
of the test environment. To cancel the temperature dependence 
effect and to obtain a measure of the stability apart from 
temperature fluctuations, the difference in frequency (in parts-per-
billion) between the pair of identical resonators in proximity is 
measured simultaneously (Fig. 7). The drift for both single crystal 
silicon and epi-poly resonators is well below 100 ppb over 4 days.  
Most importantly, very similar residual drift is seen for both single 
crystal and epi-poly resonators. In fact, there are essentially no 
detectable differences between any of the measured characteristics 
of the single crystal silicon resonators and the epi-poly resonators, 
when operated in ultra-clean packages. 
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Figure 6: (a) Frequency vs. temperature and (b) quality factor vs. 

temperature plots for single crystal silicon and epi-poly. 
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(a) 

 

 
(b) 

Figure 7: Stability measurements over 4 days showing the 

resonant frequencies of two resonators and the frequency 

difference in parts-per-billion for (a) single crystal silicon and (b) 

epi-poly devices. 

 
CONCLUSION 

Double-ended tuning fork resonators were fabricated in 
epitaxially grown polycrystalline silicon with a clean, high 
temperature encapsulation process epi-seal. These epi-poly 
resonators demonstrate very similar stability and mechanical 
properties (resonant frequency, quality factor, and temperature 
dependence) to their single crystal silicon counterparts, indicating 
that epi-poly silicon-on-insulator (PSOI) wafers may be used for 
many high performance MEMS applications where the anisotropy 
of single crystal silicon may be undesirable. 
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