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MEMS Replacing Quartz Oscillators

1 Introduction

A clock is the heartbeat of any electronic product. It provides a stable, repeatable waveform, to
which all signals in the product are referenced. Essentially, a clock provides the control timing in
electronics. Therefore, a clock is extremely important to the operation of an electronic device: a
better clock signal ensures higher performance, more consistent behavior, and more reliable
operation.

Generally, different timing components such as resonators, oscillators and clock generators can
be used as reference sources, depending on the end application requirements. A resonator is a
mechanical vibrating device — it requires an oscillation circuitry, usually located inside a
semiconductor IC, to generate a clock signal. An oscillator integrates the resonator and the
oscillation circuitry inside a 4 or 6-pin package, and outputs a single clock signal. A clock
generator is a much larger device — it requires an external reference resonator and usually has
one or more multiple Phase Locked Loops (PLLs) to generate one or more clock outputs. In all
cases, the clock source has to be stable (the frequency must remain constant) and should have
good signal quality (i.e., the waveform must be of good shape, with good duty cycle, relatively
short rise and fall times, and have precisely repeatable edge timing).

uUntil very recently, the majority of timing sources used a quartz crystal reference as it provided
suitable stability and signal quality to ensure high performance and reliability. Recently
however, Microelectromechanical Systems (MEMS) is finding applications in many fields, and
MEMS resonators are now displacing quartz resonators in timing applications. The MEMS
resonators with which the oscillators are built are a fraction of a millimeter across and vibrate at
Megahertz frequencies.

In addition to the new MEMS resonators, the oscillator circuits that drive the resonators are
undergoing a revolution of their own. The common quartz oscillator circuits can be as simple as
amplifiers and a buffer. The oscillator outputs are usually at the same frequencies as the
crystals’. The new, more modern circuits used with MEMS oscillators are much more capable
and can offer more configurability that can be used to customize the devices for particular
applications. More importantly, they offer significant benefits in simplifying the supply chain —
such as offering much shorter lead times than quartz and offering the ability to use one base
device for a variety of different applications.

MEMS oscillators, such as those from SiTime, are replacing traditional programmable and fixed-
frequency quartz oscillators in a variety of electronics applications, such as computing,
consumer, networking, communications, automotive, and industrial.
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Figure 1 is a drawing of a SiTime MEMS oscillator. A MEMS resonator die is stacked on top of
a CMOS driver IC. Both are molded into a Quad Flat No-lead (QFN) plastic package. The
package dimensions and contact shapes are made to exactly match the standard quartz
oscillator package so that the oscillators can be soldered directly to boards designed for quarts
without any product modifications. Many SiTime customers have switched from quartz
oscillators to MEMS oscillators in mid-production without board changes.

Figure 1. Diagram of a silicon MEMS  oscillator

Product and design engineers manufacturing or developing products that use quartz oscillators
would find the new silicon MEMS oscillators appealing. These new oscillators are superior in
many ways to the quartz they are replacing, and can usually improve reliability and lower cost.

2 A Brief History of MEMS Resonators

MEMS resonators are not a new technology, researchers have been developing them over forty
years. However, only in the last two years has the technology reached critical mass and only in
the last year has the application sell-through begun.

Over the past forty years MEMS researchers at universities and corporate research groups
have developed a highly refined understanding of materials, fabrication processes,
electromechanical design, electronic interfaces, packaging technologies, and design tools. All
these capabilities are now in place to launch the new MEMS oscillator products.

3 How are SiTime’'s MEMS Resonators Manufactured?

SiTime builds silicon MEMS resonators with standard tools and materials in a CMOS foundry.
This provides vital economic leverage by repurposing the tremendous investments made by the
CMOS industry. In addition, the oscillators are packaged with standard semiconductor back-
end processes by standard packaging suppliers. This leverages the investments made by the
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semiconductor packaging industry and provides high reliability products manufacturable in high
volumes with high ramp rates and short lead times.

Figures 2a, 2b, 2c, and 2d illustrate a series of MEMS fabrication cross sections. The process
begins (Figure. 2a) with etching narrow trenches down to the oxide insulation layers of Silicon
On Insulator (SOI) wafers to form resonator structures. In operation, these resonators will
vibrate horizontally to the surface of the wafer.

Figure. 2a — Resonators and electrodes are
etched into Silicon On Insulator (SOI) starting
wafers

The trenches are covered (Figure. 2b) with thin layers of oxide, silicon, and polysilicon. Small
vents are etched in the polysilicon layers through which some of the oxide is removed to release
the resonators.

Figure. 2b — Oxide and silicon vent layers are
deposited and vents are formed through which
the resonators are released
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The wafers are placed (Figure. 2c) in epitaxial reactors at over 1,000°C to burn off
contaminants, seal the vents shut, and grow thick silicon and polysilicon caps. The high
temperature also anneals the resonators, smoothes the resonator surfaces, and leaves the
resonators permanently sealed within extremely clean vacuum cavities. The thick polysilicon
caps are mechanically strong and can withstand over 100 atmospheres of pressure used during
the subsequent plastic molding process.

Figure. 2c — The resonators are cleaned and
sealed under thick protective epitaxial silicon

Vias are formed (Fig. 2d) through the polysilicon cap to form electric contacts to the resonator’s
drive and sense electrodes. The wafers are finished with simple metal traces, bondpads, and
passivation layers.

Figure. 2d — Vias to the resonators are etched
and aluminum traces and bondpads are formed
for connection to the CMOS drive circuitry
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4 Programmable Architecture of Silicon MEMS-Based O  sc.

SiTime's oscillator circuits are vital to making the MEMS resonators function, but beyond that
they embody a new way of thinking about how to best deliver more value to customers.

Quartz oscillators were initially developed when semiconductors were expensive and the circuit
complexity had to be minimized. The best solution in those days was to push the complexity
into the resonators and away from the electronics. With only a few transistors, the quartz
oscillator circuits simply resonated the crystal and drove the clock output pin to the PC board.

Now however, every thing is different. With modern CMOS, one can build thousands of
transistors in a very small area cost-effectively. SiTime's circuit architecture leverages this
simple fact to give the customer much broader choice of frequency, supply voltage, and various
other parameters with shorter lead times and at lower cost.

Oscillators are produced only in a few tens of common frequencies but customers request an
endless variety of custom frequencies. When one includes the various supply voltages,
package types, accuracy specs, and other details, the quantity of part numbers even for a single
family of oscillators becomes huge. This means that quartz manufacturers cannot stock a full
range of frequencies and must build parts only after orders are received. With quartz
oscillators, every frequency is built with a quartz blank of different thickness. Because cutting
the quartz to the desired thickness is one of the first production steps, the quartz manufacturers
must start at the beginning of the production process for each order. To the quartz customers,
this translates into long lead times.

SiTime's new MEMS oscillators are different. These oscillators use the same MEMS resonators
for every output frequency — the frequency is not selected by changing the resonators but rather
is multiplied by the electronics to a programmed value stored in non-volatile memory. The
output frequencies are quickly and easily programmed into stock parts along with the desired
supply voltages and various other parameters. This means that the customers get exactly the
frequencies they want with much shorter lead times, typically two weeks instead of two or three
months. Engineering samples can be made immediately using portable programmers or at the
factory in one day. It also means that the manufacturing and material flow are streamlined so
the production is more efficient. This leads to shorter lead times and lower costs for the
customers.

There are other important points about this new architecture. While there have been
programmable quartz oscillators available for about ten years, their frequency multiplication
circuitry used ring oscillator PLL’s that produced high jitter outputs. Consequently, they were
only suitable for low-precision applications. SiTime has pioneered a new frequency multiplier
technology call a Sigma-Delta Frac-N LC PLL. This highly advanced circuitry translates the
MEMS resonator frequency to the programmed output frequency and actually delivers clock
jitter that is comparable to or better than fixed frequency oscillators, and vastly lower than
programmable quartz oscillators.
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5 Packaging

After standard wafer thinning and dicing, the MEMS resonators and CMOS driver ICs are
molded into standard plastic packages. SiTime uses QFN plastic injection molded packaging
for high reliability, low lead inductance, and good thermal performance. These packages also
enjoy flexible pad layout, high reliability, and low cost.

SiTime oscillators are available in standard 2.5 x 2.0, 3.2 x 2.5, 5.0 x 3.2 and 7.0 x 5.0 millimeter
form factors. These packages are direct replacements for quartz oscillators, and fit onto
common quartz oscillator printed circuit board pad layouts. These standard packages are 0.75
to 0.90 millimeters thick, depending upon the size.

Figure 3 shows a picture of SiTime's new SiT8003XT, an eXtremely-Thin low power oscillator.
Because the MEMS resonators are thinner than any packaged quartz crystal, SiTime can build
particularly thin oscillators. At only 0.25 millimeters thick (the same as three sheets of paper)
these are the world’s thinnest precision oscillators. The SiT8003XT are available in sample
guantities now and full production in end-Q1.

Figure. 3 — Photograph of an Extremely Thin MEMS os  cillator compared
to a common quartz oscillator. The SiT8003XT isth e world’s thinnest
precision oscillator by a factor of 2X

The very small and thin packaging made possible by the silicon MEMS technology and the
modern low power oscillator electronics make these oscillators particularly attractive for portable
devices. Their programmability will help with fast development cycles and quick ramp rates that
consumers require. Portable devices, especially those using modules, require small efficient
electronics with high levels of functionality and integration.

All SiTime packages are Moisture Sensitivity Level 1 (MSL-1) rated and allow indefinite storage
without drying or special environmental restrictions, and all SiTime packages are 100% RoHS
compliant and lead-free.
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6 Superb Reliability

Because SiTime's MEMS resonators, the CMOS driver IC’s and the packaging are all built with
standard IC technology, they have the quality and reliability that customers have come to expect
from IC’s. The semiconductor industry has spent billions and billions of dollars controlling and
improving reliability, and this is leveraged into SiTime’s products.

Integrated circuits are graded for reliability in units of Mean Time Between Failure (MTBF) which
is expressed in units of hours. A higher number signifies a more reliable part. Semiconductors in
general and SiTime in particular, deliver 500 Million-hours MTBF reliability, while quartz
oscillators often have failure rates of 30 Million-hours. In other words, their reliability is ten times
worse, even from large and reputable suppliers.

7 SiTime's MEMS-Based Timing Products

7.1 High Performance Oscillators

A MEMS-based high performance oscillator integrates the MEMS resonator with the oscillator
circuitry inside a plastic package. Such MEMS-based oscillators can be used in virtually any
application where a fixed frequency oscillator is used. Examples of high volume applications
include PCIl-Express, SATA, SAS, PCI, USB, Gigabit Ethernet, MPEG Video, cable modems
and many more.

SiTime’s high performance oscillators are comparable in specification to fixed-frequency
oscillators, and significantly better than the programmable oscillators that are available in the
industry today. SiTime’s high performance oscillators include the SiT8102 family with high
frequency CMOS outputs and the SiT9102 with differential outputs. The SiTime differential
output oscillators are available in industry standard six-pin packages (7.0 x 5.0 mm) and in the
world’'s smallest six-pin differential (5.0 x 3.2 mm) package. These small six-pin package is on
the quartz roadmap and someday differential quartz oscillators will be available in this size as
well, but for now they cannot squeeze their crystals and electronics down to this size. The
differential output oscillators are available with LVPECL, LVDS, CML and HCSL signal formats,
have an exceptionally low integrated phase jitter of less than 1 ps, an RMS jitter of less than 3
ps, and output frequencies up to 800 MHz.

7.2 Low Power Oscillators

Portable applications require extremely low power, fast startup, and small size. A MEMS-based
oscillator is inherently well suited to these characteristics because the MEMS resonator is
manufactured in Silicon, which, along with an oscillator circuit, can fit inside a very small
package.

SiTime is currently introducing the SiT8003 and SiT8033 low power oscillators. In a typical
configuration they draw under 3.5 mA of supply current at 1.8 to 3.3 V, and a startup time of 3
ms, making them the world’s lowest power, fastest-startup programmable oscillators. They also
offer unparalleled flexibility — they can be programmed to any frequency between 1 and 110
MHz, and available in four industry-standard packages (7.0 x 5.0mm, 5.0 x 3.2mm, 3,2 x 2,5mm
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and 2.5 x 2.0mm). With the low power consumption and fast startup, they are ideal for battery
operated and portable applications that must wake up, complete a function, and return to sleep
with the smallest possible power*time product. Despite their low power consumption these
oscillators offer a low output jitter of less than 3 ps RMS, which is comparable to or better than
most low-power, fixed-frequency oscillators. This is a result of SiTime's new advanced PLL
technology. With this performance, the SiT8003 and SiT8033 will also find applications in video
and serial protocol clocking such as USB, SATA, and Gigabit Ethernet.

7.3 Thin Oscillators

SiTime is currently introducing the world’s thinnest, low-power oscillator, the SiT8003XT, which
is available in a package that is only 0.25mm thick (shown in Figure 3). This oscillator is
intended for applications in ultra-thin electronics, such as High-Capacity SIM cards,
SmartCards, System in Package (SIP) modules, Digital Still Cameras (DSC), cell phones, and
other portable equipment. For example, a SIM card is limited to 0.76mm in thickness, which is
the typical thickness of a quartz oscillator, thus rendering it unusable in such applications. On
the other hand, the SiT8003XT, with 0.25mm thickness, leaves more than enough room for
substrates and manufacturing, and is an ideal fit for such applications.

7.4 Spread Spectrum Oscillators

Any electronic equipment has to pass EMI testing (such as FCC Class A or Class B) that
ensures that it will not interfere with other electronic equipment in the house or the office. This
testing is usually done after the development is completed, and the device is ready to go into
mass production. If the device does not pass EMI testing, it cannot be shipped to its target
region. Modifications will result in board layout changes, or the usage of expensive, heavy
enclosures, both of which are expensive and consume time. A solution to this problem is to use
Spread Spectrum Oscillators to reduce system radiated and conducted electromagnetic
interference (EMI). Figure 4 shows the frequency spectrum of a simple clock and a spread clock
with the resulting decreased peak height.

Marker 2 [T1] RBU 100 kHz RF Att 50 dB
Ref Lvl -5.07 dBm VBW 300 kHz

20 dBm 898.21442886 MHz SHT 100 ms Unit dBm

20,

-a0

Center 100 MHz B00 kHz/ Span 6 MHz

Figure. 4 — Spread spectrum clock compared to a sin  gle frequency clock
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In Figure 4, the spread clock (brown) has lower average peak power than the single frequency
clock (blue), thus decreasing system radiated interference (EMI).

SiTime is shipping two families of spread spectrum oscillators including the SiT9001 CMOS
output oscillators and the SIT9002 differential output oscillators (which are the world's only
differential output spread spectrum oscillators). SiTime's spread oscillators are footprint
compatible with standard oscillators. If a system is built with a fixed-frequency quartz oscillator
and late in the design cycle, EMI testing revealed that a spread spectrum clock is needed to
pass EMI limits, then a SiTime spread spectrum oscillator can be dropped directly into the
design without any PCB changes. This can save engineering costs and shorten the time to
market.

7.5 Clock Generators

Clock generators are multi-output oscillators in single packages. They are useful in complex
systems that require multiple frequencies. SiTime builds highly versatile clock generators with
both CMOS and differential outputs. The SiT9103 and SiT9104 have three outputs. The three
clocks on each chip can have different and unrelated frequencies, have different enable
configurations, and even run on different power supply voltages. They are the word’s most
versatile multi-frequency clock generators.

8 Looking Forward and Following Moore’s Law

MEMS resonators are much smaller than common quartz crystals. Standard silicon fabrication
technigues readily produce parts with sub-micron features and nanometer precision. A
completed MEMS resonator is typically a few tenths of a millimeter across. In comparison,
guartz crystals are typically a few millimeters across; about a hundred times larger area.
Smaller parts mean smaller final packages, both in lateral dimensions and thickness — this is
why SiTime builds the world’'s smallest differential oscillators, smallest spread spectrum
oscillators, smallest voltage controlled oscillators, and the world’s thinnest oscillators.

MEMS resonators improve in performance as they are made with finer geometries. As future
CMOS technologies scale down in size, MEMS resonators built in the same factories can be
scaled as well, and they will have improved performance. SiTime’s resonators have sub-micron
electrode spacing, and in future generations, finer geometries will reduce this electrode gap.
This will improve the signal to noise ratios and give the oscillators ever-improving phase noise
specifications. This is not true for quartz crystals. As quartz crystals are shrunk they perform
worse, with lower Q, worse phase noise, more stress sensitivity, worse activity dips, more
restricted frequency ranges, etc.

With electronics we expect devices to get cheaper as they get smaller. Packing more
transistors onto the same silicon area decreases their cost because the cost per area of silicon
wafers has stayed approximately constant across generations. The same is true for MEMS
resonators, as they get smaller they get less expensive. However, the same is not true for
guartz crystals. As the crystals are cut smaller they become more difficult to design and
manufacture, have lower yields, and become more expensive.

As SiTime moves forward, silicon MEMS will perform better and cost less while quartz will
perform worse and cost more.
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SiTime's unigue MEMS technology has several advantages over quartz crystal technology,
including shorter lead times, improved quality, and reduced costs. Continuously improving
capabilities are expanding the addressable applications and creating a technological sea-
change in the timing market.

9 Conclusions

SiTime MEMS oscillators are in full production now with millions of units built into customer
products. They are simple to use and are form-fit-and-function replacements for the older
guartz-based products. They offer improved specifications, and in many applications they are
the world’s smallest or thinnest or sometimes the only available option. They are demonstrating
extremely high reliability and their sales are increasing rapidly. In many ways, MEMS is
“siliconizing” the Quartz industry.
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