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Abstract

Novel Processes for Modular Integration of Silicon-Germanium MEMS

with CMOS Electronics

By
Carrie Wing-Zin Low
Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences
University of California, Berkeley
Professor Tsu-Jae King Liu, Co-chair

Professor Roger T. Howe, Co-chair

Equipment control, process development and materials characterization for
LPCVD poly-SiGe for MEMS applications are investigated in this work. In order to
develop a repeatable process in an academic laboratory, equipment monitoring methods
are implemented and new process gases are explored. With the dopant gas BCls, the
design-of-experiments technique is used to study the dependencies of deposition rate,
resistivity, average residual stress, strain gradient and wet etch rate in hydrogen-peroxide.
Structural layer requirements for general MEMS applications are met within the process
temperature constraint imposed by CMOS electronics. However, the strain gradient
required for inertial sensor applications is difficult to achieve with as-deposited films.

Approaches to reduce the strain gradient of LPCVD poly-SiGe are investigated.
Correlation between the strain gradient and film microstructure is found using stress-

depth profiling and cross-sectional TEM analysis. The effects of film deposition



conditions on film microstructure are also determined. Boron-doped poly-SiGe films
generally have vertically oriented grains -- either conical or columnar in shape. Films
with conical grain structure have large strain gradient due to highly compressive stress in
the lower (initially deposited) region of the film. Films with small strain gradient usually
have columnar grain structure with low defect density. It is also found that the uniformity
of films deposited in a batch LPCVD reactor can be improved by increasing the deposited
film thickness, using a proper seeding layer, and/or depositing the film in multiple layers.
The best strain gradient achieved in our academic research laboratory is 1.1x10°® pm™ for
a ~3.5 um thick film deposited at 410°C in 8 hours, with a worst-case variation across a
150 mm-diameter wafer of 1.6x10° um™ and a worse-case variation across a load of
twenty-five wafers of 7x10° pm™. The effects of post-deposition annealing and argon
implantation on mechanical properties are also studied. While the as-deposited film can
achieve the desired mechanical properties, post-deposition processing at elevated

temperatures can degrade the strain gradient.

Professor Tsu-Jae King Liu, Co-chair Date

Professor Roger T. Howe, Co-chair Date
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Chapter 1: Introduction

1.1 Process strategies for MEMS and CMOS integration

The ability to integrate MEMS and IC technology is highly desirable for high
performance MEMS devices. There are two main challenges in integration: standard
metallization of electronic circuits limits the post process temperature to be below 450°C,
and the large topography after the MEMS process limits the compatibility with further
lithography steps. Using silicon as the MEMS structural material, most of the integration
processes have mixed fabrication of both MEMS and CMOS steps to overcome the
temperature limit of the CMOS and the topography problem created by the MEMS
structures. Some examples include Analog Devices’ iIMEMS® process [1.1], Sandia
National Laboratory’s embedded MEMS process [1.2] and UC Berkeley’s SOI process
[1.3]. All these mixed fabrication processes are specialized and foundry services are
limited.

To take advantage of the low manufacturing cost of foundry services, modular
integration of MEMS and CMOS electronics has received substantial interest. In
addition, modular integration allows separate development and optimization of the
MEMS and the CMOS modules. Modular integration can have the MEMS steps first or
the CMOS steps first.

For MEMS-first modular integration, single crystal or epitaxial silicon surface is
required for the CMOS module. Stanford’s and Bosch’s wafer-scale encapsulation
process using epitaxial silicon has the potential for MEMS-first modular integration [1.4],

[1.5]. The schematic of the wafer-scale encapsulation process is shown in Figure 1.1. The



starting material is an SOI wafer. The buried oxide serves as the sacrificial material, and
the MEMS structures are defined by lithography and deep reactive ion etching. A layer of
gasket oxide is deposited as the sacrificial material between the MEMS structures and the
capping layer. The gasket oxide is patterned and removed from the MEMS anchor
regions and the circuit areas. Then 10 pm of silicon is grown in an epitaxial reactor at
1000°C. Polycrystalline silicon is deposited over the oxide, serving as the capping layer;
single crystal silicon is grown where the gasket oxide is removed. Etch holes are defined
and the structure is released with vapor HF. The etch holes are then sealed with thermal
oxide. The thermal oxide is removed from the metal contact area and the single crystal
silicon area. CMOS process can be potentially done on the single crystal silicon area after
the MEMS process. In this approach, the MEMS structures are made out of the single
crystal silicon device layer of the SOI wafer, and high-quality inertial sensors and RF
resonators can be built. Also, the 10 pm thick encapsulation layer can withstand
conventional back-end packaging process, such as dicing and injection molding.
However, for the CMOS module, the electronic circuits cannot be placed directly on top
of the MEMS area due to the selective epitaxial growth. Also, controlling the quality of

the epitaxial silicon is very challenging for the circuitry areas.
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Figure 1.1 Schematic of wafer-scale encapsulation for MEMS-first integration [1.5]

For CMOS-first modular integration, low process temperature materials are used
for the MEMS steps to overcome the temperature limit imposed by the foundry CMOS.
For example, Texas Instruments has a commercially successful process to make digital
micromirror displays using a Ti-Al alloy [1.6]. IBM is developing a copper-based
MEMS process for RF switches and resonators [1.7]. Aluminum nitride (AIN) is being
explored as the structural material for RF filters and resonators at UC Berkeley [1.8].
Amorphous silicon (a-Si:H) has been demonstrated for bimorph thermal actuator
application by University of Waterloo[1.9]. Polycrystalline-silicon-germanium (poly-
SiGe) is another low-temperature surface micromachining material. Compared to Ti-Al,
Cu, AIN and a-Si:H films, poly-SiGe has similar properties and process as the
conventional surface micromachining material polycrystalline-silicon (poly-Si). Also,

poly-SiGe can be used for adaptive optics [1.10], RF resonators [1.11] and inertial



sensors applications [1.12]. Figure 1.2 is a schematic of a SiGe MEMS resonator built on
top of foundry CMOS electronics. After the completion of the CMOS steps, contacts are
opened and vias to the electronics are first made. Sacrificial material can be either silicon
dioxide or pure germanium. Poly-SiGe is used as the structural material. In this approach,
MEMS devices are built directly on top of the circuitry, reducing interconnect resistance
and saving valuable die area. Since there is a temperature constraint on the MEMS
process, the mechanical properties of poly-SiGe are not as good as the single crystal
silicon used in the wafer-scale encapsulation process discussed above. The Young’s
modulus and quality factor of poly-SiGe are slightly lower than those of single crystal
silicon or poly-Si. With the temperature limitation, achieving the specifications of the low
residual stress and strain gradient for inertial sensor applications are the main challenges
for poly-SiGe. This work studies the control of the desired poly-SiGe materials properties

with the temperature constraint.

SiGe
MEMS

5-level

> Foundry
CMOS
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Figure 1.2 Schematic of modular integration of MEMS and CMOS with poly-SiGe

(courtesy of R. T. Howe and B. L. Bircumshaw)



1.2 SiGe research in IC and MEMS

Silicon-germanium has been studied extensively as the base material for
heterojunction bipolar junction transistors [1.13], [1.14]; as the gate, source/drain or
channel material for CMOS devices [1.15]-[1.17]; and as the absorption material for
optical or thermal electronics [1.18]-[1.20]. Recently, poly-SiGe has been investigated as
an alternative structural material for surface micromachining. Poly-SiGe has materials
properties that are similar to those of poly-Si. In contrast to poly-Si, poly-SiGe can be
deposited and crystallized at very low temperatures with good stability, which makes it
promising for post-CMOS integration of MEMS [1.12], [1.21], [1.22]. This modular
approach to MEMS integration is an attractive route to higher-performance and lower-
cost microsystems.

Several approaches to depositing poly-SiGe for MEMS applications have been
investigated by various research groups: atmospheric- or reduced-pressure chemical
vapor deposition (APCVD or RPCVD) [1.23], low-pressure chemical vapor deposition
(LPCVD) [1.21], [1.24], [1.25], plasma enhanced chemical vapor deposition (PECVD)
[1.24], [1.26], [1.27] and pulsed laser deposition (PLD) [1.28]. The deposition rate for the
APCVD or RPCVD processes is about 4 nm/min at 520°C, which is too low to be
economical at CMOS compatible temperatures. Films deposited by PLD have high
particle density and require addition annealing for crystallization. Poly-SiGe LPCVD and
PECVD processes are well established and most promising for use in manufacturing. The
deposition rate for the PECVD process is about 100 nm/min at 450°C, which is about 6%

higher than that of the LPCVD process at the same temperature. On the other hand,



PECVD films typically have very high hydrogen content. The hydrogen evolves with
excimer laser annealing and leaves small pores in the film [1.29]. While the LPCVD
process has lower deposition rate, it usually has a large batch size for higher throughput
and lower cost. Also, excimer laser annealing does not result in pores in LPCVD film
[1.30]. Another major advantage of LPCVD process is its conformal coverage of all
surfaces, which can also be used for planarization and gap filling. While PECVD and
LPCVD poly-SiGe processes are both promising for post-CMOS integration, recent
research has focused on pushing down the thermal budget, fine tuning the materials

properties and developing a robust process for large volume production.

1.3 Desired MEMS properties for poly-SiGe

The desired SiGe properties for MEMS applications are very different from those
of electronic device applications. In general, a film thicker than 2 um is needed for lateral
capacitive sensing. For post CMOS processing, the deposition temperature of poly-SiGe
is limited to below 450°C. Deposition rate and crystallinity of the film can be improved
with higher germanium content. However, the etch selectivity of a pure germanium
sacrificial layer to a poly-SiGe structural layer for H,O, etching decreases with increasing
germanium content in the poly-SiGe film. A germanium content of 60% is desired for
reasonable deposition rate and crystallinity with adequate resistance to H,O, etching. In
order to have good electrical connection to the electronics, the desired resistivity is below
10 mQ-cm for RF MEMS applications. For inertial sensor applications with long
suspension length, low residual stress and strain gradient are required. To avoid buckling

of a clamped-clamped beam, a small tensile residual stress is desired. However, with



special design, films with compressive stress can also be used. Low strain gradient is the
most critical requirement for inertial sensor applications. The typical strain gradient
specification for inertial sensors is less than 1x10” um™, which results in less than 5 pm
tip deflection for a 1 mm long beam. In addition to the above materials requirements,
developing a high throughput, high yield and repeatable process is critical for large

volume production.

1.4 Overview of dissertation

This work presents the materials and the process development of LPCVD poly-
SiGe. This dissertation is organized in the following chapters:

Chapter 2 reviews the LPCVD poly-SiGe reactor. The deposited thin-film
materials properties and the robustness of the process heavily depend on the condition of
the reactor. The configuration, the design, the operation and the process monitoring of the
reactor are discussed.

In Chapter 3, the development and the challenges of using new process gases are
described. Boron trichloride (BCls) has been successfully developed as a better p-type
dopant gas to replace diborane (B,Hs); disilane (SixHg) is investigated as a silicon
precursor; germyl silanes ((H3Ge)xSiH4) are reviewed as the potential single-source
silicon and germanium precursors.

Chapter 4 describes the process development to achieve the desired materials
properties for RF MEMS and inertial sensor applications. The focus is on optimizing the
strain gradient of the film, which is the most challenging materials property for inertial

sensor applications. Uniformity and repeatability of the process are also discussed.



In Chapter 5, the effects of post-deposition processing on the materials properties
are investigated. Also, a study of the CMOS thermal budget limits is presented.
Chapter 6 summarizes the main contributions of this work and suggests future

directions.
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Chapter 2: LPCVD Poly-SiGe Technology

Low pressure chemical vapor deposition (LPCVD) is an industry standard
deposition technique commonly used to form poly-Si, silicon dioxide and silicon nitride
films. Chemical vapor deposition involves the thermal decomposition of source gases to
form a solid thin film directly on the wafer substrate. LPCVD has the advantage of high
throughput, conformal step coverage and good uniformity. In this section, the
configuration, the design, the operation and the process monitoring of the LPCVD poly-

SiGe reactor are presented.

2.1 LPCVD Reactor Overview

In-situ doped poly-SiGe films were deposited in a Tystar hot-wall horizontal
LPCVD reactor, approximately 125 cm in length and 23 c¢m in diameter (Figure 2.1).
This reactor is configured to accommodate various process conditions and hardware
modifications in an academic research environment. The operating pressure range of the
furnace is 100 mTorr — 2000 mTorr and the operating temperature range is 300°C —
450°C. There are four channels for precursor gases and two channels for dopant gases
with various flow ranges. Process gases can be introduced into the tube via the gas ring or
the injector. Unreacted gases are pumped out to the exhaust. This furnace is capable of
processing both 100 mm-diameter and 150 mm-diameter wafers. Wafers are placed
vertically in wafer boats at the center of the reactor. There is a computer connected to the
reactor for process control and recipe management. The furnace normally runs in an

automatic mode. It can also be operated manually for setup verification or trouble
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shooting. Since hazardous chemicals are used, there are multiple safety interlocks

implemented in the software and the hardware.
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Figure 2.1: LPCVD reactor schematic

2.2 Process gases

The details of all the process gases are listed in Table 2.1 below. Pure silane
(SiH4) or disilane (Si,Hg) and germane (GeHy) are available as the gaseous silicon and
germanium precursor gases, respectively. Boron trichloride (BCls), diborane (B,Hs) and
phosphine (PH3) can be used as the dopant gases. The dopant gases are diluted to target
the desired doping concentration in the film. Most of the precursor and dopant gases are
reactive and are health or fire hazards. Toxic and flammable gases are stored in exhausted

gas cabinets, each with a sprinkler and a gas leak detector. The N bottle is hooked up to
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three lines since it has three roles in the furnace: NoDope — to monitor the injector
condition and to prevent deposition in the injector for undoped film processes; N2Vac —
to reduce the pumping efficiency for pressure control; N,BKFL — to flush out toxic gases

and bring the tube to atmospheric pressure.

TABLE 2.1 Summary of process gases (Hazards information from MSDS of Matheson Tri-Gas, Inc.)

Range . Hazards (NFPA rating)
Gas Conc. (scem) Function Route Health  Fire Reactivity Status
SiH,  100% 200 Silicon precursor Gas ring 2 4 3 Active
Si,Hs  100% 200 Silicon precursor Gas ring 1 4 2 Active
GeHy; 100% 200 Germanium precursor  Gas ring 3 4 2 Active
BCl; 1% in He 50 Boron dopant Injector/gas ring 3 0 2 Active
BHs 10%inH, 100 Boron dopant Injector/gas ring 4 4 3 Inactive
PH; 50%inH, 10 Phosphorous dopant Injector/gas ring 4 4 2 Inactive
N, 100% 100 Injector maintenance Injector/gas ring 1 0 0 Active
N, 100% 2000 Pressure control Pump 1 0 0 Active
N, 100% 5000 Flush and backfill Gas Ring 1 0 0 Active

As shown in Figure 2.1, process gases can be introduced into the reactor either
through the gas ring located at the door (load) end of the tube or through the multi-pore
injector located beneath the wafer boats. Silicon and germanium precursor gases are
introduced from the door end through the gas ring; the dopant gases are introduced from
the pump side via the injector. Introducing the dopant gases via the gas ring is also
feasible. During deposition, reaction gases are consumed faster at the gas inlet and their
partial pressures are depleted down the stream. The depletion effect across the load is
more pronounced for gases introduced via the gas ring. The multi-pore injector helps to
reduce the cross-load depletion effect by injecting gas at multiple pores along the load.
The pores have increasing diameter along the line of gas flow to compensate the pressure
loss along the stream. Since the injector pores are small, the pressure inside the injector is
fairly high. Silicon and germanium precursor gases should not be introduced through the

injector because the injector is at the deposition temperature and the injector pores will
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quickly clog due to the high SiGe deposition rate inside the injector. On the other hand,
the pores in the gas ring do not clog readily because they have large orifices and the gas
manifold temperature is lower than the deposition chamber temperature.

The dopant gas can also clog up the injector but by a different mechanism. BHe
can easily decompose into a solid polymer ByH, in the furnace operating temperature
range [2.1]. The polymer slowly builds up inside the injector. After a certain threshold,
the dopant gas flow can no longer be approximated as uniform, and the deposition results
in cloudy film having high resistivity. An injector change is required at this point. The
B,H¢ doping process was terminated after the alternative boron dopant gas BCl; was
successfully demonstrated.

The gas line for phosphine (PHs;) is also inactive. For post-CMOS SiGe
deposition, low thermal budget is the essential requirement. Phosphine retards the
deposition rate and extra annealing is required to activate the dopant [2.2]. With the
precursor gases SiHa, SioHe and GeH, introduced via the gas ring and BCl; introduced
via the injector, there remain one precursor gas channel and one dopant gas channel

available in the reactor for advanced process experiments.

2.3 Process recipes

Process recipes are stored in the control computer. Process temperature, process
pressure, gas flow rates and deposition time are the variables in the recipe. The recipe has
a pre-programmed process sequence. A typical deposition recipe consists of the following
steps: pump/purge cycles after wafer loading, leak check, process parameters

(temperature, gas flow rate and pressure) stabilization, deposition, and finally
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pump/purge cycles to flush out the unreacted process gases and bring the pressure up to
atmospheric pressure. Multiple depositions with different process parameters can be
programmed into one recipe. If the process parameters are out of tolerance, the recipe
will go to an abort sequence, which shuts off all the toxic gases and flushes the tube with
nitrogen. The process can be re-directed to normal mode manually after trouble-shooting.

A standby recipe is loaded if the furnace is not running a deposition. The standby
recipe consists of a 5-minute SipHg coating step at 450°C for conditioning purpose. After

the coating step, the tube is flushed and held in N, ambient.

2.4 Wafer placement

About 50 wafers can be loaded vertically in the SiGe reactor. Wafers can be
placed in either open wafer boats or caged wafer boats. Figure 2.2 shows both wafer boat
configurations. Boats with different length and wafer spacing are readily available.
Process gases can reach the wafers in open boat from all directions, whereas the gases
can only enter through the slots of the caged boat. For mass transport-limited deposition,
the deposition rate tends to be higher towards the wafer edge for open boat configuration
due to diffusion effects. In such a case, caged boat can improve the cross-wafer
uniformity significantly. If the deposition is surface reaction-limited, the uniformity is
about the same for both wafer boat configurations. In this case, the deposition rate is
significantly lower for wafers sitting inside the caged boat due to the loading effect of the
wafer boat surface. The surface area of the caged boat is about the same as that of the
wafers sitting inside. Process gases are consumed by the deposition on the wafer boat

surface.
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Figure. 2.2 a) Open boat; b) Caged boat [2.3]

Since an LPCVD system is a batch reactor, the throughput can be increased by
using the maximum number of process wafers. However, there are tradeoffs between
throughput and uniformity. The number of wafers in the reactor is limited by the length
of the temperature flat zone and by gas transport. Process temperature has less fluctuation
at the center of the tube. The process gases are consumed as they travel down the tube,
resulting in a higher deposition rate for wafers sitting near the gas inlet. There is also a
limit on wafer spacing. If wafers are placed too close to each other, diffusion transport
limitations could result in higher deposition rate at wafer edges.

Both 100 mm-diameter and 150 mm-diameter wafers can be placed on wafer
boats sitting on the cantilevers. However, the 100 mm-diameter wafers are placed below
the center axis in the 230 mm-diameter reactor and there is more open space for gas flow
on the top of the wafer. By comparison, 150 mm-diameter wafers are nearly centered in
the reactor, resulting in better cross-wafer deposition uniformity.

The placement of the wafers in the boat and the placement of the boat on the

cantilevers both affect the characteristics of the deposited film. In order to achieve
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reproducible results, consistency in wafer placement is necessary. Wafers sitting at the
leading and trailing edges of the load usually have worse uniformity due to vortexes.

Therefore, dummy wafers should be placed at the edges.

2.5 Quartz tube

The process tube is made of quartz. Since the reactor is a hot-wall system,
deposition occurs on the quartz wall as well as on the wafers. The deposited SiGe film
has good adhesion to the quartz wall. The film is compressive and the stress applied on
the quartz wall increases as the film gets thicker. Also, poly-SiGe and quartz have
different thermal expansion coefficients. The quartz tube will eventually crack due to
stress and thermal cycling. In industry, the quartz tube is pulled out and cleaned regularly
because it is very expensive to ruin a full load of wafers that have gone through many
process steps. In an academic research laboratory, the cost of changing the quartz-ware is
lower compared to that of regular cleaning. In this case, the quartz tube stays in the
furnace until it cracks. Tube cracking is not a safety hazard, since the tube operates at low
pressure during deposition, the toxic and flammable process gases cannot leak out unless
the pump fails at the same time. Also the reactor is enclosed in an exhausted gas cabinet.
In addition, the tube usually cracks during loading and unloading when temperature and
pressure change significantly.

The quartz tube usually cracks near the door where there is a greater temperature
gradient and the deposited film is thicker. A liner can be used to increase the lifetime of
the tube. The liner is an extra piece of quartz cylinder inserted inside the tube that can

significantly reduce the deposition on the tube. Since the vacuum is held by the tube,
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process does not go down with small cracks on the liner wall unless it collapses. Recent
year’s process record shows that the lifetime of the quartz tube is about 200 hours of
deposition, which corresponds to roughly 100 pm of film thickness.

A 5 minute leak monitor step is set up in all recipes to monitor the rate of the
pressure rise in the tube. The furnace is hard-pumped in the previous step. The pump is
then turned off for 5 minutes and pressure rise is measured. The initial intention for this
monitor step was to correlate the rate of pressure rise and the quartz tube lifetime. No
strong correlation between the rate of pressure rise and the quartz tube lifetime was
found, but the origin of the pressure rise was determined.

The leak monitor step is set up in two different ways. In the standby recipe, the
leak monitor was done quite early in the process sequence, before the temperature
stabilization. For the deposition recipe, the leak monitor was done after the temperature
stabilization. It turns out that the leak rate for the standby recipe is usually about 10
mTorr/min and always <1 mTorr/min for the deposition recipe. The standby recipe is
usually loaded after users remove their wafers. The rising pressure is caused by moisture
outgasing after loading. For the deposition recipe, the leak monitor was done after the
quartz ware was baked out for more than an hour. If the standby recipe is run after the
door is closed for a few hours, the rate of rise goes down significantly.

The pressure sensor is not good enough to measure the rate of pressure rise due to
the real leaking since it is designed to measure the deposition pressure in the 100 mTorr
range. The small leak rate results in an oxygen content in the poly-SiGe film in the order

3

of 1x10" cm™ , compared to 1x10"® ¢m™ in an industrial reactor with a N, load-lock

chamber.
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2.6 Operation control
2.6.1 Pressure control

The pressure in the furnace is controlled by the pump, the pressure gauge and the
N:Vac line using feedback. The base pressure can reach <1 mTorr while the pump is
running at its full power and there is no gas flowing in the furnace. Typical rate of rise is
4 mTorr/min when the pump is turned off and the quartz tube is in good condition.
Flowing process gases increase the pressure, yet the pressure is still typically below the
desired process pressure. The process pressure is measured by the pressure gauge located
near the door. To adjust the pressure, a controlled amount of nitrogen (N,Vac line) is
introduced to the pump to reduce its efficiency. For a particular amount of process gas
flow, the minimum achievable process pressure is set by the pumping efficiency; the
maximum achievable process pressure is set by the upper limit of N,Vac flow used to
reduce the pumping speed. A particular feedback setting can accommodate a range of
pressure with a fixed total gas flow rate. With proper feedback setting, the usual settling
time for the pressure is about 1 minute and the process is capable of pressure change

during deposition.

2.6.2 Temperature control

The temperature control system includes a five-zone resistor coil heater and two
sets of thermocouple tubes mounted inside and outside of the reactor. The two outer
zones of the heater are called the guard zones. Since heat is lost faster at the door end and

the pump end of the tube, the two guard-zone heaters run at higher powers than those in
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the center flat zone. The center flat zone has three heaters, which makes temperature
gradient control possible. The manufacturer’s nominal operating temperature of this
particular furnace is 600°C for the best temperature control. However, the desired
deposition temperature for poly-SiGe is in the range of 400°C — 450°C and even lower
for pure poly-Ge. For the low temperature range, the heater is only running at 20 — 30%
of its full power. The feedback control between the heater and the thermocouple is
digitized, and small changes can vary the temperature significantly at the low temperature
range. As a result, the temperature profile during deposition is approximately a sinusoidal
function with a peak-to-peak amplitude of 6°C and a period of 25 minutes. A typical
temperature profile of a 425 °C deposition is shown in Figure 2.3. The temperature
profiles recorded by the five thermocouples are labeled in the plot. The pump side and the
door side temperatures have the most fluctuations. It usually takes an hour for the
temperature to settle within + 5°C of the set point.

Temperature calibration can help to stabilize the temperature faster. During the
calibration session, the heater power for a particular temperature is stored in memory for
future reference. This can significantly reduce the adjustment time during temperature
stabilization. Since the heater condition changes over time, temperature calibration

should be done regularly, especially after a power shutdown.
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Fig. 2.3 Temperature and power profiles of a 425 °C deposition

2.6.3 Gas flow rate control

The flow rate of each gas is controlled by individual mass flow controllers
(MFC). The MFC range for each gas is showed in Table 2.1 in sccm. The manufacture’s
specification is +1% output error the for gas flow within 5% to 95% of the full range.

Figure 2.4 shows the schematic of a mass flow controller. It can be separated into
two main components: a mass flow meter (MFM) and a proportional controller. The mass
flow meter divides the flow between a heated sensing tube, where the mass flow is
actually measured, and a flow bypass, where the majority of flow passes. Mass flow

meters use the thermal properties of a gas to directly measure the mass flow rate. The
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resistors wrapped around the sensing tube serve as both the heating and sensing elements.
As the gas flow through the heated sensing tube, it absorbs some heat, and creates a
temperature difference along the stream. The temperature difference between the two
resistors is measured by a Wheatstone bridge so that mass flow in the sensor tube can be
determined. Since each gas molecule has a specific ability to pick up heat, each MFC is
calibrated to a particular gas or gas mixture. The other main component, the proportional
controller, consists of a variable displacement solenoid valve and the control electronics.
The controller drives the valve to the correct position so that the measured flow equals

the desired flow set point.
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Fig. 2.4 Mass flow controller schematic [2.4]

25



2.7 Process monitor
2.7.1 Automatic process condition monitor

The furnace control computer has the capability to monitor the real-time process
condition. The computer acquires data from the reactor every 30 seconds. Temperature,
pressure, gas flow rates, gas valve conditions are recorded and archived in the computer.
Figure 2.3 is a typical example of temperature and heater power for a deposition. The
data acquisition runs 24 hours a day. This archival data is very useful for trouble shooting

aborted depositions and maintaining statistical process control.

2.7.2 Process logbook

In additional to the automatic process monitoring, a process logbook (Appendix
C) has been manually maintained since 2002 to better sustain the process. The process
logbook contains the process condition for all depositions, problem reports and
maintenance notes. Historical information of the reactor has been studied for failure

analysis, design improvement and new process qualification.

2.7.3 Injector condition monitor

As discussed in Section 2.2, injector clogging caused by dopant gas B,Hs is a
main challenge for uniformity and repeatability control. As shown in Figure 2.1, the
injector is hooked up to the dopant gases and N,Dope line. Dopant gas is used during
deposition and N,Dope is used during standby. A pressure gauge is mounted at the
upstream of the injector to monitor the clogging condition. When there is some gas

flowing through the injector, pressure will build up and it can be measured by the
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pressure gauge. As the injector clogs, the pressure reading will go up. The reading of the
pressure gauge depends on several factors:

e The gas flow rate through the injector

e The temperature of the tube

e The pressure of the tube

e The clogging condition of the injector

For injector monitoring purposes, the pressure gauge reading vs. the clogging
condition is of highest interest. The simplest approach is to keep all other factors constant
and make the clogging condition the only dependence of the pressure gauge reading.
However, it is important to know how small fluctuations of other factors could affect the
pressure gauge reading before taking the simplified approach. A monitor recipe can be
chosen after identifying critical parameters in injector pressure gauge reading. The
control limit for injector change can be determined by comparing a good injector and a
clogged injector. To identify critical parameters in injector pressure gauge output, full
factorial design is used because the experiment is neither time consuming nor expensive.
Flowing either B,H¢/H, mixture or Npdope generates a pressure inside the

injector; therefore the injector condition monitoring could be done during either
deposition or standby. For the interest of reducing B,Hg usage, N, is chosen as the
monitoring gas. Since the N,Dope MFC has full range of 100 sccm, outputting 10 — 90
sccm of N, will be accurate. If 10 — 90 scem of N, is the only gas flow in the furnace, the
pressure of the tube can be controlled between 100 to 900 mTorr. The pressure of the
tube acts as an external load to the injector and therefore affects the injector pressure

gauge reading. The operating temperature of the furnace is in the range of 300 — 450 °C.
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Since the gas flow in the injector is heated up inside the furnace, the temperature of the
tube influences the pressure of the injector.

Based on the hardware limits, low, medium and high values are chosen for the gas
flow rate, the tube pressure and the temperature. For the clogging condition, a new
injector and a clogged injector are used in the experiment for comparison. The 3° x 2 full
factorial design is summarized in Table 2.2. For each clogging condition, four
replications were done at the center point where N,Dope flow rate = 45 sccm, tube

pressure = 500 mTorr and temperature = 400 °C.

TABLE 2.2 Full factorial design to identify critical parameter for injector condition monitoring

Variables Settings

N,Dope flow rate (sccm) 10 45 90
Tube pressure (mTorr) 100 500 900
Temperature (°C) 350 400 450
Injector condition New Clogged

Multivariate analysis of variance (MANOVA) [2.5] in Table 2.3 shows that the
N:Dope flow rate and the clogging condition are the most statistically significant factors
with large F ratio and small p-value. The interaction term of N;Dope flow and the
clogging condition is also very significant. The tube pressure does not matter, and the

temperature term has a small contribution.

TABLE 2.3 Effect tests of parameter for injector pressure gauge reading

source DF Sum of Mean F Ratio Prob. > F
Squares Square

N,Dope flow rate (sccm) 1 261.83 261.83 2552.7 <0.0001
Tube pressure (mTorr) 1 0.2341 0.2341 2.2823 0.1373
Temperature (°C) 1 0.8639 0.8638 8.4220 0.0055
Injector condition 1 58.115 58.115 566.59 <0.0001
N,Dope (sccm) x Tube pressure (mTorr) 1 0.0027 0.0027 0.0266 0.8711
N,Dope (sccm) x Temperature (°C) 1 0.1432 0.1431 1.3956 0.2432
Tube pressure (mTorr) x Temperature (°C) 1 0.0043 0.0043 0.0416 0.8392
N,Dope (sccm) x Injector condition 1 7.5486 7.5486 73.594 <0.0001
Tube pressure (mTorr) x Injector condition 1 0.00004 0.00004 0.0004 0.9835
Temperature (°C) x Injector condition 1 0.0659 0.0659 0.6423 0.4268
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Parameter estimations in Table 2.4 show that the pressure gauge output increases

with the N,Dope flow rate and the clogging condition. The parameter of the interaction

term of the N,Dope flow rate and the clogging condition are also positive. Therefore, for

the same clogging condition, high N;Dope flow rate gives better sensitivity of the

pressure gauge reading.

TABLE 2.4 Parameter estimates for injector pressure gauge reading

Term Estimate  Std. Error t Ratio Prob. > |t|
Intercept 0.7442 0.4389 1.70 0.0963
N,Dope flow rate (sccm) 0.0672 0.0013 50.5 <0.0001
Tube pressure (mTorr) 0.0002 0.0001 1.51 0.1373
Temperature (°C) 0.0031 0.0011 2.90 0.0055
Injector condition 0.9842 0.0413 23.8 <0.0001
(N;Dope (sccm) - 45) x (Tube pressure (mTorr) - 500) -6.649e-7 0.0000 -0.16 0.8711
(N;Dope (scem) - 45) x (Temperature (°C) - 400) 0.0000 0.0000 1.18 0.2432
(Tube pressure (mTorr) - 500) x (Temperature (°C) - 400) -6.667¢-7 0.0000 -0.20 0.8392
(N;Dope (sccm) - 45) x Injector condition 0.0114 0.0013 8.58 <0.0001
(Tube pressure (mTorr) - 500) x Injector condition -0.0000 0.0001 -0.02 0.9835
(Temperature (°C) - 400) x Injector condition -0.0009 0.0011 -0.80 0.4268

Knowing the parameter dependence of the pressure gauge reading, the regular

monitoring of the injector condition can be simplified. A standby step is chosen for run-

to-run monitoring. In this particular step:
e N,Dope flow rate = 90 sccm
e Tube pressure = 110 mTorr

e Temperature = 350 — 450°C

This is the standby condition the furnace should be in before the user loads the deposition

recipe. All users are required to record injector condition data for every run. The

nitrogen flow rate in this step is controlled by a mass flow controller, which is relatively

reliable. The tube pressure has a small fluctuation due to variations in pumping

efficiency. However, the tube pressure is the least significant factor for the injector

pressure reading. Although the temperature set point is 350°C for this step, actual
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temperature can vary from 350°C to 450°C because a 450°C coating is the prior step and
it takes sometime for the tube to cool down. To make the regular monitoring user
friendly, waiting for the temperature to stabilize to 350°C is not required. To choose the
threshold for injector change, a new injector and a clogged injector are compared at
various temperatures with 90 sccm of N flow and 110 mTorr of tube pressure.
Comparing a new and a clogged injector in Figure 2.5 for the simplified
monitoring condition, the control limit for an injector change is chosen as 9 Torr. This
control limit is rather conservative and adds to the workload of the maintenance staff, but

it is desirable for process stability.

New and Clogged Injectors Comparison

Injector Pressure (Torr)
o]

* new injector
= clogged injector

325 350 375 400 425 450 475
Temerature (C)

Figure 2.5: Pressure reading for a new injector and a clogged injector

Historical data of injector pressure since the injector monitoring was set up are
shown in Figure 2.6. Before February 2004, B,Hs was the only boron dopant gas
available. The data have a periodical pattern: injector pressure rises with B,Hs doped
process usage and drops after the injector change. On average, injector change was done

after ~ 20 hours of deposition. In some cases, when the deposition is not critical and some
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users could not wait for the injector change, they used the injector above the control limit.
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Figure 2.6 Historical data for injector pressure

Single-use quartz injector is not conducive for frequent changes due to the high

risk of cracking. Stainless steel injectors have been used for a few years. Since a stainless

steel injector is more expensive than a quartz injector, stainless steel injectors have been

cleaned and reused over and over. The clogged injector can be drilled out in the machine

shop and re-installed in the furnace. This cleaning method is not very satisfactory, as

there is always some residue left after the drilling. It can be seen that the initial pressure

of a “freshly clean” injector rises over time.

Pulling out the injector so frequently is a maintenance issue and process

repeatability is still not guaranteed, due to the small drift of the injector condition over

time. Also, contamination is always a concern for injectors coming back from the
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machine shop.

BCl; doping was investigated since February 2004 [2.6]. Details of the BCl;
doping process development will be presented in Chapter 3. The same technique has been
used to monitor the injector pressure over time. Since BCl; is more thermally stable
compared to B;Hs and it does not form a solid polymer inside the injector, injector
clogging does not seem to be an issue (see Fig. 2.6). The B;Hs bottle was removed
permanently from the reactor in March 2005 and a quartz injector was installed for the
BCl; line. The injector pressure has been very stable and the injector lifetime is the same

as other quartz-ware in the furnace.

2.7.4 MFC monitor

The SiGe film is deposited using SiH4 and GeHy. The deposition rate and the thin-
film’s mechanical properties depend strongly on the germanium content, which in turn
depend on the outputs of the SiH4 and GeH4 mass flow controllers. The output gas flow
rate could drift throughout the lifetime of the MFC. The most important attribute of an
MEFC for achieving run-to-run repeatability is not the accuracy, but the consistency. It is
necessary to monitor the performance of the MFCs for process control.

If the MFC is taken out of the reactor, its output can be tested with nitrogen
instead of the actual gas the MFC is calibrated to, such as SiHs or GeH4. With the
electronic set point entered and the input line hooked up to the nitrogen bottle, the
nitrogen output will be regulated by the MFC, which can then be quantified with a trusted
mass flow meter (MFM) calibrated to nitrogen. As discussed before, the mass flow

measurement depends on the specific heat of the gas. Since nitrogen has a different
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specific heat than the gas that the MFC is calibrated to, a correction factor (CF) should be

used to convert the actual nitrogen output from the MFC being tested:

set point 2.1)

N, flowthrough a MFC calibrated to gas A= CF

Correction factor for the gases used in the SiGe reactor are listed in Table 2.5 below.

TABLE 2.5 N, equivalent correction factor (data from Unit Instruments application note)

Gas Correction factor (CF)
SiH, 0.603

Si,Hg 0.321

GeH, 0.591

1% BCl; in He = pure He 1.399

N, 1

Measuring the MFC with the external MFM is not a convenient way to monitor
the performance of the MFC regularly. Pulling out the MFC from the gas line involves
running a few pump/purge cycles and switching some valves in order to prevent
contamination and to ensure safety. To track the MFC performance easier, an in-situ
mass flow verification system is implemented with a mass flow meter installed at the
downstream of all the MFCs in the reactor, as shown in Figure 2.1. The black dashed line
shows the connection of the MFM loop. The MFM is bypassed during regular deposition
to minimize its usage and it is activated only for the MFC monitoring purpose by some
valve switching. All of the dopant gases are re-routed so that they can go through the
MFM and enter the tube via the gas ring. Individual gas coming out from the MFC can
flow through the MFM for calibration. The mass flow meter is calibrated to primary
standard with N,. In this case, the correction factor is used again to covert the actual gas

flow:
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gas X flow through a MFM calibrated to N, = MFM output x CF (2.2)

For the monitoring recipe, all gases are directed to flow through the MFM
individually. Three set points are chosen for each gas to check linearity. The range of the
MFM is chosen to be 500 sccm of N,, which accommodates most of the ranges of SiHy,
Si,Hg, GeHs and N,Dope and N,BKFL as listed in Table 2.1. The BCls/He MFC range is
too small for the MFM to resolve. To get around this problem, 90 sccm of N,Dope is
flowing together with the BCl3/He mixture so that the total gas flow rate falls into the
measurable range of the MFM. After the gas flow rate quantification, the MFM is flushed
and cleaned with nitrogen flow.

MFC monitoring data using the internal MFM loop since November 2005 are
presented in Figures 2.7 — 2.11. Both the SiH4 and GeHs MFCs were pulled out of the
reactor and measured with an external MFM in February 2005. The external MFM and
the internal MFM give similar reading for the GeH4 output. During the subsequent 9-
month period, the SiH4 MFC experienced a downward drift in gas output for some
unknown reason, but the SiH4 MFC output has stayed roughly constant since November
2005. Since consistency is more important than accuracy, the SiH4 MFC was not changed
out. It can be seen that the output of the Si,H¢ MFC is slowly drifting higher. The Si>Hg
flow rate is not very critical for process control because it is mainly used for standby
coating and amorphous-Si seeding layer. The BCl3/He mixture and N, MFCs are fairly
constant. It can be seen that most of the data do not match the number calculated with
Equation 2.2. The MFCs or the MFM might not be perfectly accurate, but consistency is

more critical.
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With the regular monitoring, it is possible to achieve run-to-run repeatability with
drifting MFCs. The gas flow rate in the deposition recipe could be corrected to
accommodate the change in the MFC output. For a more sophisticated system, feedback

could be implemented for self-correction.

SiH4 MFC Monitor

250
200
150

100
+ 50 sccm SiH4

N2 MFM Output

= 100 sccm SiH4
50 4 150 sccm SiH4

Figure 2.7 SiH4s MFC monitoring data
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Figure 2.8 GeHs MFC monitoring data
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Figure 2.9 Si,H¢ MFC monitoring data
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Figure 2.10 BCl; MFC monitoring data
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Figure 2.11 N,Dope and N,BKFL MFCs monitoring data
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2.8 Summary

The initial design of the LPCVD poly-SiGe reactor was very similar to that of an
LPCVD poly-Si reactor. Some special modifications were implemented for the poly-SiGe
reactor because of the usage of multiple precursor gases and different dopant sources.
With appropriate maintenance and regular process monitoring, the poly-SiGe reactor has
fairly good performance in process uniformity and repeatability for academic research

purposes.
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Chapter 3: Investigation of Advanced Process Gases

Silane (SiH4), germane (GeH,), diborane (B;Hg) and phosphine (PH3) are the
conventional precursor and dopant gases for SiGe deposition with LPCVD, PECVD and
UHV-CVD processes. LPCVD poly-SiGe MEMS technology has unique challenges in
achieving good process control with large batch sizes and limiting the thermal budget for
post-CMOS processing. In an effort to improve the process control and deposition rate,
advanced process gases have been investigated. This chapter discusses the developments
and challenges of using boron trichloride (BCls) as a dopant gas, disilane (Si,Hg) as a
silicon precursor and germyl silanes ((H3Ge)xSiHs4x) as single-source silicon and

germanium precursors.

3.1 Boron trichloride (BCl;) as the boron dopant gas

For MEMS applications, low resistivity is one of the requirements for the poly-
SiGe structural layer. lon implantation is not an attractive option since dopant activation
with high temperature annealing increases the thermal budget for the post-CMOS
process. Also, the mechanical properties would be hard to control with the non-uniform
dopant distribution. In-situ doping does not have these disadvantages, but there are other
process challenges. BoHg and PH; are the conventional boron and phosphorous sources
for in-situ doping. As mentioned in Section 2.2, dopant gas B,Hg clogs up the injector
and makes the process difficult to control; PH; doping retards the deposition rate and
requires post-deposition annealing to improve dopant activation. Recently, a high-

throughput LPCVD process was developed using BCl; as the dopant source for epitaxial
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SiGe growth [3.1, 3.2]. Also, BCl; is being studied for in-situ doping of poly-Si [3.3].

These results initiated the development of the BCl; doping process for poly-SiGe [3.4].

3.1.1 BCl; mixture concentration

To investigate the feasibility of using BCl; for the poly-SiGe process, the BCls
doped epi-SiGe process was studied [3.1, 3.2]. The epi-SiGe system is a vertical LPCVD
furnace, capable of processing fifty 200 mm-diameter wafers. A summary of the epitaxial
process conditions and data are listed in Table 3.1 below. Pure gas partial pressure is
shown instead of flow rate to normalize the difference in system size and pumping.

Hydrogen is used as the carrier gas in the epi-SiGe system.

TABLE 3.1 Summary of the BCl; doped epi-SiGe process [3.1, 3.2]

Temp. Pressure SiH, GeH, BCl; Doping Resistivity Ge Dep. Rate
(°C) (mTorr) (mTorr) (mTorr) (mTorr) (cm'3) (mQ-cm) content (nm/min)
500 228 45.6 0.912 0 NA NA 10% 0.5
500 228 45.6 2.28 0 NA NA 20% 1.5
500 228 45.6 4.1 0 NA NA 30% 3
470 228 39.5 2.7 1.5x10%  4x10% NA 26.7% NA
470 228 39.5 2.7 1.7x10°  8x 10" 1 26.7% 0.6
470 228 39.5 2.7 46x10°  1x10% NA 26.7% NA

Although there are significant differences between the reactors and the processes,
the target doping concentration for the poly-SiGe film is in the same order of magnitude
as that of the epi-SiGe film. To install a BCl; bottle to the poly-SiGe reactor, the gas
concentration and the MFC range need to be specified. To roughly match the doping

level of 8 x 10" cm™, the gas flow rate of pure BCl; can be calculated as:
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BCI, flow rate inthe poly reactor
= B_CI3 pressure !n the ep! reactor x SiH, flow rate in the poly reactor
SiH, pressure in the epi reactor (3.1)
1.7x10~° mTorr
- 39.5 mTorr
=0.0043 sccm

x 100 sccm

The volume of epi-SiGe reactor is about 6x greater than the volume of the poly-SiGe
reactor. Also, 1000 sccm of pure SiHs and 42 sccm of 0.1% BCl; are used for the
epitaxial deposition. Assuming 100 sccm of SiH4 flow in the poly-SiGe reactor, the
calculation in Equation 3.1 is in good agreement with the epi-SiGe reactor’s BCl; flow
rate. The pure BCl; flow rate of 0.0043 sccm is very difficult to control with a mass flow
controller. If the dopant gas is diluted, a larger flow rate can be used. In this case, flowing
4.3 sccm of 0.1% BCl; would be reasonable to control with a 10 sccm range MFC.

As a comparison, 5% of BCl; diluted in He is used in the epi-SiGe reactor. The
gas is further diluted down to 0.1% in H; in the system before getting into the deposition
chamber. Since the poly-SiGe reactor does not have the capability to dilute the dopant
gas in the system, using a 0.1% concentration gas bottle would be more convenient.
However, this simplified approach limits the flexibility of adjusting the dopant
concentration if the doping level does not come out as expected. To keep the cost of
installation low, 0.1% BClI; diluted in He was first used as the dopant gas. Preliminary
results of the BCl; doped process using the 0.1% concentration bottle are summarized in

Table 3.2.
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TABLE 3.2 Summary of the BCl; doped poly-SiGe process with 0.1% concentration bottle

Temp. Pressure SiH, GeH, BCl; Doping Resistivity Ge Dep. Rate
(°C) (mTorr) (mTorr) (mTorr) (mTorr) (cm'3) (mQ-cm) content (nm/min)
425 400 247 148 50x10° 1.4x10"7 790 70% 8.6
425 400 236 141 23x10%  5.6x 10" 264 70% 8.9
425 400 227 136 41%x10% 5.4x10 93.6 70% 8.8
425 400 225 136 41%x10% 52x108 100 70% 8.9
425 400 165 99 1.4x10" 22x10" 32 70% 3.1

The resistivity of the poly-SiGe films deposited using the 0.1% concentration
BCl; bottle is much higher than desired. The last run listed in Table 3.2 has a dopant
concentration closer to the desired range, but the deposition rate is significantly lower
than in other runs. In this case, the SiH4 and GeHy flow rates are scaled down by 5x so
that the BCl; partial pressure is increased. Comparing results in Table 3.1 and Table 3.2,
the offset in boron incorporation between the epi-SiGe and poly-SiGe films is about two
orders of magnitude. These results show that neglecting the mismatches between the epi-
SiGe and the poly-SiGe processes in Equation 3.1 is not a valid assumption. The
difference in dopant incorporation of the two systems comes from several sources: the
deposition temperature of the poly-SiGe film is much lower; the oxygen contamination
level of the poly-SiGe system is an order of magnitude higher; the poly-SiGe film is
deposited on an oxide surface, whereas the epi-SiGe film is deposited on an ultra-clean Si
surface; the germanium content of the poly-SiGe film is much higher, and the deposition
rate of the poly-SiGe film is more than 10x faster than that of the epi-SiGe.

Since the BCl; doped epi-SiGe process was developed for the same reason that
dopant gas B,Hg does not yield satisfactory process stability, a comparison of the results
for both dopant gases in the epi-SiGe process and then scaling with the B,Hg-doped poly-

SiGe process can lead to a more accurate calculation of the appropriate BCl; bottle
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concentration for the poly-SiGe process. Table 3.3 and Table 3.4 show the results of the

B,Hg doped epi-SiGe and poly-SiGe processes, respectively.

TABLE 3.3 Summary of the B,H; doped epi-SiGe process [3.5]

Temp. Pressure SiH, GeH, B,H; Doping Resistivity Ge Dep. Rate
(°C) (mTorr) (mTorr) (mTorr) (mTorr) (cm™) (mQ-cm) content (nm/min)
550 228 45.6 1.52 3.8x102 8.0x10" 2 22% 7
550 228 45.6 15.2 20x10°  1.5x10" 7 60% 60

TABLE 3.4 Summary of the B,Hq doped poly-SiGe process

Temp. Pressure SiH, GeH, B,H; Doping Resistivity Ge Dep. Rate
(°C) (mTorr) (mTorr) (mTorr) (mTorr) (em™) (mQ-cm) content (nm/min)
450 600 275 160 16.4 1.2 x 10" 37 65% 15

Comparing the results of the B,Hg doped epi-SiGe and poly-SiGe processes, there
is also an offset in dopant incorporation for the two processes. To recalculate the
appropriate BCl; bottle concentration for the poly-SiGe process, one approach is to take
the ratio of the BCl; and B,H¢ doped processes with the same boron concentration:

BCI, pressure in the poly reactor
_ BCI, pressure in the epi reactor
B,H, pressure in the epi reactor
1.7x107° mTorr (3.2)
=———————xl64mTorr
3.8x10™ mTorr

=0.73mTorr (assume 600 mTorr process pressure,1.2x10' cm™ boron conc.)

x B,H, pressure in the poly reactor

or 0.49 mTorr (assume 400 mTorr process pressure,1.2x10" cm™ boron conc.)

Assuming that the process pressure is 400 mTorr and the gas flow rates of SiHs, GeHy
and BCls are 100 sccm, 60 sccm and 10 scecm, respectively; the BCl; concentration can
be calculated as:

10 sccm BCI, mixture x BCI, concentration
100 sccm SiH,, + 60 sccm GeH,, +10 sccm BCI; mixture

= BCI, concentration =2% (for 1.2x10" cm~ boron concentration)
The calculations in Equations 3.2 and 3.3 neglect the effects of temperature and

deposition rate on boron incorporation in the film.
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The other approach to estimate the appropriate BCl; bottle concentration is to
extrapolate information from Table 3.2, where all the data are for the BCl; doped poly-

SiGe process. A curve fitting for data in Table 3.2 yields the relationship:

boronconcentraion = 5 x 107 g3*!*BCh pressure

= 0.099 mTorr BCI, pressureyields1.2x10" cm™ boronconcentraton (3.4)
or 0.165mTorr BCI, pressureyields1.0x10* cm™ boronconcentraton

Again, assuming 400 mTorr process pressure and the gas flow rates of SiH4, GeHy and
BCl; mixture are 100 sccm, 60 sccm and 10 scem, respectively, the BCI; concentration

can be calculated as:

10 sccm BCI, mixture x BCI; concentration
100 sccm SiH, + 60 sccm GeH,, +10 sccm BCI, mixture

x 400 mTorr =0.099 mTorr

= BCI, concentration = 0.42% (for 1.2x10" cm™ boron concentration) (3.5)
or BCI, concentration = 0.7% (for 1.0x10* cm™ boron concentration)

The two approaches above both yield numbers larger than 0.1% BCIls concentration for
the desired doping level although calculation with Equations 3.4 and 3.5 is more reliable.
Since the target resistivity for poly-SiGe film is less than 10 mQ-cm, the boron doping
concentration should be in the range of 1.0 x10** cm™. According to Equation 3.5, a 1%
concentration would be appropriate. If the boron doping level is slightly off target with
the 1% concentration BCl; mixture, the gas flow rate can be adjusted to accommodate.
Further experiments justified that the 1% concentration is appropriate for LPCVD poly-
SiGe deposition.

It should be noted that pure BCl; is a liquid at room temperature with a vapor
pressure of 988 Torr. Pumping the gas into the reactor was once a concern. However,
when BCl; is diluted with a gas that liquifies at much higher pressure, the overall

liquification pressure of the mixture is higher than that of pure BCl;. With lower BCl;
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concentration in the mixture, liquification pressure of the overall mix is higher. The inert
gas helium is used to dilute BCl;. The mixture of 0.1% or 1% BCl; balanced in He is in
gas phase at the maximum pressure limit of the tank. The gas mixture was made with
gravimetric blending for which each individual gas is weighted while pouring them into

cylinder.

3.1.2 Experimental details

The epi-SiGe reactor that first demonstrated the BCls doped process is a vertical
LPCVD system with all the process gases introduced via one gas inlet and an open boat
for automatic loading [3.2]. The epi-SiGe reactor is capable of processing fifty 200 mm-
diameter wafers and across-load uniformity is within + 5% for resistivity and + 2% for
film thickness.

The initial test of the BCl; doped poly-SiGe process used a similar configuration
as the epi-SiGe reactor. SiH4 and GeH4 were introduced at the gas ring located at the
load side of the tube. The BCl3/He mixture was also introduced through the gas ring for
these experiments, even though introducing BCls via a multi-pore injector located at the
bottom of the wafer boats is another option. Twenty-five 4”-diameter and twenty-five
6”-diameter wafers placed in open boats at the center of the reactor were used per load.
To investigate the feasibility of the process, the deposition rate, crystallinity, dopant
incorporation, resistivity, residual stress, strain gradient, as well as effects of thickness
on electrical and mechanical properties were characterized [3.4].

The process conditions of various depositions are summarized in Table 3.5. Poly-

SiGe films were deposited onto Si wafers coated with ~2 pm thick low-temperature
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(450°C) LPCVD SiO;. A ~5 nm thick undoped amorphous Si (a-Si) seeding layer was
deposited first using 100 sccm of Si;Hg to promote adhesion of SiGe to SiO,. The a-Si
layer was deposited at 300 mTorr for 15 minutes at various temperatures. For the poly-
SiGe deposition, the process pressure was held constant at 400 mTorr. Temperature, BCl;
partial pressure, and deposition time were varied. The SiH4 to GeHy gas flow ratio was
held constant in order to target a 70% Ge content. The flow rates of the two gases
however were reduced in some cases to increase the partial pressure of BCls;. The high
Ge content was chosen to ensure crystallinity for consistent resistivity measurement with
boron doping. It should be noted that the selectivity of pure Ge to SizGeyo for H,O»
etching is degraded to 10:1 [3.6]. High peroxide etching selectivity is desired for
integrated MEMS applications because the use of pure Ge as the conformal sacrificial
layer eliminates the need to passivate the underlying CMOS.

Experimental data was collected with five 4”-diameter wafers that were placed in
slots 3, 8, 13, 18, and 23 of the wafer boats, counting from the gas inlet side. A four-point
probe instrument was used to measure the sheet resistance. The films were patterned and
etched for the thickness measurement using a stylus-based profiler. Wafer curvature was
measured before and after SiGe deposition (backside SiGe film removed) to determine
the average residual stress of the film. A cantilever beam array was patterned and
released for strain gradient measurement. The strain gradient was calculated as the
reciprocal of the radius of curvature of the cantilevers with various lengths. Resistivity,
thickness, and strain gradient were measured at various points on each wafer, and average
numbers are reported here. Ge content, B and Cl concentrations were determined by

secondary ion mass spectroscopy (SIMS) with wafers at the gas inlet side of the load. The
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crystallinity of selected films was determined by transmission electron microscopy.

3.1.3 Results and discussion

Overall results of average deposition rate, resistivity, residual stress, Ge content,
and B doping level, along with uniformity of the BCl; and B;Hs doped poly-SiGe
processes are summarized in Table 3.5. Both B,Hs and BCl; doped SiGe films have
similar Cl concentration, all below 2x10'® cm™, which indicates Cl incorporation is not a

problem for the BCl; doping process.
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3.1.3.1 Deposition rate

Comparison of Runs T5, T1, T6, T19, T20, and T21 with BCl; partial pressure as
the only difference, the deposition rate does not depend strongly on the BCl; flow rate for
the doping range studied here. Also, depositions with identical parameters but various
deposition times (Runs T11, T14, and T12) show the same deposition rate, which
suggests that there is no incubation period at the beginning of the deposition.

An Arrhenius plot of deposition rate is shown in Figure 3.1 for 100 sccm SiHy, 60
sccm GeHy depositions at 400 mTorr for both BCls and B,Hs processes. The deposition
temperatures of these runs are rather low and the processes are believed to be operating in
the surface reaction-limited regime. The activation energies of the BCl; and the B,Hs
doped processes are extracted to be 0.94 eV and 0.42 eV, respectively. They are of the
same order of magnitude as the undoped poly-SiGe process reported before [3.7]. For the
425°C and 450°C depositions, the deposition rates are similar for both dopant gases.
B,Hg process has a much higher deposition rate at 400 °C. The resistivity of the 400 °C
B,Hg recipe is very low, and boron incorporation for this film is estimated to be on the
order of 1x10*' cm™. B,Hs is known to enhance deposition for poly-Si, but the

temperature effect and the doping effect cannot be distinguished in Figure 3.1.
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Figure 3.1 Arrhenius plot of deposition rate

3.1.3.2 Crystallinity

Cross-sectional TEM images for films of different thicknesses are shown in
Figure 3.2. These two films have exactly the same recipe except the deposition times are
1 hour and 3 hours for the thin film and the thick film, respectively. Both films have
vertically-oriented grain structure with finer grains at the bottom. The two TEM images
are shown on the same scale. As the film gets thicker, the grains grow significantly

larger.
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Figure 3.2 Cross-sectional TEM images: a) Run T6 - 0.5 um film; b) Run T12 - 1.5 um

film

3.1.3.3 Dopant incorporation

Figure 3.3 plots boron concentration Vs. partial pressure for all 425°C poly-SiGe
depositions. As a comparison, data for epi-SiGe deposited at 470°C [C.1, C.2] is also
shown. As discussed previously, the difference in dopant incorporation of the two
systems comes from several sources: the deposition temperature, the oxygen
contamination level, the deposition substrate, the germanium content and the deposition
rate. All of the above differences result in more than two orders of magnitude offset in
boron incorporation between the films.

A data point from the B;Hg process is also shown in Figure 3.3. A high B,;Hs
partial pressure is required to achieve similar doping levels in the film while other

deposition conditions are identical. The consumption of B,Hs is mainly due to the

52



decomposition inside injector rather than the disassociation on the wafer surface.
Comparing the three B,Hs depositions (R3, R1 and R2) at various temperatures provides
further evidence of the temperature instability of B,Hs. Resistivity is found to be an order
of magnitude higher for an increment in temperature of 25°C with the same B,Hg flow

rate.
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Figure 3.3 Boron concentration vs. dopant gas partial pressure

Resistivity vs. boron concentration for the BCl; doped process is plotted in Figure
3.4 for ~70% germanium content films deposited at 425°C with similar thicknesses. As
expected, resistivity decreases linearly with boron doping. The resistivity of poly-SiGe is
more than 10x higher than that of single crystalline films due to carrier trapping at the

grain boundaries.
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Figure 3.4 Resistivity VS. boron concentration

A comparison of BCl; runs (T1, T2, and T3) with same deposition conditions
except for temperatures shows that higher temperature gives lower doping level and
higher resistivity. This phenomenon could be explained by less efficient boron
incorporation as the deposition rate goes up with temperature.

Resistivity vs. film thickness is plotted in Figure 3.5(a) for runs having the same
deposition conditions but different deposition times. Wafer positions are also labeled on
the graph. For wafers from the same run, higher resistivity and lower deposition rate are
observed at the gas outlet due to the gas depletion effect. Comparing wafers at the same
position from different runs, thicker films are found to have lower resistivity. This might
be a result of furnace annealing and/or crystal growth during deposition. A two-hour

425°C anneal in N, ambient was done for several 1-hour deposition films to discriminate
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the two effects. There is no change in resistivity after the annealing stage. As shown in
Figure 3.2 earlier, thicker films have larger grains, which is consistent with this lower
resistivity observation since carrier trapping is more significant with higher grain

boundary density [3.9].
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Figure 3.5 a) Resistivity and b) Stress vs. Film thickness

3.1.3.4 Stress

Figure 3.5(b) shows the average residual stress vs. film thickness. Thicker films
have less compressive stress. Furnace annealing at 425 °C for 2 hours does not cause
significant change in residual stress. This reduction in residual stress magnitude with

thickness allows the growth of thick films without peeling off. However, the origins of
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the residual stress and the reasons for its decrease with film thickness are not completely
understood.

Comparing films with similar thickness and boron doping as the only process
variable, we can see that the average residual stress is more compressive as boron doping
increases, as shown in Figure 3.6. This possibly indicates the boron atoms are not
residing in substitutional lattice sites, but interstitial lattice sites or grain boundaries. A
data point from the B,Hg process shows that the average stress for B,Hg doped film is less
compressive for the same level of doping. Further investigation on crystallinity might be
able to explain this phenomenon. However, 0.6 pum films are too thin for most MEMS
applications, and the 1.7 pm thick BCl; doped film with 6.0x10"™ cm™ doping yields

reasonably low residual stress of -21 MPa.
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Figure 3.6 Average stress vs. doping
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3.1.3.5 Strain gradient

Cantilever beam arrays from the thicker films were released for strain gradient
measurement. Films with thickness less than 1 um are too thin for reliable strain gradient
measurements. As shown in Figure 3.7, the error increases as the film gets thinner and

strain gradient is smaller for thicker film.
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Figure 3.7 Strain gradient vs. thickness

3.1.3.6 Process uniformity

Process uniformity summarized in Table 3.5 is defined as the normalized standard
deviation across the wafer and across the load. A few B,Hg¢ doped depositions done in
the same LPCVD reactor are listed at the bottom of Table 3.5 for comparison. The dopant
gas B,Hg is introduced from the pump side via a multi-pore injector located underneath
the wafer boats to minimize the depletion effect. Caged boats were used in the B;Hg

doped process. As a comparison, the BCl; process provides similar uniformity within a
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wafer and better cross load uniformity in most cases with open boats and without using a
gas injector.

The wafer flat region has lower resistivity for the BCls process, which is due to
the fact that the 100 mm-diameter wafers are placed below the center axis in the 230 mm-
diameter reactor and there is more open space for gas flow on the top of the wafer flat. As
a comparison, 150 mm-diameter wafers, which are nearly centered in the reactor, have
better cross-wafer uniformity in resistivity.

Deposition rate and resistivity of selected 425°C runs are plotted vs. wafer
position in Figure 3.8 to demonstrate the cross load uniformity of the BCl; process.
Wafers at the gas inlet side have higher deposition rate and lower resistivity, which
suggests a gas depletion effect. Increasing the gas flow rate together with using an
injector to introduce BCl; could result in better cross-load uniformity. A 425 °C B,Hg
deposition is also shown in Figure 3.8 as a reference. Cross-load variation in deposition
rate and resistivity is similar to the BCl; process, despite the fact that B,Hg is introduced
via a multi-pore injector. Cross-load resistivity of the B,He shows the opposite trend

compared to the BCl; process, because BoHg was introduced from the pump side.

58



_00F W ,.' | | E
CI} 10 E ® R G P S E
e E A A e Qe S ]
~ e DAL ]
w gL A SN ]
¥ [ 100 sccm SiH,, 60 sccm GeH,
L 425 °C, 400 mTorr (a)
0.1 - ; - I - I - I -
—~ ~®--T19 - 1.8 sccm 1% BCL, _
E ol -9 T20-9.2sc0m 1% BCI, k]
< -4+ T21-16.5 sccm 1% BCl, e LB
= % R1-60sccm 10% BH, = B
E ol R T l
g o e W
S . I 1
o [ oweoo T
8 P (b) T
7 1 l 1 l 1 l 1 l 1
25 20 15 10 5 0
Gas Outlet Gas Inlet

Wafer Position

Figure 3.8 Deposition rate and resistivity across load

Runs T6 and T11, as well as Runs T20 and T23 have exactly the same deposition
parameters, but they were separated by a few other depositions. The results show that the
BCl; process is reproducible. Moreover, results of other similar depositions are
reasonably consistent, which indicates that the process is operating in a relatively stable
manner. In comparison, the decomposition of B,He causes periodic clogging of the
injector, which results in large run-to-run variation unless the injector is changed
approximately every 20 hours of deposition. Decomposition of BCls is rather slow
compared to B,Hs, and injector clogging is not anticipated to be a problem. On the other

hand, introducing B,H¢ through the gas ring to avoid injector clogging is not an option
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since large across load variation in film thickness and resistivity [3.11] resulted from its

tendency to decompose at low temperature.

3.1.3.7 Furnace configuration optimization

All of the above experiments had the BCl; mixture introduced via the gas ring
together with SiH4 and GeH,4 in order to match the configuration of the epi-SiGe system
and to minimize conflict with the existing BHg process for initial test. As discussed in
Chapter 2, the poly-SiGe reactor is fairly flexible to accommodate new processes. To
further improve the resistivity uniformity, different hardware configurations have been
investigated.

As mentioned before, the cross-load resistivity uniformity of the BCl; doped poly-
SiGe process could be further improved using an injector. A few BCls-doped depositions
were done to study the improvement in uniformity with the injector. Since B,Hg is known
to clog up the injector, a second injector was installed in the furnace to isolate the
clogging problem. The second injector can be installed parallel to the B,Hg injector from
the rear (pump) side or opposite to the B,Hg injector from the front (door) side. The two-
injector configuration was setup temporarily with a few additional hand valves for
manually switching between the lines. The rear injector configuration is identical to the
existing B,Hg injector. The front injector is easier to install and remove, but it was later
found out that the dopant gas leaked out near the door, making the front injector
configuration very similar to the gas ring configuration. Sheet resistance data across the
load of 50 wafers are shown in Figure 3.9. With the rear injector, the cross-load

uniformity is improved by an order of magnitude.
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Figure 3.9 Cross-load uniformity of sheet resistance with gas ring and injector

When the BCls/He mixture is introduced via the gas ring, it comes out through
multiple orifices along the circumference of the ring so cross wafer uniformity is not a
problem. When the BCl;/He mixture is injected from the bottom of the furnace using the
injector, the cross load uniformity is improved whereas the cross wafer uniformity is
sacrificed due to gas depletion. The depletion effect is more pronounced when the dopant
gas flow rate is small. Figure 3.10 shows the variation in sheet resistance for both 100
mm-diameter and 150 mm-diameter wafers with 3.6 sccm of BCl; flow rate. The cross
wafer uniformity of sheet resistance is not terribly bad for the 100 mm-diameter wafers at
slots 1-25, but there is about 3% variation across the 150 mm-diameter wafers at slots 26-

50. Increasing the BCI; flow rate can minimize the depletion effect and improve the cross
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wafer uniformity. Figure 3.11 shows data for a deposition with 16.5 sccm of BCl; flow

rate and cross wafer uniformity in sheet resistance is significantly improved.
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Figure 3.10 Cross wafer uniformity of sheet resistance with low BCl; flow rate
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Figure 3.11 Cross wafer uniformity of sheet resistance with high BCl; flow rate
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The experiments above show that using the rear injector with large dopant gas
flow rate would be the optimal configuration to yield the best uniformity in resistivity. It
is also confirmed that the injector does not get clogged up with the BCl; doping process.
However, it is a concern if both B,Hg and BCl; are available in a reactor with two
injectors. During the deposition with one dopant line, the injector for the other dopant
line is at standby with no gas flow. Deposition on the standby injector will build up
material at the small pores and eventually clog them up. Flowing a small amount of N, at
the standby injector could prevent deposition on the pores, but this approach would

involve significant hardware modification.

3.1.4 Comparison of the two boron dopant gases

To conclude the investigation of BCl; as a new dopant gas, a comparison with
B,Hg is made in Table 3.6 for the study of the deposition and properties of LPCVD poly-
Si30Ge7o. The desired doping level for poly-SizpGes is achieved with 1% BCl;
concentration. The better uniformity and higher doping efficiency for the BCl; process is
clearly advantageous over the B;Hs process for poly-SiGe films, but the small
degradation in deposition rate and increase in residual stress are drawbacks. Tradeoffs
between residual stress and resistivity are also involved in optimizing boron
concentration for the BCl; doped process studied here. Both residual stress and resistivity
can be improved by increasing the film thickness. Thicker films also have advantages in
strain gradient and grain crystallinity, and thicker films are desired for better electro-
mechanical performance in electrostaticcally driven MEMS applications. The initial BCl;

doped process shows better process uniformity and repeatability than the more mature
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B,Hg doped process. Based on these results, the B,Hg process was abandoned. Further
development with the BCl; doped poly-SiGe process with the desired properties for

MEMS applications will be discussed in Chapter 4.

TABLE 3.6 Comparison of BCl; and B,Hg as dopant gases for poly-SiGe process

Comparison BCl; doping B,H¢ doping
Deposition rate Similar Similar

Crystallinity Similar similar

Dopant incorporation +4+ ---

Residual stress - -

Strain gradient Similar similar

Uniformity ++ --

repeatability ++ --

Safety Toxic and corrosive Toxic and flammable
Shelf life 24 months 6 months

Cost Negligible compared to GeH, Negligible compared to GeH,

3.2 Disilane (Si;Hg) as the silicon precursor
3.2.1 Literature review

Disilane (Si;He) has been used as the silicon source for low temperature poly-
silicon deposition due to its higher reactivity compared to silane (SiH4) [3.11]. Disilane
fragments into SiH4, SiH3 and SiH; in the gas phase. SiH; and SiH, decompose readily to
form silicon at lower temperatures than SiH4. Disilane has also been previously used as
the silicon source for poly-SiGe deposition [3.10, 3.12], but the higher cost of using
disilane was a concern.

Since lowering the thermal budget is an important consideration for SiGe post
foundry-CMOS integration, anything that helps to increase the deposition rate other than
temperature would be worth considering for this goal. The benefit of Si;Hs over SiHy is
re-investigated to understand how much improvement can be gained with Si;Hg in
reducing the thermal budget and how this change impacts the physical properties of the

film. The cost of using disilane should not be a significant factor if there is a large
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improvement in the process. LPCVD systems have large batch sizes so the additional cost
is spread over many wafers and might become insignificant.

Data from previous poly-SiGe depositions using SioHg as the silicon source are
summarized in Table 3.7 [3.12]. The poly-SiGe deposition was done in the same reactor

in 2002. At that time, 100 mm-diameter wafers and caged boats were used.

TABLE 3.7 SiGe deposition with Si,Hg as the silicon precursor with 100 mm-diameter wafers, caged boat [3.12]
Temp. Press. Si,Hg GeH, PH; B,Hg Dep. Rate  Resistivity Stress % Ge by

(°C) (mTorr) (sccm) (scem) (scem)  (scem)  (nm/min) (mQ-cm) (MPa) RBS
350 300 25 175 0 0 1.2 NA NA NA
400 300 25 175 0 0 1.8 NA NA 66
450 300 25 175 0 0 4.0 NA NA NA
450 300 10 190 5 0 6.6 1300 -180 79
450 300 15 185 5 0 7.0 50000 -270 72
500 300 15 185 5 0 9.0 130 -170 74
500 300 25 175 5 0 9.4 120 -170 68
550 300 15 185 5 0 10.0 180 NA 80
550 300 25 175 5 0 9.6 170 -100 78
550 300 35 165 5 0 8.2 200 -50 75
550 300 50 150 5 0 10.5 50 -180 65
350 300 25 175 0 40 10.5 7800 NA 58
400 300 25 175 0 40 13.0 5400 NA 54
450 300 25 175 0 40 22.0 5.5 NA 50

In the interest of lowering the thermal budget or increasing the deposition rate, the
numbers in Table 3.7 are encouraging. The deposition rate with Si,Hg and GeH,4 is about
2x higher than with SiH4 and GeHy4 for the same total gas flow rate. The resistivity with
PH; doping is a lot higher than desired, but there is room for improvement in the B,Hg
doped process. The average residual stress is in a reasonable range. There is no
information on process uniformity. Since Si,Hg is more reactive, more GeHy flow is
needed to achieve a similar germanium content as compared against the SiH4 and GeHy
process. To obtain similar film thickness, the cost of using Si,Hg as the silicon source is

slightly higher, mainly because more GeHy is used.
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3.2.2 Experimental results and discussion

Based on the results above, a few depositions were done to explore the Si,Hg
process by finding out the deposition rate and basic material properties. The experiments
were done during the development of the BCI; doped poly-SiGe process using SiH4 and
GeH,4 (Chapter 4). To make the comparison easier, the same furnace geometry was used
with Si,He replacing SiH4 for the deposition. There are twenty-five 150 mm-diameter
wafers sitting in an open boat per load. The process conditions and the results are

summarized in Table 3.8.

TABLE 3.8 SiGe deposition with Si,Hg as the silicon precursor with 150 mm-diameter wafers, open boat
Temp. Press. Si;Hs  GeH, BCl;  Dep. Rate  Resistivity Stress % Geby B conc.

(°C) (mTorr) (sccm) (scem) (scem)  (nm/min) (mQ-cm) (MPa) SIMS (em™)
425 600 25 175 12 12.7 Not uniform NA NA NA
375 600 25 175 12 7.7 Amorphous -386 58 2.8x10"
400 600 25 175 12 NA Not uniform NA 58 2.5%10"
400 300 15 185 18 9.4 Amorphous -248 63 3.9x10"Y
425 300 15 185 18 11.2 3.1 -163 62 4.9x10"
425 350 25 175 18 NA Not uniform NA 55 3.1x10"
425 350 15 150 18 NA Amorphous NA 59 3.9x10"

Data in Table 3.8 show there is indeed an improvement in deposition rate with
Si,H¢ compared to data shown in Table 4.2 with SiHy at similar temperatures, but there
are tradeoffs between uniformity and crystallinity. High deposition temperature and high
deposition pressure result in poor uniformity — the film at the center of the wafer is
thinner with very high resistivity. In this case, the reaction is in the mass transportation
limited regime since disilane is very reactive. The gas reacts on the wafer edge before it
diffuses to the wafer center. In the extreme case, the wafer looks darker than usual,
especially at the edge. Gas-phase nucleation happens here. Silicon particles form in the
gas phase and reach the wafer surface, creating a porous film with high particle density.

Lowering the deposition temperature, the deposition pressure, and the disilane/germane
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gas flow ratio can push the deposition into the surface-reaction limited regime. However,
with lower temperature and lower germanium content, the film is amorphous. Although
the boron concentration is quite high, the film is not conductive. This set of experiment
shows that the process window with disilane is narrow. The deposition condition has to
be carefully chosen to get a uniform and conductive film. Reducing the total gas flow
rate, increasing the wafer spacing or use of a caged boat could increase the process
window.

The benefits of changing the source gas from SiH4 to Si;Hg are not being
maximized due to the effect on Ge content in the film. The Si,Hg partial pressure needs to
be reduced to keep the same Ge content, which reduces the deposition rate and makes the
net gain in deposition rate small. Also, the increase in deposition rate using Si;Hg is not
worth the negative impact on process control. Other variables such as tube pressure and
total gas flow may offer better means to achieve higher deposition rates with the SiH, and

GeHy process.

3.3 Germyl silanes ((H3Ge), SiHy.,) as the silicon germanium precursors
3.3.1 Literature review

As a promising material for modular CMOS and MEMS integration, the major
challenges for LPCVD poly-SiGe in manufacturing are achieving good control of
mechanical properties and lowering the SiGe deposition thermal budget.

The thin-film mechanical properties and the deposition rate depend strongly on
germanium content. However, there are difficulties in controlling the germanium content

in a LPCVD reactor using SiHs and GeH4. As discussed in Chapter 2, mass flow
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controllers are used to control the SiHs and GeHy4 gas flow rates. MFC drift has been an
issue and it is a concern for run-to-run repeatability. Also, since SiH4 and GeH, have
different consumption rates, the wafers closer to the gas inlet have higher germanium
content. This in combination with the loading effect results in a deposition rate that is
higher at the gas inlet side than at the exhaust side of the furnace.

While the above difficulties could be overcome with sophisticated engineering
solutions like MFC recalibration and precursor injection, the new family of precursor
germyl silanes ((H3Ge)xSiH4) for SiGe deposition that has been developed recently can
potentially be a simpler approach to solve these issues [3.13, 3.14]. As shown in Figure
3.12, this family of germyl silanes has direct Si-Ge bonds. The SiGe film compositional
control is defined by the Si:Ge ratio of the precursor molecule rather than the precision of
the gas delivery system with the binary precursor gases such as SiH4 and GeHs. Because
the optimal germanium content for MEMS applications is between 50% and 70%,
H3GeSiH; and (H3Ge),SiH; are of particular interest. Figure 3.13 shows the Arrhenius
plot of the epitaxial deposition rate for various precursor gases [3.14]. The germyl silane
molecules provide high deposition rates at low temperatures relative to disilane. The
SiGe deposition rate achieved with the germyl silane precursors is expected to be greater
than that achieved with SiHs; and GeH4. Therefore, germyl silane precursors could
facilitate further reductions in the thermal budget for fabrication of MEMS on CMOS, to

minimize any detrimental impact on CMOS reliability.
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Figure 3.13 Temperature dependence of the first epitaxial layer growth rates for various

precursors on Si (100) [3.14]

3.3.2 Experimental plan
The germyl silane precursors are being developed commercially [3.15] and

collaborations are underway to test the deposition with these precursors with the LPCVD
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system. While the germyl silane precursors have the potential benefits of precise
germanium content control, run-to-run reproducibility, higher deposition rate and lower
deposition temperature, there are also some unknowns. Since the germyl silane molecules
have large molecular weight with high reactivity, the process should be carefully
designed so that the deposition is in the surface reaction limited regime. There will be
tradeoffs between uniformity and deposition rate like that seen for Si;He deposition.

Most of the germyl silane precursors are liquids at room temperature, except that
H3GeSiH; is in gas phase. The vapor pressures at 22°C for (H3;Ge),SiH,, (H3Ge);SiH and
(H3Ge)4Si are 55 Torr, 10 Torr and 1 Torr, respectively. If these liquid phase precursors
are used, heating of the gas bottle and the delivery line will likely be needed to ensure
sufficient gas is being pumped into the reaction chamber. To find out if heating would be
needed for the LPCVD system, the gas flow and pressure stability can be verified
manually once the precursor is hooked up to the reactor. Diluting the liquid with another
gas or using a bubbler might be alternatives to heating, if lower concentration is
necessary for better uniformity control.

To simplify the installation, the gas-phase precursor pure H3GeSiH3 will be tested
first. Initial depositions should be targeted to understand the basic process and material
properties. Cross wafer and cross load process uniformity, deposition rate, germanium
content, resistivity, crystallinity and average residual stress should be characterized.
Based on the results of the initial depositions, the process can be fine tuned to once the
tradeoffs among deposition rate, uniformity and crystallinity are understood. For the
LPCVD reactor in the UC Berkeley Microlab, the adjustable process parameters and their

range are listed in Table 3.9.
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TABLE 3.9 Adjustable process parameters with H;GeSiH; in the Berkeley Microlab’s LPCVD poly-SiGe reactor
(Tystar20)

Parameters Process space

10 — 90% MFC range of H;GeSiH3
10 — 4500 sccm of N, dilution

Gas flow rates

Temperature 300 - 450°C
P Temperature ramping across the load
Tube pressure 200 — 800 mTorr
Wafer placement Wafers can be placed at every slot or further apart form each other

Open boat or caged boat can be used

Since the deposition will result in 50% germanium content SiGe film with
relatively high deposition rate, an amorphous film might result from deposition
temperatures below 425°C. A thin crystalline seeding layer generated with SiH4 and
GeHy4 can be used to help to form a fully crystalline seed for the H3;GeSiH; main

deposition.

3.4 Summary

The investigation of new process gases discussed in this chapter involves a good
amount of background study, hardware modification and process verification. Boron
trichloride (BCl;) has been proven to be a better boron dopant source compared to
diborane (B,Hg), resulting in a more stable and better controlled process. Further
development and characterization with the BCI; doped process will be discussed in the
next Chapter. As a silicon precursor, disilane (Si,Hg) can improve the deposition rate and
lower the thermal budget of the process; however there is significant drawback in the
process control due to its high reactivity. The process space with Si;Hg is narrow and the
cost of using disilane will be higher since more germane will be needed to get the desired
germanium content. As single-source silicon and germanium precursors, germyl silanes

((H3Ge)xSiH4x) have the potential of providing higher deposition rate and producing
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uniform germanium content film across a large batch. Experiments beyond the scope of
this thesis are needed to understand germyl silanes’ pros and cons in LPCVD applications

once these gases are available for laboratory experiments.
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Chapter 4: LPCVD Poly-SiGe Process Optimization

For MEMS applications, poly-SiGe’s low resistivity, low wet-etch rate in heated
hydrogen peroxide (H»O;) solution, low tensile stress and low strain gradient are the
desirable properties. The electrical and mechanical properties of poly-SiGe films depend
strongly on the deposition process conditions. This chapter describes the process
development to achieve the optimal poly-SiGe film for RF MEMS devices and inertial
Sensors.

The experimental details and thin film characterization methods are presented
first. The results of all the depositions are summarized in section 4.3. Each set of
experiments is described individually in the follow sections. Then the results of all
experiments are reviewed together for microstructural properties study, and the

characteristic microstructure for achieving low strain gradient film is elucidated.

4.1 Experimental details

Boron-doped poly-SiGe films were deposited in a Tystar hot-wall horizontal
LPCVD reactor as described in Chapter 2. Pure SiH4 and GeH4 were used as the silicon
and germanium precursor gases, respectively. 1% BCl; diluted in He was used as the
dopant gas. SiHs and GeH4 were introduced through a gas ring located at the load side of
the tube. The BCl3/He mixture was introduced from the pump side through a multi-hole
injector located beneath the wafer boats. Twenty-five 150 mm-diameter wafers were
placed in open boats at the center of the reactor per load. Poly-SiGe films were deposited

onto silicon substrates coated with a 2 um-thick LPCVD SiO,. A very thin (<5 nm)
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amorphous-silicon seed layer was deposited first using Si;He to promote the adhesion of
poly-SiGe to the oxide.

Experimental data were collected with five 4”-diameter wafers that were placed in
slots 3, 9, 15, and 21 of the wafer boats, counting from the gas inlet side. A four-point
probe instrument was used to measure the sheet resistance. The films were patterned and
etched for the thickness measurement using a stylus-based profiler. Wafer curvature was
measured before and after SiGe deposition (with backside SiGe film removed) to
determine the average residual stress of the film. A cantilever beam array was patterned
and released for strain gradient measurement. Resistivity, thickness, and strain gradient
were measured at various points on each wafer, and average numbers are reported here.
The crystal orientation of selected films was studied by X-ray diffraction. Transmission
electron microscopy (TEM) analysis was used extensively to understand the film’s
microstructure and its correlation with the deposition condition and mechanical

properties.

4.2 Characterization methods
4.2.1 Transmission electron microcopy

Transmission electron microcopy analysis is commonly used to obtain
crystallographic information from specimens that are thin enough to transmit electrons
[4.1]. A stream of electrons produced by the electron gun is focused to a small and
coherent beam by a set of condenser lenses and aperture. The beam then strikes the

specimen and part of it is transmitted. The transmitted part is focused by a set of
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objective lenses and the image of the specimen is passed onto the image plane for the
user to sce.

While the theory and operation of the transmission electron microscope are fairly
simple, the challenge of TEM analysis is in the sample preparation. The thickness of the
specimen should be less than a few thousand angstroms for the electron beam to penetrate
through. The sample preparation is time consuming and requires patience. Cross-
sectional TEM analysis is mainly used for this dissertation. Figure 4.1 illustrates the
general procedure for cross-sectional TEM specimen preparation. First, the wafer with
the thin film is cleaved into a few 3 mm by 3 mm pieces. Two pieces are glued together
with the thin films facing each other using epoxy (M-bond 610). Two dummy pieces are
glued on the sides as mechanical supports. The sandwich is then cut into a few slides
approximately 500 um thick using a diamond saw. The slide is chopped into a disk using
a slurry disk cutter. The sample then goes to the dimpler for mechanical grinding and
polishing. Once the center region of the sample is thinned down to about 20 pm, the disk
is mounted in an ion-milling machine where the specimen is further sputter thinned by
ion bombardment until a hole appears. The edge near the hole is thin enough for imaging
under the electron microscope.

Top view TEM specimen can be prepared using similar techniques with the
bonding and slicing steps skipped. A disk can be cut from the wafer and the sample is

mechanically polished and ion milled to final thickness from the backside.
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Figure 4.1 Cross-sectional TEM sample preparation method

4.2.2 X-ray diffraction
X-ray diffraction (XRD) measurement is a non-destructive method that provides
information on crystallinity and texture of bulk solids and thin films. Monochromatic X-

ray is used to determine the inter-planar spacing of the material. Material composition
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and crystal orientation can be obtained from the X-ray spectra. When the Bragg condition
for constructive interference is obtained, a diffraction peak is produced and the relative
peak height is proportional to the number of grains in a preferred orientation.

For a poly-SiGe thin film on a single-crystal silicon substrate, the X-ray spectra
contain diffraction peaks for both the thin film and the substrate. The diffraction peak
positions can be calculated with Bragg’s Law [4.2]:

A =2dsiné 4.1)

d=—2 4.2)

vh? +k* +1°
where h, k and 1 are the Miller indices for the direction and a is the lattice constant for a

cubic material. The lattice constant of Si, Ge and Si,.4Gey are listed below:

Si: a= 5.43A (4.3)
Ge: a= 5.662& (4.4)
Si;xGeyx: a(x) = (5.43+0.20x +0.027x%) (AO) [4.3] (4.5)
Sis0Gego: @ = 5.56,; (4.6)

The peak position shifts with different germanium content. However, it is
difficult to calculate the germanium content from the peak position since peak shift can
also be induced by stresses in the film. The diffraction peaks of the poly-SiGe sample are

listed in Table 4.1.
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TABLE 4.1 XRD 26 angle calculation

Material Direction dA) 20 ()
Si <200> 2.72 33.96
Si <400> 1.36 69.14
Ge <200> 2.83 31.59
Ge <400> 1.42 65.96
Si40G660 <l11> 3.21 27.77
SigGego <220> 1.97 46.14
Si40GCGO <311> 1.68 54.71
SisnGego <222> 1.61 57.36
SiznGego <400> 1.39 67.31
SiznGego <331> 1.28 74.30

4.2.3 Strain gradient measurement

Minimization of the strain gradient, or the out-of-plane curvature of a released
beam, is a critical requirement for inertial sensor applications in which the lateral
dimensions of mechanical structures are in the range of hundreds of microns. A typical
target value of strain gradient is 1x10™ um™ for inertial sensor applications, which would
yield 1.25 pm tip deflection of a 500 pm long cantilever beam. The dependence of stress
and strain gradient on film microstructure and deposition conditions is well-understood
for poly-Si films [4.1], [4.4]. The mechanical properties of poly-SiGe can be studied with
similar techniques used for poly-Si.

The released cantilever beam shown in Figure 4.2(a) is commonly used for strain

gradient measurement. Strain gradient is calculated as [4.5]:

1 2Az

e 4.7)
p L

where p is the radius of curvature of the beam, Az is the out-of-plane deflection of the tip

and L is the length of the cantilever beam.
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Figure 4.2 Strain gradient measurement: a) cross-sectional schematic of a released
cantilever beam; b) stress depth profile before release; c¢) stress depth profile after release,
but before bending

The strain gradient of the film can also be calculated as [4.5]:

H-n
1_ 12|v|3: 123 [o(2) 20z @8
p EWH" EH” 5,

where M is the bending moment, E is the Young’s Modulus, W is the width of the
cantilever beam, H is the film thickness, n is the position of the neutral axis, 6(z) is the

stress depth profile in the film and z is the distance from the neutral axis. Strain gradient
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is related to stress gradient with the Young’s Modulus as a proportionality factor,
assumed to be 140 GPa for poly-SiGe.

Stress vs. depth profiles 6(z) for Equation (4.8) were generated by incrementally
etching (thinning) an unpatterned poly-SiGe film on the front side of the wafer and then
measuring the change in wafer curvature, in an iterative manner [4.1]. Initial wafer
curvature was measured prior to any etching of the poly-SiGe film using a reactive ion
etcher. After every 0.16 um of etching, the wafer was taken out from the etcher for wafer
curvature measurement. The stress of the thin etched layer was determined from the
change in wafer curvature. This process was repeated until the poly-SiGe film was
completely etched away. A typical stress profile of a film before release is shown in
Figure 4.2(b). To find the neutral axis in Equation (4.8), the stress profile is shifted by the
amount of average residual stress and the position of the neutral axis is at the intersection
of the zero stress line and the shifted stress profile, as shown in Figure 4.2(c). Error bars
displayed on the stress curve indicate the measurement uncertainty. Note that the
systematic error is significantly larger at the bottom of the film because of the cumulative
effect of cross-wafer etch-rate non-uniformity, which reduces the validity of the
assumption of uniform film thickness for the stress measurement toward the bottom of
the film. Nonetheless, the general shape of the stress profile is still valid and the two

methods of strain gradient measurement yield similar results with ~20% discrepancy.

4.3 Overall experimental data
The average deposition rate, resistivity, average residual stress and strain gradient,

along with cross-wafer (XW) and cross-load (XL) deposition uniformity, are summarized
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in Table 4.2. Uniformity is reported as normalized standard deviation for deposition rate
and resistivity. Standard deviation is reported for average residual stress since its value
can be both positive and negative. Average strain gradient and its best value within each
run are reported in Table 4.2. Further statistical analysis of the strain gradient is discussed
later in the chapter.

The experimental study was done in a series of design-of-experiments (DOE)
runs. The 1* DOE was performed to understand the process space and characterize the
deposition rate, resistivity, average residual stress, strain gradient and wet etch rate in
hydrogen-peroxide solution. The results of the 1 DOE showed that the structural layer
requirements for general MEMS applications can be met within the process temperature
constraint imposed by CMOS electronics, but the strain gradient requirements for inertial
sensor applications remain a major challenge. The rest of the experiments were all
designed to achieve low strain gradient with good uniformity. The ramping experiment
explores the option of ramping down the temperature and germanium content during
deposition for grain control. The 2™ DOE looked into the effect of varying the dopant gas
flow rate and the process pressure. In addition, the effects of film thickness and the initial
seed layer were studied with the best recipe from the 2" DOE. Also, multiple layer
deposition was used to create fine-grain microstructure. Low strain gradient can be
achieved with several of the approaches described above. All recipes which yield films
with absolute strain gradient < 1x10™ pm™ are highlighted in Table 4.2. Strain gradient

uniformity study has focused on these highlighted recipes.
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Table 4.2 Experimental data for all runs

SiGe seed SiGe Deposition Eesults

. Azg Stress Avg Best HaOy

Fun # el Temp.  Press. B1H, GeH: *BCL Time | Temp Press. S1H, CeHy *BCl; Time & Lvg DR DR R Ees fies fes Ave L strain Strain ER.
w0 @D G Gemm) G @) | ooy D) (eom)  Goom) (o) (min) | T unfmin g TR S  aradient  grafient (o

G |k | oy | US| e | ety | e | i)
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4.4 1" design-of-experiments
4.4.1 Experimental design

For the LPCVD process, the process variables include temperature, pressure,
silane-to-germane gas flow ratio, dopant gas flow rate, and load size. In this section, the
LPCVD poly-SiGe process parameter space is explored with a 15-run DOE [4.6]. SiHy-
to-GeHs gas flow ratio, BCl; gas flow rate, and temperature are the input variables;
deposition rate, resistivity, average residual stress, strain gradient and H,O, etch rate are
functions of the input variables.

All depositions targeted a poly-SiGe film thickness of 2 um. For the design of
experiments, a face-centered central composite design was used. Deposition temperature
(410°C, 425°C, or 440°C), SiH4 to GeHy ratio (104/70, 112/60 or 120/50 sccm/sccm),
and BCl; flow rate (6, 12 or 18 sccm) were chosen as input variables. It should be noted
that initial design intended to have the summation of SiHs and GeH, flow rates as a
constant — 200 sccm. However, the SiH4 MFC experienced an electronic drift prior to this
experiment, so that the actual SiHs gas flow rate was later found out to be ~80% of the
design value. The process pressure was kept constant at 600 mTorr in each recipe. The
process details for each deposition run are summarized in Figure 4.3. The lower value of
temperature was set by the amorphous-to-polycrystalline transition temperature, and the
upper value was set by thermal budget limits imposed by foundry CMOS electronics. The
upper and lower values of SiH4/GeHy flow ratio were set by the crystallinity requirement
and hydrogen-peroxide etch rate, respectively. High-germanium-content films have lower
amorphous-to-polycrystalline transition temperature. However, the wet etch rate is higher

for germanium-rich films, which is not desirable for micro-machining processes using
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pure germanium as the sacrificial material [4.7]. The lower value of BCl; flow rate was
set by resistivity considerations, while the upper value was set by the maximum flow rate

of the mass flow controller (MFC).

Pressure = 600 mTorr

SiH4/GeH4
6 sccm
4+ 120 scem/ 50 scecm
12 sccm
|
18 scem 1 ?
| |
BCl; : | P T 112 sccm/ 60 scem
[ *_ -4 -9
-1 4
g
,"-I----- T 104 sccm/ 70 sccm
’
, [ ]
V4
[

: : —
410 °C 425 °C 440°C  Temp.

Figure 4.3 1* design of experiments input parameter values

4.4.2 Results and interpretation

The experimental data for the 1% design of experiment can be found in Table 4.2.
The deposition rate, resistivity, and wet etch rate fall within reasonable ranges.
Depending on the application, a recipe can be chosen to meet specific requirements. The
average residual stress is compressive for each of the recipes although a small tensile
stress 1s desired for some applications. The strain gradient is higher than desired for

inertial sensor applications.
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Since a LPCVD system is a batch reactor, cross-load uniformity is an important
manufacturing consideration. The wafer-to-wafer uniformity and within-wafer uniformity
reported here are for the Tystar reactor in an academic research laboratory; it is not
surprising that they do not meet specifications for high volume production. However,
uniformity is expected to be significantly better for the sophisticated LPCVD systems
used within production environments. In our research tool, the cross-wafer uniformity of
deposition rate is better than 3%. Due to the different consumption rates of SiH4 and
GeHa, the germanium content in films deposited onto wafers closest to the gas inlet is
about 3 atomic percent higher than for films deposited onto the wafers closest to the
exhaust [4.7]. This gradient in germanium content, in combination with the loading effect,
results in a deposition rate that is higher at the gas inlet side than at the exhaust side. To
improve the cross-load uniformity, an injector can be used for the precursor gases. The
dopant gas is introduced via an injector located at the bottom of the reactor. Thus, the
film resistivity is lower in the regions of the wafers closer to the injector. Due to gas
depletion effects, recipes utilizing low BCl; flow rate tend to have worse cross-wafer
uniformity in resistivity. Since the injector design was not optimal, cross-load uniformity
of resistivity depends on the wafer position relative to location of the injector holes.
Improved injector design, higher BCI; flow rate, and in-situ wafer rotation as in a vertical
furnace should all enhance the uniformity of film resistivity.

To deduce general trends, the average values for deposition rate, resistivity,
residual stress, strain gradient, and wet etch rate were analyzed using the JMP™
statistical software package [4.8]. Confidence intervals for the output observables vs.

input factors are shown in Figure 4.4. The deposition rate increases with temperature, but
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decreases with SiH4/GeHy ratio and shows no dependence on dopant gas flow rate. The
film resistivity mainly depends on BCl; flow rate. The average residual stress becomes
less compressive with increasing temperature and decreasing SiH4/GeHy ratio. Average
residual stress was previously reported to become more compressive when boron doping
is increased by orders of magnitude in Chapter 3. In this experiment, the boron doping
variation range is small, and no significant trend is found for the average residual stress
vs. dopant concentration. For the strain gradient data, the error bar is larger than the slope
of the trend in Figure 4.4. Further investigation of the strain gradient will be discussed in
the next section. Wet etch rate mainly depends on the germanium content in the film and

thus increases inversely with SiH4/GeHy, ratio as expected.
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Figure 4.4: Values and confidence intervals for various responses

4.4.3 Mechanical properties study

The stress profiles of all the deposition conditions along with some TEM images
are presented in Figure 4.5 over the next few pages. The majority of the deposited films
have upward curvature upon release, because the compressive stress at the bottom of the

film is usually significantly higher than in the rest of the film. The slope of the stress
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profile (hence the strain gradient) depends on the film deposition conditions. Similar

results have been found for APCVD and PECVD poly-SiGe films [4.9], [4.10].
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Based on the stress profiles shown above, the average residual stress is expected
to decrease (become less compressive) with increasing film thickness since the
compressive stress gradually releases along the film thickness. The average strain
gradient is also expected to decrease with increasing film thickness. As discussed
previously, there is a thickness variation across the load for each deposition run. Figure
4.6 shows that the average residual stress becomes less compressive with increasing film
thickness. Figure 4.7 shows that the strain gradient decreases with increasing film
thickness, as expected. From Figure 4.4 it can be seen that the average residual stress and
the strain gradient each varies with germanium content. The small variation (3 atomic
percent) in germanium content across the load is a secondary effect for the observed

dramatic changes in average residual stress and strain gradient.
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Figure 4.6 Average residual stress vs. film thickness for films deposited at various
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Figure 4.7 Strain gradient vs. film thickness for films deposited at various temperatures:
a) 410°C; b) 425°C; c) 440°C
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Figure 4.8 shows the correlation of strain gradient with resistivity, for 2-um-thick
films. Five measurements were taken from each wafer. It should be noted that the dopant
injector is not well-optimized for uniformity; so there is variation in film resistivity
across the wafer. Since the deposition rate does not depend on dopant concentration, the
film thickness is fairly uniform across the wafer. For films deposited at 410°C, the strain
gradient increases with resistivity, but there is no significant correlation seen for films

deposited at 425°C or 440°C.
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The microstructure of selected films was studied by transmission electron
microscopy (TEM). The images are shown next to the stress profile in Figure 4.5.
Comparing the films deposited with Recipes DOEI-1 and DOEI-4, they are both
deposited at 410°C but with different BCl; flow rates. The more heavily doped film has a
thinner amorphous layer at the bottom of the film. This is consistent with previous reports
that in-situ boron doping enhances the crystallinity of poly-SiGe [4.11]. In addition, the
more heavily doped film has a vertically uniform grain structure through its thickness.
The microstructure depth profiles correlate well with the stress depth profile
measurements shown to the left. At the oxide-substrate interface, the film is amorphous
and hence has highly compressive stress. Furthermore, the film with lower boron
concentration has a conical grain structure and the variation in grain size along the film
thickness results in a larger stress gradient.

The cross-sectional TEM image of films deposited at 440°C (Recipe DOE1-13
and DOE1-14) are also shown in Figure 4.5(m) and Figure 4.5(n). There is no significant
difference in the microstructures for these two films although they have different doping
level and germanium content. Due to the higher deposition temperature, the film is
polycrystalline at the oxide substrate interface. As the film grew, the average grain size
increased, so that the grains are conical. The stress profile shown to the left indicates that
the highest compressive stress is located at the bottom of the film where the average grain
size is smallest, which results in an upward curvature of the released film. As seen in
Figure 4.8(b) and Figure 4.8(c), the strain gradients of the films deposited at 425°C and
440°C do not depend on the boron concentration. Thus it is very likely that the thermal

effect is more significant for crystallinity compared to the boron doping effect. The
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440°C recipes yield films with lower strain gradient compared to the 425°C recipes,
possibly because the stress is relieved by in-situ annealing during the higher temperature
deposition.

Comparing the TEM images of DOE1-3 and DOEI-13 in Figure 4.5(c) and
Figure 4.5(1), the only difference in deposition condition is the temperature. Since higher
temperature enhances crystallization, the crystal seeding of DOE1-13 starts earlier and
has a higher density. The growth rate of the crystals also increases with temperature and
the film in DOE1-13 is rougher at the surface. The microstructures of both recipes are
conical in shape and have high strain gradient.

Revisiting Figure 4.8(a), it seems very promising to reduce the strain gradient by
increasing the boron doping for films deposited at low temperature (near the amorphous-
to-polycrystalline transition temperature). For a closer examination of the strain gradient
vs. resistivity trend, all of the data for films deposited at 410°C are plotted in Figure 4.9.
Figure 4.9(a) shows the data for two recipes yielding a linear correlation between strain
gradient and resistivity. The improvement in strain gradient with decreasing resistivity is
mainly due to crystallinity enhancement by boron doping. Figure 4.9(b) shows the data
for two recipes that do not yield a linear correlation between strain gradient and
resistivity. Since these recipes yield films with relatively high resistivity, this suggests
that there exists a threshold of minimum boron doping required for crystallinity
enhancement. Moreover, this threshold doping level depends on the germanium content:
films with higher germanium content have better crystallinity for a given deposition
temperature, and the boron doping effect is not as pronounced. Figure 4.9(c) shows the

data for the recipe that yields the lowest strain gradient; the released films can have either
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positive or negative out-of-plane curvature. The significant cross-load variation makes it
difficult to control strain gradient via doping. The variation from wafer to wafer is due to
cross-load variations in film thickness and germanium content. The smaller variation in
strain gradient across a wafer is a result of microstructure non-uniformity. Since the
deposited film consists of a single columnar-grain layer, local variations [4.12], [4.13] in
microstructure makes strain-gradient control challenging in the range of 1x10” pm™ and

lower.
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Figure 4.9 Strain gradient vs. resistivity for films deposited at 410 °C, showing: a) linear
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4.4.4 Summary

The design of experiments method has been used to investigate deposition of in-
situ-boron-doped poly-SiGe films by LPCVD. Films with low resistivity and slow wet-
etch rate (in heated H,O, solution) can be achieved at reasonable rates at low
temperatures suitable for post-CMOS MEMS integration. Within the process space
explored, all of the films have compressive residual stress; so designers must be aware of
the potential for buckling of released clamped-clamped poly-SiGe beams. The minimum
achievable strain gradient for a ~2 pm thick single layer of poly-SiGe is at least an order
of magnitude higher than desired for inertial sensor applications. The large stress gradient
is due to highly compressive stress in the lower portion of the film formed at the
beginning of the deposition process. For films deposited at low temperature (near the
amorphous-to-polycrystalline transition temperature), crystallinity can be enhanced by in-
situ boron doping. As a result, films with higher boron doping develop a more columnar
microstructure and hence a lower strain gradient. Strain gradient control in the range of
1x10° pm™ remains a challenge for single step deposition that is ~2 pm thick due to

local variations in single-layer columnar microstructures.

4.5 Ramping experiment
4.5.1 Experimental setup

The results of DOE1 show that the initially deposited amorphous region has
higher compressive stress compared to the crystalline region, resulting in a positive stress
profile within the film thickness. Also, films with conical microstructures have large

strain gradients due to variations in grain size. Starting the deposition at high temperature
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and high Ge content can enhance initial crystallization and the amorphous region at the
oxide surface can be reduced.

To understand how the germanium content and temperature variation could affect
the microstructure, a set of ramping experiment was performed. This set of experiment
consists of a reference recipe (Ramp-ref), a SiH4 flow ramp-up recipe (Ramp-SiH,) and
temperature ramp-down recipe (Ramp-temp) as listed in Table 4.2. The SiHs-to-GeHy
ratio is increased or the process temperature is decreased during the deposition in this
experiment. All recipes have constant pressure, GeHs and BCl; flow rates. Higher BCl;
flow rate 30 sccm was used to improve the resistivity uniformity. The reference recipe
has constant temperature at 430°C and constant SiHs flow rate at 140 sccm. The SiHy
flow ramp-up recipe has a constant temperature at 430°C. It has a step time of 30 minutes
and the SiH, flow rate is ramped up from 140 sccm by +5 sccm at each step until
reaching 190 sccm. The temperature ramp-down recipe has a constant SiH, flow rate at
140 sccm. It has a step time of 30 minutes and the temperature is ramp down from 430°C
by -5°C at each step till 380°C. For both ramping recipes, the vacuum was not broken
between steps to ensure continuous grain growth.

The process conditions of all three depositions are shown in Figure 4.10-12. As
discussed in Chapter 2, the process temperature has sinusoidal fluctuations at constant set
point and this phenomenon can be seen again in Figure 4.10 for the reference recipe. The
process pressure and the gas flow rates are very stable. For the SiHs flow ramp-up
deposition shown in Figure 4.11, the SiH4 MFC can quickly follow the input value and
has a step response. The temperature ramp-down deposition has the process temperature

following the set point with some oscillation, as shown in Figure 4.12.
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Figure 4.10 Process conditions of the reference deposition (Ramp-ref)

SiH, Ramp Up

Temperature
-
= T e S ™
I

<+— Pressure -225.50
B|M2MFK_AC - 5 —=-200.00
o|NZEKFLZSP 500-—— SiH,—™ —-175.00
S| NZBKFL_Ar rm00
O|SIH4_SP 400-——— — 13l
= SiH4AC " il 12500 &
| 5I2HE 5P 5 20- -
| SIZHE_AC = —-10000 2
| GASRRG_SP
O|GASRNG_AC 200-—— i —-75.00
S| GATET9E_SP —-5000
o| GATE13E_AC 00—
=|L —-500
o

Van Ll
qs-—H Get; 550
FLOW_2 6150 —
o|1%BCL3 5P 50.00-—
w1803 AC
| EXPINI 5P 40.00-—
S| EXPIMI_AC BCl. / He
o|EXPGR_SP 3 2000 3
| EXPIR_AT a2
S| GEH SF
m|GEH4_AC 2000-—
S|N2ZDOPE_SP
S| N2DOPE_AC 00—
O|GATETS7 5P
o
As0-—H -
m | 115033 124530 134026 14:35:22 153019 16:75:15 172011
00000 1095275 1644312 2134550 274 67 3293824 36043 62 4333099
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Figure 4.12 Process conditions of the temperature ramp-down deposition (Ramp-temp)

4.5.2 Results and interpretation

The data of the ramping experiments are listed in Table 4.2. All of the depositions
targeted film thickness of 2 pm. The deposition rate for the two ramping recipes was
underestimated and films are thicker than expected. Comparing to DOEI, resistivity
uniformity is improved with high BCls/He flow rate. Since the stress and strain gradient
vary with film thickness, wafers with 2.3 pm thick film from these three runs are being
compared for mechanical properties. The reference run (Ramp-ref), the SiH4 flow ramp-
up run (Ramp-SiHs) and the temperature ramp-down run (Ramp-temp) have average
residual stress of -109 MPa, -140 MPa and -183 MPa. The result for average residual

stress is as expected. Low germanium content and low temperature films have higher
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compressive stress. Since all recipes have the same starting layer, the larger compressive
stress is from the low germanium content or low temperature top layers.

The strain gradients for the 2.3 um thick film from each recipe have no significant
differences; all are around 4.5x10™* pm™. The stress profile and the cross-sectional TEM
images are shown in Figure 4.13. Considering the measurement errors, the stress profiles
of the three recipes do not show a significant difference. Also, the microstructures of the
three recipes have similar conical texture.

It should be noted that the last few layers of the SiH4 flow ramp-up run and the
temperature ramp-down run would give amorphous films if they were deposited directly
on oxide. Since the grain growth is continuous, the low Ge content or low temperature
layers follow the “footprint” of the existing polycrystalline grain structure and continue to
be polycrystalline. The surface roughness of the temperature ramp-down recipe is
significantly lower than the reference recipe due to the low processing temperature later

in the deposition.
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Figure 4.13 Stress profiles and cross-sectional TEM images for the ramping experiments
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4.5.3 Summary

The set of ramping experiments show that ramping up the SiH4 flow rate or
ramping down the process temperature during the deposition increases the average
compressive stress in the film and does not improve strain gradient. The lower
germanium content or lower temperature deposition slows down the deposition rate and
lateral diffusion rate becomes significant. All films in this experiment have conical
microstructures with high strain gradient. The temperature ramp down recipe is desired
for reducing thermal budget without sacrificing the deposition rate or resistivity, but
temperature control is problematic with the Tystar furnace at low deposition

temperatures.

4.6 2" design-of-experiments
4.6.1 Experimental setup
The 1% DOE shows that recipes utilizing low BCl; flow rate tend to have worse
cross-wafer uniformity in resistivity due to gas depletion effects. Also, at low deposition
temperature (410°C), strain gradient decreases with resistivity. The BCl; mass flow
controller was re-calibrated from 20 sccm range to 50 sccm range after DOEI. Higher
BCl; gas flow rate of 15 scem, 30 sccm and 45 scem were used in DOE2, in order to look
into improvement in resistivity uniformity and strain gradient with higher doping levels.
Variation in pressure is also explored in DOE2. Higher process pressure enhances
deposition rate, but film thickness uniformity will be sacrificed if the deposition is so fast
that it is no longer limited by the surface reaction rate. DOE1 used 600 mTorr process

pressure. This process pressure results in reasonable deposition rate with good film
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thickness uniformity. A few short test runs (DOE2-t1 through DOE2-t5 listed in Table
4.2) were performed to understand the process pressure range for DOE2. The test runs
show that the deposition rate increases with process pressure, but films deposited at
pressure above 700 mTorr are very rough with significant color variation across the
wafer. Gas phase nucleation happened in these cases. With high process pressure, some
nucleation happens before the gas molecules reach the wafer surface [4.14]. The clusters
formed in gas-phase nucleation coat the wafer surface later. Diffusion is limited on the
wafer surface for these clusters and the film on the wafer is porous and has poor
uniformity. The process pressures for DOE2 were chosen as 350 mTorr and 600 mTorr.
The six depositions of the 2™ DOE with BCl; flow rate and process pressure as
variables are listed in Table 4.2. A deposition temperature of 410°C and germanium
content of ~60% were chosen based on the results from DOEI. All depositions targeted
film thickness of 2 pm. Reducing the strain gradient is the main goal for this set of

experiments.

4.6.2 Results and interpretation

The results are also summarized in Table 4.2. Higher BCl; flow rate enhances the
deposition rate. Higher BCl; flow rate also reduces the gas depletion effects and improves
the cross wafer resistivity uniformity. Lower process pressure decreases the deposition
rate, but improves the cross wafer resistivity uniformity.

The strain gradient for the films deposited at 600 mTorr (DOE2-1, DOE2-2,
DOE2-3) is relatively low, which is consistent with the results from DOEI. Figure

4.14(a) plots the strain gradient against the resistivity for the 600 mTorr runs. For recipe
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DOE2-1 with 15 sccm of BCl; flow, the strain gradient decreases with resistivity and this
follows the trend from Figure 4.8(a). However, strain gradient becomes independent of
doping after resistivity < 1 mQ-cm. Recipe DOE2-2 gives the lowest strain gradient, but
there is a significant amount of variation.

Films deposited at 350 mTorr (DOE2-4, DOE2-5, DOE2-6) have relatively high
strain gradient. The relationship between strain gradient and resistivity is plotted in
Figure 4.14(b). For the 350 mTorr depositions, doping does not help reduce the strain
gradient as much as for the 600 mTorr depositions. Lower pressure gives lower

deposition rate; so crystallinity enhancement by boron doping is less significant.
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Figure 4.14 Strain gradient vs. resistivity for DOE2: a) 600 mTorr depositions (DOE2-1,

DOE2-2 and DOEZ2-3); b) 350 mTorr depositions (DOE2-4, DOE2-5 and DOE2-6)
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As discussed before, from the same run, there is film thickness variation across
the load due to the gas depletion effect with wafers closer to gas inlet having a thicker
film. Strain gradient vs. film thickness are plotted in Figure 4.15. For the 600 mTorr
depositions, strain gradient decreases with increasing film thickness, but the slope of the
trend becomes smaller after a certain thickness for recipes DOE2-2 and DOE2-3. As
discussed in the 1¥* DOE, films with strain gradient below 1x10™* pm™ have significant
variation across the wafer due to local variation in microstructure. For the 350 mTorr

depositions, strain gradient is almost independent of film thickness.
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Stress profile and TEM images for each recipe are shown in Figure 4.16. The 600
mTorr depositions have uniform stress profiles along the film thickness, whereas the 350
mTorr depositions have positive stress profiles, corresponding to large strain gradients.
Comparing the TEM images of DOE2-1, DOE2-2 and DOE2-3, there are no significant
differences in their microstructures. They all have ~200 nm amorphous layers at the
bottom. In each film, there are a few grains with very low defect density and others have
twinning defects. Recipe DOE2-2 has the lowest strain gradient in this set of experiment
and its microstructures have the lowest defect densities. Figure 4.15(a) shows that strain
gradient decreases with film thickness for the 600 mTorr depositions. The amorphous
portion of the film has higher compressive stress compared to the columnar portion and
this contributes to a positive strain gradient. Thicker films consist of a large columnar
portion; so the effect of the amorphous portion is reduced.

The film deposited at 350 mTorr (DOE2-5) has a much thinner amorphous region.
Also, the low pressure film has a conical texture with twinning defects in all grains. The
slope of the stress is roughly constant and the strain gradient does not have a strong
dependence on film thickness. In this case, the strain gradient is related to the variation in

grain size in the film.
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Test run DOE2-t4 has similar parameters as run DOE2-2, except for a shorter
deposition time. The TEM images from these two runs are put together for comparison in
Figure 4.17. Two samples from different boat locations are being studied for the initial
grain growth process from run DOE2-t4 with 60 minutes of deposition time. Figure
4.17(a) is a sample from a wafer closer to the gas outlet (slot #15) and Figure 4.17(b) is a
sample from a wafer closer to the gas inlet (slot #3). The wafer at the gas outlet has a
thinner film and there is still some amorphous region being exposed at the top surface.
The wafer closer to gas inlet has a thicker film and the top surface is completely
crystallized. The crystal seeds are spaced out about 100 nm apart. The crystals grow
vertically and expand laterally. Once the neighboring crystals meet, the amorphous
region is covered up. Figure 4.17(c) is a sample from DOE2-2 with 230 minutes of
deposition time. We can see that the thickness of the amorphous region for DOE2-t4 and
DOE2-2 is about the same. Longer deposition time or in-situ annealing at the deposition

temperature does not crystallize the amorphous region.
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100 nm 0.5 um

Figure 4.17 TEM images for recipe 410 °C, 600 mTorr, 140 sccm SiHy4, 60 sccm GeHy
and 35 scem BCls: a) film deposited for 60 minutes at wafer slot #15; b) film deposited

for 60 minutes at wafer slot #3; c¢) film deposited for 230 minutes at wafer slot #9

To further understand the formation of the film deposited by DOE2-2, a special
TEM sample was prepared by double-wedge technique for top view imaging at various
depths. The double-wedge TEM analysis is courtesy of Dr. Erdmann Spiecker of the
National Center for Electron Microscopy at Lawrence Berkeley National Laboratory.
Depth profile quantification is still being studied. Images in Figure 4.18 are taken at the
same magnification from the bottom to the top of the film. More pictures are taken at the
lower portion (the first 0.5 pm) of the film where the grain evolution occurs. These
images clearly show the grain growth process during the deposition. Near the sacrificial
oxide layer, the SiGe film has a transition zone from amorphous to polycrystalline. The
sparse crystalline seeds start among the amorphous region. As the deposition goes along,
the seeding density and crystal size increase. Eventually, the film becomes fully

crystalline and the grains reach their final lateral size once the film reaches 0.4 pm in

thickness.
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Figure 4.18 Top view TEM images for film deposited with recipe DOE2-2 at various

depths (Courtesy of Dr. Erdmann Spiecker)

4.6.3 Summary

The 2™ DOE confirms the low strain gradient result from the 1 DOE. The
optimal recipe for low strain gradient film is found to be: 410 °C, 600 mTorr, 140 sccm
SiH4, 60 sccm GeHs and 35 sccm BCls. The low strain gradient film consists of a thin
amorphous region at the oxide interface and columnar crystalline microstructure with
very few defects. The films consist of a single layer microstructure and low range strain
gradient < 1x10” pum™ is very sensitive to small variation in microstructure. The

thickness variation of the amorphous region results in large variation in strain gradient.
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Increasing the overall film thickness will increase the polycrystalline portion of the film
and the effect of the bottom amorphous layer will be minimized. Also, thicker films result
in beams that are stiffer for out-of-plane bending, which reduces the impact of the strain
gradient. Multilayer depositions with separate Si;Hs nucleation might create several
layers of microstructures. The randomness of microstructure could be averaged out,
resulting in better strain gradient uniformity. The thick film deposition and the layer stack

experiments will be discussed in the following sections.

4.7 Thick deposition

Using the optimal recipe from DOE2 with a longer deposition time, thicker films
are being studied. This experiment targets film thickness of 4 um, whereas all previous
experiments targeted film thickness of 2 um. The results of the thick deposition
(ThickDepo) are summarized in Table 4.2. Figure 4.19 shows a SEM image of a released
cantilever beam array. The strain gradient of this film is very small and the tip deflection
of the cantilever beam is hardly visible. The strain gradient vs. thickness for the thick
deposition is plotted together with results from DOE2 in Figure 4.20. As expected, the
strain gradient and its uniformity are improved as the film thickness increases. The strain
gradient reaches the range of 1x10” pm™. The variations across the load and across the

wafer are also significantly smaller.
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Figure 4.19 SEM image of released cantilever beam array for Recipe ThickDepo.
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Figure 4.20 Strain gradient vs. film thickness plot
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The stress profile and the cross sectional TEM image for the thick deposition are
shown in Figure 4.21. The stress profile through the film thickness is relatively uniform.
The film consists of a large portion of columnar microstructure and the defect density
within each grain is very low. This thick film has similar deposition condition as DOE2-
2, except for slightly higher BCl; flow rate and longer deposition time. Comparison of the
stress profile and the microstructure of this thick film with DOE2-2 shown in Figure
4.16(b) can be made. The thicker film has slightly lower (less compressive) stress,
especially for the stress in the lower portion of the film. Some of the stress might be
released due to in-situ annealing during the long deposition. In both cases, the thickness
of the amorphous region is similar, but the thicker film has taller columnar grains. Thus, a

larger portion of the thicker film consists of columnar crystalline structures.
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Figure 4.21 Stress profile and cross sectional TEM image for recipe ThickDepo
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4. 8 Multiple-layered film deposition

Fine-grained poly-Si films with low strain gradient have been demonstrated to be
sufficiently reproducible for high-volume production [4.4]. If the average grain size in a
poly-SiGe film is comparable to its thickness, there can be considerable variation in
mechanical properties from beam to beam, which is not acceptable for high-volume
manufacturing processes. The average grain size can be limited by depositing the film in
multiple steps to create a layered stack, to average out random variations in grain
microstructure and modify the stress-vs.-depth profile.

As a proof-of-concept experiment, Recipe LayerStack in Table 4.2 consists of
four 85-minute depositions of Recipe DOE2-5. To ensure grain growth interruption from
layer to layer, the vacuum was broken in-between the depositions by opening the furnace
door. The disadvantage of this approach is that the temperature has to re-stabilize and
temperature overshoot occurs during the stabilization. As a result, more processing time
is required and hence the thermal budget is larger. With a more sophisticated LPCVD
reactor, it should be possible to simply flow O, in-between depositions to avoid the need
to open the door, so that the furnace temperature can remain stable throughout the film
deposition process and therefore process throughput would not be affected significantly.

The stress distribution within the layered film and the cross sectional TEM image
are shown in Figure 4.22. The stress profile of the layered film also consists of four
regions, each very similar to the stress profile for the bottom quarter of the film shown in
Figure 4.16(e) for recipe DOE2-5. Every layer within the film is very similar to the
bottom quarter of the film shown in Figure 4.16(e). Overall, the stress distribution with

the multiple-layered film is more uniform as compared to a single-layered film, so that

127



the absolute value of the strain gradient is smaller. Due to unintentional heating during
temperature stabilization, the earlier deposited layers were annealed so that their
amorphous regions are partially crystallized, resulting in a downward curvature (negative
strain gradient) of the released cantilever beam. This fine-grained layered-stack film ends
up with a strain gradient of -1.2 x10™* pm™. Finer grains and more uniform stress
distribution can be achieved with more layers. To avoid having a negative strain gradient,

a fully crystallized film should be used because of its better thermal stability.
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Figure 4.22 Stress profile and cross sectional TEM image for Recipe LayerStack

4.9 Seeding layer experiments

Previous TEM images show that the SiGe film starts out amorphous at the oxide
interface for deposition temperature lower than 440 °C with Si;Hg seeding. For low strain
gradient film, the thickness variation of this amorphous region causes a uniformity
problem. This section discusses methods to minimize the amorphous region and its

effects on strain gradient.
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In the interest of lowering the thermal budget, a 410°C deposition temperature is
being studied here. All of the previous experiments show that films deposited at 410°C
have an amorphous starting layer, but eventually crystallize. In the earliest stage of film
formation, the nuclei are spaced far apart. Before they can diffuse on the surface to find
low energy crystal lattice sites, they are pinned to the substrate by subsequently absorbed
atoms (adatoms). Eventually, these adatoms form clusters serving as crystal seeds and
subsequently adatoms can attach to crystal seeds, resulting in their growth. To initialize
the crystallization earlier in the deposition, a lower deposition-rate seeding layer could be
used.

A quick test on this crystallization hypothesis was done with a low gas flow rate
and low pressure at 410°C (SiGeSeed-t1 listed in Table 4.2). In this recipe, low pressure
and low SiH4 and GeHy flow rates are used to reduce the deposition rate. BCl; flow rate
stays high to enhance crystallization. At low deposition rates, gas molecules have more
time to settle down at low energy crystal lattice sites on the wafer surface before the next
gas molecules are adsorbed. The cross sectional TEM image is shown in Figure 4.23.
Fully crystallized films are achieved at the oxide interface at 410°C with ~60%

germanium content.

129



Figure 4.23 Cross sectional TEM image for film deposited with recipe SiGeSeed-t1

The above recipe (SiGeSeed-tl) is used as the seeding layer for deposition
SiGeSeed-1 (listed in Table 4.2). After the thin crystallized seeding layer deposition, the
most optimal recipe from DOE2 was used for the main deposition. The vacuum was not
broken between the seeding layer and the main deposition. The process pressure and gas
flow rates are ramped up immediately in the process recipe. This recipe was intended to
grow a columnar microstructure without an amorphous region at the oxide interface.

The stress profile and cross sectional TEM image of recipe SiGeSeed-1 is shown
in Figure 4.24. The film is indeed fully crystallized, but the texture is conical rather than
columnar. The initial low pressure and low gas flow rates seeding recipe enhances
crystalline seeding due to the resultant low deposition rate and high boron concentration.
Fine crystal grains formed during the initial stage of film deposition compete for lateral
growth, resulting in a conical grain structure and high strain gradient. Since there is
variation in grain size through the film thickness, there is also variation in the stress

distribution. At the bottom of the film where the randomly oriented grains compete to
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grow, higher compressive stress is developed. This film has high strain gradient. During
the grain growth, grains oriented with the fastest growing plane survive and the film

consists of conical structures.
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Figure 4.24 Stress profile and cross sectional TEM image for recipe SiGeSeed-1

The above experiment shows that fine grain seeding results in conical
microstructures with high strain gradient. In order to achieve film with low strain gradient
and good uniformity, the amorphous region should be suppressed while keeping a
columnar texture. The 2™ DOE shows that films deposited at 350 mTorr have thinner and
more uniform amorphous regions, with sparse crystal seeding. The next seeding
experiment SiGeSeed-2 combines recipes DOE2-5 and DOE2-2. Recipe DOE2-5 was
used for the initial 20 minute seeding and recipe DOE2-2 was used for the main
deposition. The process pressure jumps from 350 mTorr to 600 mTorr after the seeding

layer without breaking vacuum. This recipe was designed to deposit a film with a very
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thin amorphous region and columnar crystal structures. The deposition time targeted 2
um film thickness.

The results of the SiGeSeed-2 deposition are listed in Table 4.2. The stress profile
and the cross sectional TEM image are shown in Figure 4.25. As expected, this film has
auniform stress distribution. The texture is columnar, with an initial amorphous region of

about 0.1 um in thickness. The defect density within each grain is low.
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Figure 4.25 Stress profile and cross sectional TEM image for recipe SiGeSeed-2

Columnar microstructure is a characteristic feature for films with low strain
gradient. The film deposited by recipe SiGeSeed-2 has a low strain gradient and the strain
gradient uniformity is significantly better than other film with similar thicknesses as
shown in Figure 4.26. Comparing the TEM images for SiGeSeed-2 with those of recipes
DOE2-1, DOE2-2 and DOE2-3 in Figure 4.16, the main difference is in the amorphous

region. Films deposited by recipe SiGeSeed-2 have thinner and more uniform amorphous
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regions. For the recipes in DOE2, the variations in amorphous region results in large

variations in strain gradient.

8.0x10™ T T T T T T T T T T T T T
A DOE2-1
i DOE2-2
6.0x10™ - 1 ¢ DOE2-3 -
L %§ O  ThickDepo
— 2 & SiGeSeed-2 ]
< 4L A ]
g 4.0x10 —g ¢
= B '
9 20x10" | & & _
e 3 & g
(V) 4 B oo Sl=
f= 0.0 |- & A &S @ S e a
o &
5 x
-2.0x10™ | = T i
-4.0x10™ C

15 2.0 2.5 3.0 3.5 4.0 4.5
Film thickness (um)

Figure 4.26 Strain gradient vs. film thickness for various recipes

4.10 Structure properties study

The previous sections provided a large amount of information on deposition
conditions, microstructures and the resulting strain gradient in the film. This section
reviews all the experiments and presents the correlation between the strain gradient and

film microstructure as well as the effects of film deposition conditions on film

microstructure [4.15].
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4.10.1 Strain gradient and film microstructure

Grains within boron-doped poly-SiGe films generally have vertical orientation,
with either conical or columnar shape. Films with low strain gradient are highlighted in
light yellow in Table 4.2. A few TEM images are presented again in Figure 4.27 and
Figure 4.28 for comparison. Films with a strain gradient larger than 4.5x10™ pm'l
generally have conical grain structure with many twins and other defects (Figure 4.27); in
contrast, films with positive strain gradient less than 1x10™ pm™ (Figure 4.28) generally

have columnar grain structures with few defects within a single grain.
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Figure 4.27 X-TEM images of as-deposited poly-SiGe films with strain gradient
>4.5x10* pm™, deposited with: a) Recipe Ramp-ref; b) Recipe DOE2-5; ¢) Recipe

SiGeSeed-1. (ref. Table 4.2.)
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Figure 4.28 X-TEM images of as-deposited poly-SiGe films with positive strain gradient
<1x10” pm™, deposited with: a) Recipe DOE2-2; b) Recipe Thick-depo; c¢) Recipe

SiGeSeed-2. (ref. Table 4.2)

The strain gradient, which can also be interpreted as the stress-vs.-depth
distribution, is strongly correlated with the film microstructure [4.16]. Films that have a
large strain gradient usually start out with fine grains during the initial stage of
deposition. As the deposition proceeds, these fine grains grow vertically and compete
with each other for lateral growth. Defects are formed during the competition, and the
surviving grains develop into conical structures. As a result, the compressive stress is
larger in the lower portion of the deposited film as compared to the upper portion, as
shown in Figure 4.29(a). This positive stress gradient causes the film to bend upward
upon release.

Films that have a low strain gradient start out as an amorphous layer with sparse
crystalline seeds. This structure results in large grain size because of the large spacing
between the seeds (>100 nm spacing), which reduces lateral grain growth competition

and hence results in fewer defects within the grains. To achieve the lowest strain gradient,
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the spacing between seeds should match the final lateral grain size, in the range of 100
nm to 200 nm. In such a case, the residual stress remains approximately uniform
throughout the film thickness, as shown in Figure 4.29(b). The thin amorphous layer at
the bottom of the film has slightly higher compressive stress than the crystalline upper
portion of the film, which results in a small positive strain gradient. The stress of the thin
amorphous region is difficult to measure accurately for the stress-vs.-depth profile due to
the cumulative effect of etching non-uniformity, which leads to a significant uncertainty

in the residual thickness as it is thinned down to the amorphous region.
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Figure 4.29 Stress-vs.-depth profiles: a) film with large strain gradient, shown in Figure

2.27(b); b) film with small strain gradient, shown in Figure 4.28(b)

To further understand grain growth competition, the grain orientations for all
samples shown in Figure 4.27 and 4.28 were analyzed with conventional XRD. The
measurement gives an average of crystal orientation of the entire film thickness. Data are

shown in Figure 4.30. Since the XRD equipment is not dedicated to thin film
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measurement, the silicon substrate gives a strong <400> signal at 69°. It should be noted

that the absence of dual peaks indicates that the SiGe alloy is homogeneous.
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Figure 4.30 XRD data for films shown in Figure 4.27 and Figure 4.28

The big picture is that samples with large stress gradient have strong <220>
orientation and samples with small stress gradient have less preference in grain
orientations. Since the oxide substrate is amorphous, grains should start with random
orientations. For the low strain gradient films without much grain growth competition,
the final grain orientation is also random. For high strain gradient films with grain growth
competition, orientation <220> is favored.

There is also a correlation between the pronounced <220> texture and grains with
high density twinning defects in the high strain gradient films. The <220> direction is the

only crystal direction which contain two {111} planes that are the twin-planes. In a
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<220>-oriented grain there are two different potential twin planes parallel to the growth
direction. This means that twins once formed stay in the grain: i.e. they extend in the

newly formed part of the grain during growth. Also multiple twinning can take place.

4.10.2 Film Microstructure and Deposition Conditions

The film microstructure is determined by its deposition conditions. The effects of
deposition temperature, deposition pressure, boron doping level, film thickness, seeding
layer, and multiple-layered deposition are summarized in this section.

Deposition Temperature. Comparing the films shown in Figure 4.27(a) (Recipe

Ramp-ref) and Figure 4.28(a) (Recipe DOE2-2), the only difference in processing
condition is the deposition temperature. A higher deposition temperature results in a
thinner amorphous region at the oxide interface and finer initial grains. Although the
volume of the highly compressive amorphous region is suppressed, grain-size evolution
during deposition is a more significant factor, resulting in a larger strain gradient.

Deposition Pressure. Deposition pressure is the only variable for the films shown

in Figure 4.27(b) (Recipe DOE2-5) and Figure 4.28(a) (Recipe DOE2-2). In both cases,
the films start out as an amorphous layer with sparse crystalline seeds. Since the
deposition rate decreases as the process pressure goes down, adatoms have a better
chance to form clusters and crystal seeds at low pressure. As a result, crystal seeds form
earlier. For a fixed deposition temperature, a lower deposition rate also results in more
lateral diffusion for the adatoms and hence more lateral grain growth. Thus, the grains are

more conical in shape; thus films deposited at lower pressure have larger strain gradient.
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Boron Doping Level. Experiments in DOE1 indicated that boron doping enhances

crystallinity for films deposited near to the amorphous-to-crystalline transition
temperature, i.e. if the initial amorphous region is minimal, the strain gradient can be
reduced by increasing the boron doping concentration. Higher doping levels are explored
in DOE2. Figure 4.31 shows the relationship between strain gradient and resistivity. X-
TEM images are also shown for selected cases. The thickness of the amorphous region at
the lower oxide interface remains approximately constant as the boron doping level
exceeds a certain threshold, beyond which the strain gradient in the film is determined by
other factors, such as grain size and defect density.

Film Thickness. The films shown in Figure 4.28(a) (Recipe DOE2-2) and Figure

4.28(b) (Recipe ThickDepo) have significantly different thicknesses. Since the boron
concentration is not a significant factor at high doping levels, deposition time is the main
difference between these two films. In both cases, the thickness of the amorphous region
is similar, but the thicker film has taller columnar grains. Thus, a larger portion of the

thicker film consists of columnar crystalline structures.
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Figure 4.31 Relationship between strain gradient and resistivity, and film microstructure

for films deposited near to the amorphous-to-polycrystalline transition temperature.

Seeding Layer. The films shown in Figure 4.27(c) (Recipe SiGeSeed-1), Figure

4.28(a) (Recipe DOE2-2) and Figure 4.28(c) (Recipe SiGeSeed-2) were deposited using
similar main deposition conditions but different seeding layers. It should be noted that
vacuum was not broken between the seeding and the main deposition steps, so that grain

growth was not interrupted.
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The low pressure and low gas flow rates used for SiGe seed-layer deposition in
Recipe SiGeSeed-1 enhance crystal seeding due to the resultant low deposition rate and
high boron concentration. Fine crystal grains formed during the initial stage of film
deposition compete for lateral growth, resulting in a conical grain structure and high
strain gradient as shown in Figure 4.27(c).

As discussed above, lower deposition pressure enhances initial crystal seeding as
well as lateral grain growth. Recipe SiGeSeed-2 combines a low pressure deposited SiGe
seed layer with a high pressure deposited main layer. The resulting film (Figure 4.28(c))
has a thinner amorphous layer (compared to the film shown in Figure 4.28(a) and
columnar grains.

Multiple-layered film deposition. Section 4.8 described the generation of fine-

grained poly-SiGe by multiple layer deposition. Grain growth can be interrupted by
breaking the vacuum between depositions. The grain size and the stress distribution can
be controlled by the number of deposition steps. Since the partially amorphous layer
generated by Recipe DOE2-5 was use for each of the depositions, the final film ended up
with a negative strain gradient due to in-situ annealing of the earlier deposited amorphous
regions. A fully crystallized film such as the one generated by recipe SiGeSeed-1 has
better thermal stability and therefore it should be used for each layer deposition to avoid

having a negative strain gradient for the multiple-layered film deposition.

4.10.3 Uniformity
Since a LPCVD system is a batch reactor, cross-wafer and cross-load uniformities

are important manufacturing considerations. The film thickness, resistivity, and average
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residual stress are fairly uniform for all of the deposition recipes studied in this work. The
strain gradient, however, is very sensitive to deposition process variations. Achieving low
strain gradient with good uniformity is a major challenge for high volume manufacturing
of poly-SiGe inertial sensors. Within the limitations of a horizontal LPCVD system in an
academic laboratory, we are able to study the sensitivity of strain gradient to deposition
process variations.

Figure 4.32 presents the stress-gradient variation data for all deposition runs
yielding films with absolute strain gradient < 1x10* um™. For each run, the strain
gradient data was collected from four wafers across the load, and five locations on each
wafer. For each location on a wafer, more than ten measurements of cantilever beam tip
deflection were used to determine the strain gradient. The variation represents the range
of these measurements for the same location.

At first glance, it would seem that larger variation is seen for negative strain
gradient as compared with positive strain gradient. However, this is due to limitations in
measurement accuracy rather than process uniformity issues, because there is not much
room for the cantilever beams to bend downward so that only the very short beams could
be measured. Also, tip deflection is difficult to measure for a curled-down beam.

Films with low strain gradient always have a thin amorphous region and large
columnar grains. The amorphous region contributes a small positive strain gradient due to
its higher compressive stress as compared to the crystalline region of the film. Although
the amorphous region is necessary to ensure proper crystal seeding to form columnar

grains, variations in the thickness of this region result in variations in strain gradient.
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Figure 4.32 Variation in strain gradient vs. the average strain gradient.

A simple approach to minimize the effect of the lower amorphous region is to
grow a thicker columnar crystalline layer. As shown in Figure 4.32, Recipe ThickDepo
yields the best results for strain gradient and uniformity, due to its large film thickness.
The average film thickness is 3.8 pm for Recipe ThickDepo whereas it is approximately
2 pum for the other recipes. Among the 2 pm deposition recipes, Recipe SiGeSeed-2
achieves the best strain gradient and uniformity. In this case, the additional low pressure
deposited SiGe seed layer makes the initial amorphous layer thinner and more uniform,
which significantly improves the uniformity of the strain gradient. Increasing the volume

ratio of the crystalline region to the amorphous region is the key for improving stress-
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gradient uniformity for single-layered columnar films. The combined use of the low
pressure SiGe seed layer and a long deposition time should further improve the results.
Recipe LayerStack, the multiple-layer deposition process, was intended to yield a
film with lower and more uniform strain gradient. Indeed, the strain gradient is improved
as compared to Recipe DOE2-5. Unfortunately, the negative curvature results in a large

measurement error, so that it is not possible to confirm that uniformity is improved.

4.11 Summary

The deposition of in-situ-boron-doped poly-SiGe films has been investigated with
the design-of-experiments technique. At a CMOS compatible deposition temperature of
410°C, films with low resistivity and low wet-etch rate in heated H>O, solution can be
achieved with a reasonable deposition rate. The films with 60% germanium content
generally have compressive residual stress so that careful design is required to prevent
buckling of released clamped-clamped beams.

Strain gradients in LPCVD poly-SiGe films have been studied extensively using
cantilever-beam tip deflection measurements, stress-vS.-depth profiling, and
microstructure analysis using cross-sectional TEM. Films with strain gradients meeting
the specification of 1x10° pm™ for inertial sensor applications always have a thin
initially deposited amorphous layer and thick columnar grains. The uniformity of strain
gradient across a wafer and across a wafer load can be improved with a thinner
amorphous region and thicker crystalline region. Alternately, uniformity can also be

improved with a multiple-layered deposition process.
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In our academic research laboratory, the as-deposited poly-SiGe films can achieve
strain gradient below 7x10” pm™ across a load of twenty-five 150mm-diameter wafers,
with less than 1.6x10” pm™ variation within a single wafer for certain slots within the
load and a best case of only 1.1x10° um™. This result is for ~3.8 pm-thick films
deposited at 410°C for 8 hours, which meets the thermal process budget constraint
imposed by CMOS electronics [4.17]. With tighter process control within a production

environment, the strain gradient and its uniformity can be further improved.
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Chapter 5: Post-Deposition Processing of Poly-SiGe Films

Various post-deposition processes have been studied to look into the effects of
post-processing on mechanical properties of poly-SiGe structural films and the
performance of the underlying CMOS electronics. The goal of post processing is to
improve the poly-SiGe film structural properties while keeping a low thermal budget for
the CMOS electronics. Annealing is widely used in poly-Si and poly-SiGe structural
films to lower the resistivity, stress, strain gradient and improve quality factor [5.1] —
[5.4]. The changes in structural properties of poly-SiGe have been studied with a large
variety of annealing methods, including furnace annealing, rapid thermal annealing, flash
lamp annealing and excimer laser annealing. This chapter also discusses ion implantation
as an alternative for modifying the mechanical properties of the poly-SiGe film without
increasing the thermal budget. Finally, the results of an investigation into the CMOS

thermal budget allowance will be presented.

5.1 Furnace annealing

As discussed in Chapter 4, LPCVD poly-SiGe films with low strain gradient
always have a thin amorphous region at the lower oxide interface. Post-deposition
annealing in a nitrogen ambient can be used to crystallize this amorphous region. An
atmospheric pressure furnace was used to anneal a few unpatterned wafers from
deposition ThickDepo (ref. Table 4.2). The nitrogen flow rate was set to 3000 sccm
during the annealing to prevent oxidation. Annealing temperature and time are the

variables in the recipe. In the annealing furnace, the temperature has to stabilize before
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loading the wafers. It takes about 5 minutes to reach temperature set point again after
loading. Once the annealing is done, the process temperature ramps down immediately
and the furnace door opens. A minimum annealing time of 30 minutes was used to
minimize the error in thermal budgets.

Various annealing times and temperatures were explored for this film, as listed in
Table 5.1. In all cases, the annealing temperature was higher than the deposition
temperature (410°C). We can see that there is no significant change in resistivity, but the
average residual stress is reduced and the strain gradient becomes more negative.
Annealing at 600°C is not compatible with advanced CMOS devices [5.5], but this high-
temperature annealing magnifies the result for this study. The strain gradient of the as-
deposited film is on the order of 1x10™ um™. Recipes FA-b and FA-c result in negative

curvature of the released cantilever beams.

TABLE 5.1 Summary of post-deposition furnace annealing (FA).

Recipe Temp. (°C) Time (min.)  Resistivity (mQ-cm)  Stress (MPa)  Strain Gradient (p.m'1 )
_ As-deposited ] NA ] NA 66 -0 47x10°
FA-a 430 30 0.6 147 2.7 %107
FA-b 430 180 0.6 -144 -1.52x 10"
FA-c 600 30 0.6 -115 -4.4 x 10

The stress profile and cross-sectional TEM analyses of the as-deposited and
annealed films are shown in Figure 5.1-4. Crystallization of the lower amorphous portion
can be clearly seen for the 600°C-annealed film (Figure 5.4) as compared to the as-
deposited film (Figure 5.1). In contrast, a change in the film microstructure is not readily
apparent for the 430°C-annealed films. In all cases, no apparent changes are observed for

the upper crystalline portion of the film.
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Comparing the stress profile in Figure 5.4 against the one in Figure 5.1, the stress
distribution within the upper crystalline portion remains the same, whereas the stress
within the lower portion changes dramatically from compressive to tensile after the
600°C annealing, resulting in the large negative shift in the strain gradient. This is
consistent with the cross-sectional TEM analyses of the film microstructure. The
amorphous region of the as-deposited film is not densely packed. Upon high-temperature
annealing, voids and defects are removed, resulting in tensile stress in this region. The
crystallization of the amorphous region makes the average stress less compressive and
changes the strain gradient towards the negative direction. The resistivity of the film does
not change significantly. The boron concentration in the film is about 1 x 10*' cm™.
Probably there is no additional dopant activated by the annealing. Also the amorphous
region in the as-deposited film is relatively thin compared to the film thickness and it
does not reduce the overall resistivity significantly after crystallization.

The stress distribution does not show a significant change after 30 minutes of
annealing at 430°C (FA-a) compared to the as-deposited film, consistent with the cross-
sectional TEM analyses of the film microstructure. The reduced variability in the stress
distribution as compared to that of the unannealed film can be attributed to differences in
measurement accuracy and position of the wafer within the furnace. Although not clearly
visible, a small part of amorphous region got crystallized by the low temperature

annealing, and this contributes to a small change in strain gradient. With longer annealing

time, the change is more significant.
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Figure 5.1 Stress profile and cross-sectional TEM image for the as-deposited film (film
deposited by Recipe ThickDepo)

T T T T T T
4.0 - FA-a (ThickDepo) - b
-
35¢f - 4
.
-
€ 30 - i
3 [
9 25+ - 4
] [ ]
£ 20t L _
L ]
E 15t - " i
E -
T Lot oo g
05f - ) ]
1 1 F.i{ 1 1

0.0
-300 -250 -200 -150 -100 -50 0
Local Stress (MPa)

W
/ 1

Figure 5.2 Stress profile and cross-sectional TEM image for FA-a (film deposited by
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Figure 5.4 Stress profile and cross-sectional TEM image for FA-c (film deposited by

Recipe ThickDepo)

Furnace annealing at elevated temperature (higher than the deposition

temperature) causes the amorphous layer to crystallize and thereby changes the strain
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gradient in the negative direction. Thus, caution is advised when post-processing poly-
SiGe films at temperatures higher than the deposition temperature for a long period of

time.

5.2 Rapid thermal annealing

The rapid thermal annealing (RTA) tool is a single wafer system using lamp
illumination for rapidly heating the wafer. The temperature of the wafer can be ramped
up in a few seconds. The process temperature of the RTA tool is controlled by a
thermocouple with a feedback system. With appropriate setting, the wafer temperature
can stabilize to the set point in a few seconds. A water cooling system is attached to the
process chamber so that the wafer temperature can be dropped down by hundreds of
degree Celsius in a few seconds after heating.

Wafers from Recipe ThickDepo (ref. Table 4.2) were also used for the RTA study.
The annealing temperatures were chosen to be 410°C, 430°C, 470°C, 510°C and 550°C.
The recipe was adjusted so that the temperature does not overshoot, but it takes 10
seconds to reach the set point. One minute of annealing time was used in each recipe.
Nitrogen flow was used during the annealing so that the film does not oxidize.

The results of the annealing are listed in Table 5.2 for comparison. There is no
significant change in resistivity, but the changes in stress and strain gradient are dramatic.
It is interesting that the results of all RTA runs are very similar to those of the furnace
annealing at 600°C for 30 minutes (listed in Table 5.2). The film was deposited at 410°C

for hours and annealing at 410°C for 1 minute should not change the properties of the
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film. This observation suggested that the temperature the film experienced during the

RTA section might be a lot higher than the set point.

TABLE 5.2 Summary of post-deposition rapid thermal annealing (RTA).

Recipe Temp. (°C) Time (min.)  Resistivity (mQ-cm)  Stress (MPa)  Strain Gradient (p.m'1 )
_ As-deposited ] NA ] NA 66 . -150 47x10°
RTA-a 410 1 0.6 112 4.6 %10
RTA-b 430 1 0.6 110 33 %10
RTA-c 470 1 0.5 118 3.5% 10"
RTA-d 510 1 0.5 102 3.6%10™
RTA-¢ 550 1 0.6 115 4.4 %10

Stress profile and TEM analysis for the as-deposited film, recipe RTA-b and
RTA-e are shown in Figure 5.1, Figure 5.5 and Figure 5.6, respectively. Both of the RTA
conditions fully crystallized the bottom amorphous regions of the films and the stress of
those regions become less compressive. The stress profile and the microstructures of the
RTAed films are very similar to those of the 600°C furnace annealed film (shown in
Figure 5.4). Comparing RTA and furnace annealing at 430°C, furnace annealing for
longer time does not create visible change in the amorphous region, as shown in Figures
5.2 and 5.3 in the previous section. This observation suggests that there is a temperature
discrepancy between the RTA chamber and the annealing furnace. The annealing furnace
has similar a temperature control as the poly-SiGe deposition furnace; therefore, the
annealing temperature and the deposition temperature should be consistent.

The results of this RTA experiments are not very helpful for understanding how a
reduced thermal budget would change the properties of the film, because of the
uncertainty in annealing temperatures. It is confirmed again that crystallization of the
initially amorphous region creates a dramatic change in the residual stress and this affects

the strain gradient of the entire film significantly.
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Figure 5.5 Stress profile and cross-sectional TEM image for RTA-b (film deposited by
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5.3 Flash lamp annealing

Flash lamp annealing (FLA) is an advanced rapid thermal annealing process that
allows the wafer to be held at process temperature for just a few milliseconds and then to
be cooled down rapidly. Flash lamp annealing has been investigated in the IC industry for
ultra-shallow junction formation [5.6] - [5.8]. The effect of flash lamp annealing on poly-
SiGe film was studied with the support of Mattson Technology, the manufacturer of the
FLA tool.

Flash lamp annealing of a few SiGe samples was done in a demo tool at Mattson
Technology. The temperature distribution across the substrate is close to a Gaussian
distribution over the sample area, but the sample holder makes the edge of the sample
slightly hotter. In this experiment, the samples were preheated to an intermediate
temperature of 220°C. A capacitor bank is discharged through the heating lamp to
achieve the additional temperature jump on the top side of the sample. The duration of
the annealing is on the order of 1 ms. The temperature jump could be measured by the
additional increase in backside temperature. The backside temperature can be measured
by a radiometer if it is above 760°C. The annealing temperatures for the poly-SiGe films
were chosen to be at 500°C, 600°C and 700°C. In this case, the temperature cannot be
measured by the radiometer, so is roughly predicted by the lamp power.

Poly-SiGe films from depositions DOE1-3 and DOE1-13 (ref. Table 4.2) were
used in this experiment. The two depositions recipes have different process temperature
but identical process pressure and gas flow rates. The results of the annealing are listed in
Tables 5.3a and 5.3b. The sample size for the demo tool is restricted to 12 mm by 12 mm.

After the annealing, the lithography, etch and release steps were done at die level. In this
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case, the average residual stress cannot be measured with the change in wafer curvature.
The strain gauge test structure defined by the mask did not survive after the release.
Therefore the average residual stress is not available for these annealed films. We can see
that for both DOE1-3 and DOE1-13 films, flash lamp annealing does not change the
resistivity significantly. Also, only the 700°C annealing changes the strain gradient

towards the negative direction.

TABLE 5.3a Summary of post-deposition flash lamp annealing (FLA) for deposition DOE1-3.

Recipe Temp. (°C)  Time (ms.) Resistivity (mQ-cm)  Stress (MPa)  Strain Gradient (p.m'1 )
__As-deposited ] NA NA 26 -168 58x10%

FLA-a 500 1 2.8 NA 5.9x 10"

FLA-b 600 1 2.3 NA 5.8 %10

FLA-c 700 1 2.3 NA 292 %107

TABLE 5.3b Summary of post-deposition flash lamp annealing (FLA) for deposition DOE1-13.

Recipe Temp. (°C)  Time (ms.) Resistivity (mQ-cm)  Stress (MPa)  Strain Gradient (p.m'1 )
__As-deposited ] NA NA 61 -100 38x10%

FLA-d 500 1 6.8 NA 3.8 %10

FLA-¢ 600 1 5.4 NA 3.2x10*

FLA-f 700 1 5.0 NA 5.8 x 107

The textures of the films before and after annealing are compared by TEM
analysis. For reference, the stress profiles and the TEM images for the as-deposited films
are shown in Figures 5.7 and 5.10. Both DOE1-3 and DOEI1-13 depositions result in
conical textures with amorphous starting layers and the compressive stress gradually
decreases along the film thickness. Since DOEI1-13 is a higher temperature deposition,
the amorphous region is thinner.

Comparing Figure 5.7 with Figure 5.8, we can see that flash lamp annealing at
600°C of the DOE1-3 film does not change the microstructure so that the strain gradient
of the film remains the same. Figure 5.9 shows the film after 700°C FLA and the bottom
amorphous region is completely crystallized. Similar to furnace annealing and RTA
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discussed in previous sections, this crystallization of the bottom amorphous layer changes
the local stress from compressive to tensile. A negative bending moment is generated at
the bottom of the film by the crystallization and the strain gradient changes towards the
negative direction. Figure 5.11 shows similar results with the DOE1-13 film annealed at
700°C. Since the as-deposited amorphous region for deposition DOE1-13 is thinner, the
negative bending moment generated by the crystallization is also smaller. As a result, the
change in strain gradient after the annealing is less significant compared to the DOE1-3
film.

It should be noted that the crystallized region at the bottom of the FLA-ed film
looks different from the furnace annealed film (Figure 5.4) or RTA-ed film (Figure 5.6).
The FLA results in fine grained polycrystalline structures that are distinguishable from
the as-deposited crystalline structures, whereas the furnace annealing or the RTA
“extends” the grain growth from the original crystalline structures. In all cases, the
surface roughness remains the same after the annealing. This indicates that the flash lamp
annealing does not involve melting or re-solidification.

The flash lamp annealing changes the stress and the strain gradient in a similar
fashion as the furnace annealing and the rapid thermal annealing, by crystallizing the
amorphous region at the bottom of the SiGe film. Since the duration of the heat pulse is
in the millisecond range, crystallization does not occur for temperatures below 700°C.
The effects of the flash lamp annealing on the underlying CMOS electronics will be

studied in a later section.
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Figure 5.7 Stress profile and cross-sectional TEM image for the as-deposited film (film
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Figure 5.8 Cross-sectional TEM image for FLA-b (film deposited by Recipe DOE1-3)
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Figure 5.9 Cross-sectional TEM image for FLA-c (film deposited by Recipe DOE1-3)

22 T T T T T T
““ [ As-deposited (DOE1-13)
20 - B

18} " i
16F ]
141 ]
120 ]
1.0
0.8
0.6
0.4 .
0.2

Film Thickness (um)
T T T
|

00 1 1 1 1
-250 -200 -150 -100  -50 0 50
Local Stress (MPa)

100 nirn
_

Figure 5.10 Stress profile and cross-sectional TEM image for the as-deposited film (film

deposited by Recipe DOE1-13)
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Figure 5.11 Cross-sectional TEM image for FLA-f (film deposited by Recipe DOE1-13)

5.4 Excimer laser annealing

The excimer lasers are commonly used in material processing research due to its
high energy density. They can be used as energy sources for surface annealing or material
ablation. Excimer laser annealing (ELA) of poly-SiGe had been previously studied by
other researchers [5.9] — [5.11] and the author [5.12]. Pulsed-laser annealing can be used
to tune the stress and the strain gradient of the poly-SiGe film. The laser energy locally
heats up the SiGe film, and therefore the thermal budget seen by the underlying CMOS is
not increased. This section briefly reviews the work done by the author for a Master’s
project [5.12].

Excimer is short for “excited dimmer”. The laser used in the experiments has KrF
as the gaseous lasing media, excited by means of electrical discharge. The diatomic
molecule KrF has very short lifetime and dissociates to release the energy through
ultraviolet photons at the wavelength of 248 nm. The laser excitation is pulsed with a

duration time of 38 ns. The laser beam output has a fluence range of 200 — 800 mJ/cm’.
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This fluence level allows the radiation to penetrate the top most portion of the poly-SiGe
film, down to a depth of ~0.3 um.

The laser energy melts the top region of the film, and the melted region re-
solidifies upon cooling. This melting and re-solidification process densifies the affected
region and results in tensile stress locally. Most of the single layer as-deposited poly-
SiGe films have compressive stress with a positive stress profile (positive strain gradient).
After the excimer laser annealing, the strain gradient of the film will be worsened by the
tensile stress on the top region of the film. However, if excimer laser annealing is applied
to a film with negative strain gradient, the strain gradient of the annealed film will change
in the positive direction toward zero.

The results of the excimer annealing study are summarized in Table 5.4. A bi-
layer deposition recipe was chosen to generate a film with negative strain gradient with
the stress tuning technique [5.13]. The bottom layer was deposited at higher temperature
with higher germanium content compared to the top layer. After the ELA, the resistivity
of the film remains the same, whereas the residual stress and the strain gradient change in
the positive direction. The texture of the as-deposited and ELA-ed films can be compared

with the cross-sectional TEM images shown in Figures 5.12 and 5.13.

TABLE 5.4 Summary of post-deposition excimer laser annealing (ELA).

Recipe Energy (mJ/cmz) Resistivity (mQ-cm) Stress (MPa) Strain Gradient (um‘1 )
_ As-deposited NA 4T -123x10%
ELA-a 200 1.4 7 -2.05 %107
ELA-b 400 1.4 40 5.90 x 10™
ELA-c 600 1.4 72 1.07 x 107

The melted depth is about 250 nm for 600 mJ/cm” fluence. The tensile stress of

this melted thin region is a few hundreds of MPa and creates a large positive bending

163



moment, therefore the strain gradient changes significantly after annealing. Since the
melting and re-solidification involves reflow, the surface roughness of the film decreases

after the annealing.

Figure 5.13 Cross-sectional TEM image for ELA-c

Excimer laser annealing has the lowest thermal budget of all the annealing
method discussed above, because the heating is limited to the top region of the poly-SiGe
film and the underlying CMOS won’t be affected. However, the mechanical properties of
the poly-SiGe film are very sensitive to the laser energy and achieving low strain gradient

with good uniformity is very difficult.
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5.5 Argon implantation

Ion implantation and machining have each been used to modify the stress in thin
films [5.14], [5.15]. Argon implantation is a low-cost and high-throughput process that is
readily available in the IC industry. Therefore, the effect of argon implantation (AI) on
the strain gradient was studied in this work, for different doses and acceleration energies.
Multiple-layered poly-SiGe films deposited by Recipe LayerStack (ref. Table 4.2) were

used in this study. The results are summarized in Table 5.5.

TABLE 5.5 Summary of post-deposition argon implantation (Al) for deposition LayerStack.
Recipe Energy (keV) Dose (cm™) Resistivity (mQ-cm)  Stress (MPa)  Strain Gradient (p,m'1 )

_As-deposited __ NA_ NA 3l 229 -L17x10T
Al-a 30 1x10" 4.7 -201 -4.97 x 107
Al-b 65 1x 10" 5.9 -198 1.25 x 107
Al-c 100 1x 10" 5.7 -189 1.32 x 10
Al-d 100 1 x 10" 3.4 207 -1.97 x 107
Al-e 100 1 x 10" 3.1 -203 -1.44 x 10
AL-f 180 1 x10' 1.9 -162 6.25 x 10™

As an extreme case, Figures 5.14 and 5.15 show the stress profiles and cross-
sectional-TEM for the as-deposited film and a film implanted with 1x10'® cm™ Ar" at
180 keV. The implantation amorphizes the top portion (~ 0.3 pm) via damage to the
crystalline structure, and thereby relieves the compressive stress within this portion of the
film. The implant also causes a small drift of the stress in the position direction in the
middle region of the film compared to Figure 5b. Though not apparent from the X-TEM
image, some argon ions penetrate the film beyond the amorphized region, which may
possibly account for the small amount of stress relaxation in the middle region of the film.
Overall, the stress profile after argon implantation has a positive slope (increasing from
the bottom of the film to the top of the film) and results in a strain gradient of 6.25x10™

um’', whereas the as-deposited film has a strain gradient of -1.2x10™ pm™.
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Figure 5.14 Stress profile and cross-sectional TEM image for the as-deposited film (film
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The amorphization thickness and the stress distribution within the film can be
modified with the implant dose and acceleration energy. Thus the strain gradient can be
tuned by ion implantation. Figure 5.16 shows the relationship between the strain gradient
and the argon implantation conditions. X-TEM images are inserted next to most of the
data points, and clearly show the upper amorphized region created by the implantation.
For a given dose, higher acceleration energy results in thicker amorphized region.
Amorphization does not occur for dose < 1x10" ecm™ at 100 keV. The lowest strain

gradient is achieved with 1x10" cm™ dose and 65 keV acceleration energy.
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Figure 5.16 Correlation of strain gradient with post-deposition argon implantation

conditions.
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It should be noted that the implanted film remains electrically conductive
(resistivity < 10 mQ-cm) even though the upper portion is amorphous. However, the
resistivity is lower for the case with maximum dose and energy and this is not well-
understood. No increase in wet-etch rate in heated H,O; solution is seen for the implanted
film.

Among all the post-processing methods discussed above, ion implantation is the
lowest thermal budget method. It also has the advantage being a standard low-cost and
high throughput process in IC manufacturing and has well controlled process uniformity

and repeatability.

5.6 CMOS thermal budget limitations

Integration of SiGe MEMS on CMOS had been demonstrated before. Franke et
al. first demonstrated SiGe MEMS resonators on 3 um gate-length CMOS circuitry made
in the UC Berkeley Microfabrication Laboratory [5.3]. Witvrouw et al. demonstrated a
SiGe MEMS gyroscope over 0.35 um foundry CMOS circuitry [5.16]. Takeuchi et al.
studied the thermal budget limits of 0.25 um foundry CMOS circuitry by rapid thermal
annealing and furnace annealing [5.5]. In this work, 0.13 pm and 0.25 pm foundry
CMOS are studied with the thermal budget generated by the actual MEMS film

depositions.

5.6.1 Processing of the MEMS layers
Since there were a limited amount of 0.13 um and 0.25 pm foundry CMOS chips

provided by collaborators, the CMOS thermal budget test were done at the die level. As
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shown in Figure 5.17, a thin layer of pure germanium was first deposited as the
passivation for the sacrificial release. Then 2 pm of oxide was deposited as the sacrificial
layer. Lastly, 2 um of SiGe structure layer was deposited. The thermal history the CMOS
chips experience for the depositions includes:

Ge deposition — 3 hr 30 min. at 350°C

Oxide deposition — 4 hr 30 min. at 400°C

SiGe deposition — 5 hr 45 min. at 410°C
There is temperature fluctuation of + 20°C during stabilization for each deposition. The
CMOS chips were split into three groups. Some had no further thermal processing, some
were flashed lamp annealed at 700°C for 1 ms and some were rapid thermal annealed at

430 °C for 1 minute.

Ge

> Foundry
CMOS

J

Figure 5.17 Schematic of MEMS layers processing on foundry CMOS
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In order to do electrical measurement of CMOS after the MEMS processing, the
MEMS films need to be stripped off to re-expose the metal bond pads for probing. The
SiGe film was stripped off using a reactive ion etch at 60°C. The oxide sacrificial layer
was removed in HF solution (50 ml 49% HF + 200 ml DI water) at room temperature for
10 minutes. The germanium layer was removed in 30% H,O, solution at 80°C for 5

minutes.

5.6.2 Metal contact damage

During the film removal steps, metal contact damage is observed. Figure 5.18
shows the conditions of the metal contact along the film removal steps. Since pre-
measurement was done on the CMOS electronics, there are probe marks left on the metal
contacts. The residue around the bond pads become visible after the removal of the SiGe
film. By the end of the film removal processes, the residual is clearer and there is almost

no metal left on the contact.
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Figure 5.18 CMOS metal contacts: a) after all depositions; b) after SiGe film removal; ¢)

after oxide film removal; d) after Ge film removal

The chips with no further thermal processing after the depositions and the ones
with furnace annealing or flash-lamp annealing have similar metal contact damage. The
chips that went through the rapid thermal annealing have more damage, as shown in
Figure 5.19. Film delamination happened right after the RTA step. The MEMS layers and
the CMOS passivation peeled off and the metal contacts were exposed. The metal

contacts were completely damaged during the film removal processes.
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Figure 5.19 CMOS metal contacts: a) after all depositions and rapid thermal annealed at

430°C; b) after SiGe film removal; ¢) after oxide film removal; d) after Ge film removal

In order to understand the origin of the metal contact damage, etch experiments
were done on CMOS chips with no film deposited on them. Figure 5.20(a) shows that the
peroxide etch does not attach the metal layer. Figure 5.20(b) shows that the HF etch
attaches the metal, but does not create the residual damage around the bond pads as seen
before. Therefore the bond pad damage shown in Figures 5.18 and 5.19 is not caused by

HF attack through the germanium passivation.
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Figure 5.20 CMOS metal contacts: a) without depositions and etched in 30% H,O;
solution at 80°C for 5 minutes; b) without depositions and etched in HF solution (50 ml

49% HF + 200 ml DI water) at room temperature for 10 minutes

The damage of the metal contact is likely due to Al and Ge reaction. The eutectic
point of Al-Ge is at 420°C [5.17]. During temperature stabilization for the LTO and SiGe
depositions, the temperature can easily exceed 420°C. Aluminum diffuses into the
germanium layer. After the film removal, the Al-Ge residue becomes visible around the
metal contact. A thin layer of TiN should be used between aluminum and the germanium
layers. TiN is being used as diffusion barrier for Si and Al, also SiGe and Al. In addition,

TiN can be removed using H,O; solution [5.18].

5.6.3 Film delamination after RTA

Figure 5.19(a) shows that the film delaminates after the 430 °C RTA. However,
no delamination is observed with furnace annealing or flash lamp annealing. Previous
experiments show that RTA has a more dramatic effect on mechanical properties

compared to long furnace annealing at the same temperature. It is believed that the actual
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RTA temperature is higher than specified. The poor adhesion is likely due to the change

in stress after the RTA.

As described in Figure 5.17, Ge, SiO; and SiGe layers are deposited on foundry

CMOS chips sequentially. The stress of individual film after each thermal process is

summarized in Table 5.6. For these measurements, thermal budget of the sequential

depositions is generated by furnace annealing at comparable temperature and duration.

The germanium layer has the most significant stress change since the sequential

depositions and annealing step are at higher temperatures compared to its deposition

temperature.

TABLE 5.6 Stress of individual thin film after each thermal process step

Thin Film  Stress after Ge dep. Stress after oxide dep.  Stress after SiGe dep. Stress after RTA
Ge -220 MPa NA -144 MPa 5 MPa
SiO, NA -46 MPa -30 MPa -31 MPa
SiGe NA NA -215 MPa -137 MPa

RTA experiments were also done with different thin film stacks to check their

adhesion. The results are listed in Table 5.7. The single or double-layer films show no

delamination after the RTA, whereas the SiGe, SiO; and Ge tri-layer stack delaminates

on either silicon substrate or CMOS chips due to the larger mismatch in stress.

TABLE 5.7 Adhesion of various thin film stacks after RTA at 430 °C for 1 minute

Film stack Delamination
Ge on Si substrate No
SiO, on Si substrate No
Ge and SiO; on Si substrate No
SiGe and SiO; on Si substrate No
SiGe, SiO, and Ge on Si substrate Yes
SiGe, SiO, and Ge on CMOS chips Yes
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5.6.4 Electrical measurements

Electrical measurements on the same device were made before and after the
process and compared. Transistors, Kelvin test structures for via resistance and metal
resistance were measured for the 0.13 um technology. Previous results show that the an
increase in via resistance limits the thermal budget for 0.25 pm CMOS technology [5.5].
In this study, none of the 0.25 um via structures were measurable before the processing.
Only the transistor was tested for the 0.25 um technology. The CMOS test results are
summarized in Table 5.8. Due to the metal contact damage, post-process measurement is
affected by the contact resistance significantly, especially for the 2-terminal devices.

Isolating the failure caused by the thermal process metal contact damage is difficult.
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Table 5.8 CMOS test summary

Process Technology | Chip ID Device | Survive? | Failure analysis
NMOS | Yes
MOSI PMOS | Yes
MOS2 NMOS | Yes/No Large gate leakage
PMOS | No Punch through
vial Yes
via2 Yes
via3 Yes
Kell via4 No Damaged metal line
vias Yes
viab No Damaged metal line
via7 No Damaged metal line
vial Yes
via2 Yes
via3 No Damaged metal line
Kel2 via4 No Damaged metal line
via$ No Damaged metal line
0.13 um viab No Damaged metal line
Depositions via7 No Damaged metal line
ml Yes
FLA @ 700 °C m2 Yes
for 1 ms m3 Yes
m4 Yes
Film removals Metl m5 No Bad contact
mb6 Yes
m7 Yes
m8 Yes
ml No Bad contact
m2 No Bad contact
m3 No Bad contact
mé No Bad contact
Met2 mS No Bad contact
m6 No Bad contact
m7 No Bad contact
m8 No Bad contact
Diel NMOS | Yes
PMOS Yes
. NMOS | Yes
0.25 pm Die2 PMOS Yes
. NMOS | No
Die3 PMOS | Yes
NMOS | No No gate control
MOS3 PMOS | Yes
vial Yes
via2 Yes
via3 No Damaged metal line
Kel3 viad Yes
. vias No Damaged metal line
Depositions viab No Damaged metal line
o 0.13 um via7 No Damaged metal line
g{? r;@lirélBO ¢ ml No Bad contact
m2 No Bad contact
Film removals m3 No Bad contact
Met3 mé No Bad contact
m5 No Bad contact
mé6 No Bad contact
m7 No Bad contact
m8 No Bad contact
. NMOS | No
0.25 pm Die4 PMOS No
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NMOS | Yes

MOS4 PMOS Yes
vial Yes
via2 Yes
via3 Yes
Kel4 viad Yes
via5 No Damaged metal line
viab No Damaged metal line
Depositions 0.13 pm via7 No Damaged metal line
ml Yes
Film removals m2 Yes
m3 Yes
m4 Yes
Metd m5 No Bad contact
mo6 No Bad contact
m7 No Bad contact
m8 No Bad contact
. NMOS | Yes
0.25 pm Die5 PMOS Yes

In summary, the group of samples that did not go through additional annealing
has the best survival rate. Most of the devices could not survive rapid thermal annealing.
Film delamination after the RTA exposes the devices to the HF solution during the
sacrificial oxide removal. Also, the actual temperature of the RTA tool is believed to be
higher than the set point as discussed in section 5.2. The performance of the flash lamp
annealing group falls in-between that of the unannealed devices and the RTA-ed devices.

The performance of the surviving 0.13 um technology transistors is plotted in
Figure 5.21. The threshold voltage, on-current, off-current, sub-threshold swing and
transconductance of the NMOS devices increase after the process. The threshold voltage
of the PMOS devices becomes more negative and the on-current, off-current and sub-
threshold swing decrease. The change in transconductance is inconsistent. The NMOS
performance does not degrade as much as the PMOS. For the PMOS, the I, change is
smaller compared to the change in Vi, but the I, change is consistent with the change in

V. The degradation in PMOS performance is a bigger concern.
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The performance of the Kelvin via and metal electromigration structures for 0.13
um technology are plotted in Figure 5.22 and Figure 5.23. Resistance increases for all
devices after processing. Most of the dead devices have visible broken metal lines due to
the film removal process. There are also many devices not measurable due to contact

damage.
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Figure 5.21 0.13 um technology transistor performance before and after post-processing.
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Figure 5.22 0.13 um technology Kelvin via resistance before and after post-processing.
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Figure 5.23 0.13 um technology metal electromigration test structure resistance before

and after post-processing

The performance of the 0.25 um technology transistors are plotted in Figure 5.24.
The threshold voltage of the NMOS moves in the negative direction. The threshold
voltage of PMOS moves in the positive direction. The relative change is less than 3%.
The on-current change doesn’t show the same trend for all annealing conditions. The off-

current increases after annealing, which is consistent with the threshold voltage shift.
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Figure 5.24 0.25 um technology transistor performance before and after post-processing.
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5.7 Summary

A variety of post-deposition processes are discussed in this chapter. Annealing the
poly-SiGe film at elevated temperature can crystallize the bottom amorphous region. The
top polycrystalline region can be melted and re-crystallized with an excimer laser. High
dose and high energy argon ion implantation can be used to amorphize the top crystalline
region. All of these post-processes can alter the film mechanical properties. With the
appropriate combination of deposition and post-processing, the desired film properties
can be achieved. However, the as-deposited film can also have the desired mechanical
properties, as described in Chapter 4. Post-deposition processing of poly-SiGe is not
recommended for tuning the mechanical properties, because of additional sources of
variability. Also, caution is advised for back-end processes such as anti-stiction coating
and encapsulation at elevated temperature.

The CMOS thermal budget limit study with the film depositions and removals
was inconclusive. Without a Ti/TiN barrier layer, inter-diffusion between the aluminum
and the germanium passivation layer damages most of the electrical contacts. Thus, the
cause of the apparent degradation in device performance cannot be definitively attributed
to the thermal post-processing. Another experiment conducted with equivalent thermal
budget furnace annealing is needed to eliminate apparent degradation due to metal
contact damage. A full process with film depositions and removals can then be repeated

with the Ti/TiN barrier layer deposited first.
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Chapter 6: Conclusion

6.1 Contributions of this work

The development of LPCVD poly-SiGe for MEMS applications started in UC
Berkeley about a decade ago. A few generations of researchers have contributed to the
fundamental understanding of the technology. As the technology has matured, interest for
commercialization has grown. Most of the work done in this thesis is driven by industrial
interests.

Reducing the thermal budget is an important consideration for post-CMOS
integration. However, meeting both specifications for thermal budget and materials
properties is challenging, especially for the strict strain gradient requirement for inertial
sensor applications. There have been some efforts to improve strain gradient with post-
deposition annealing. It is found that the post-deposition annealing adds extra variables to
the process in addition to the extra thermal budget in most cases. Developing as-
deposited films with the desired materials properties is preferred. Since temperature has
an exponential effect on thermal budget, reducing the deposition temperature is an on-
going effort for poly-SiGe development. Table 6.1 summarizes the materials
development of as-deposited LPCVD poly-SiGe films to date. The latest results of
PECVD film are also listed for comparison. Stress balancing with multiple-layer
depositions was used by Bhave [6.2], Lin [6.3] and Mehta [6.4] for strain gradient
optimization. Comparing the results for LPCVD films, a recipe with the lowest thermal
budget and the lowest strain gradient is developed in this thesis work. Comparing the best

recipes for the LPCVD and the PECVD systems, the mechanical properties of the films
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are comparable. Although the deposition rate of the best LPCVD recipe is an order of
magnitude lower than that of the best PECVD recipe, a lower deposition temperature of
410°C was used in the LPCVD recipe. Microcrystalline SiGe deposited at 400°C or
lower is under development using the PECVD system, but the desired materials
properties have not been achieved yet [6.4]. Excimer laser annealing of PECVD SiGe
deposited at 210°C is another low thermal budget approach for controlling mechanical
properties [6.5]. Excimer laser annealing does not increase the thermal budget of the
underlying CMOS since the thermal treatment is localized to the topmost MEMS layer.
However, the excimer laser annealing step adds extra variables to the process. Also,

compromise has to be made between electrical conductivity and strain gradient.

TABLE 6.1 Summary of materials development of poly-SiGe (as-deposited films)

Method Leading Date Temp. Time Thn. Ge cont. Res. Stress  Best strain
researcher (°C) (min) (pm) (%) (mQ-cm) (MPa) gradient (p.m'l)
LPCVD Franke [6.1] 2000 450 180 3.1 67 1.8 10 1.9 x 107
LPCVD Bhave [6.2] 2002 425 3 68/65/62 1.8 x 10
LPCVD Lin[6.3] 2003 425 3.9 69/65 0.55 -36 1.1x10°
LPCVD Low 2006 410 480 3.5 60 0.65 -157 1.1x10°
PECVD Mehta[6.4] 2005 450 40 4 65/56 1.0 20 3.5x10°

For the interest of high volume manufacturing, this thesis work furthers the
understanding of the sensitivity of materials properties to process variations and improves
the process stability with new process gases and hardware modifications. Having a stable
and efficient dopant gas significantly reduces the maintenance effort and improves the
process repeatability. In-situ control of the SiH, to GeH, gas flow ratio is also an
important aspect of process monitoring.

In the interest of minimizing the strain gradient for inertial sensor applications,

extensive materials analysis was performed to understand the correlations among the
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deposition condition, the microstructure, and the mechanical properties. Boron-doped
poly-SiGe films generally have vertically oriented grains, either conical or columnar in
shape. Films with small strain gradient usually have columnar grain structure with low
defect density. The uniformity of films deposited in a batch LPCVD reactor can be
improved by increasing the deposited film thickness, using a proper seeding layer, and/or

depositing the film in multiple layers.

6.2 Recommendations for future work

As the poly-SiGe MEMS technology is being transferred to industry, a more
robust process is required for high volume manufacturing. Better equipment and tighter
process control are necessary to generate high yield. Developing in-line measurement
methods for film thickness and germanium content will be important for statistical
process control.

For fundamental research, it would be interesting to study the process with the
newly developed single-source silicon and germanium precursors SiGe,Hg and SiGeHe.
These precursors have the potential of providing higher deposition rate and producing
uniform germanium content film across a large batch.

While a deposition process that gives as-deposited low strain gradient film has
been developed with large columnar microstructures, long term repeatability has not been
proven. Fine-grained poly-Si films have been demonstrated with reproducibly low strain
gradients. The grain size of poly-Si is control by in-situ PHz or O, doping [6.6].
Therefore, additional work can be done to investigate the feasibility of depositing fine-

grained poly-SiGe films with average grain size approximately an order of magnitude
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smaller than the film thickness, to achieve uniformly low strain gradient. Boron-doped
poly-SiGe films always have conical or columnar microstructures. Phosphorus-doped
poly-SiGe films can have fine-grained microstructures, but the deposition rate is retarded
[6.1]. Carbon doping might provide another option to generate fine-grained
microstructures. Carbon is commonly used in epi-SiGe for bandgap engineering and
strain compensation, where SiH3;CHj3 is the carbon precursor used in the CVD system.
Carbon might be able to serve as an impurity to break up the grain formation and result in

fine-grained microstructures.
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Appendix A: SAM Coating of Poly-SiGe for Stiction Reduction

The large surface-to-volume ratio of MEMS devices makes them vulnerable to
adhesion upon contact. The interfacial forces between surfaces include capillary, van der
Waals, and electrostatic attractions. Capillary force causes stiction of the structure to the
substrate during the sacrificial layer wet etch — so-called “release stiction”; van der Waals
and electrostatic attraction cause surfaces permanently to adhere to each other during
device operation — “in-use stiction”. Overcoming these interfacial forces is essential for

the successful fabrication and operation of MEMS devices.

A.1 SAM overview

Various techniques have been investigated to achieve low adhesion energy [A.1].
Surface modification using hydrophobic self-assembled monolayers (SAM) is one of the
most successful strategies, as it addresses both release and in-use stictions. SAM coatings
are conformal with dense and stable structures. In addition, the ability to tailor both the
head and the tail groups of the constituent molecules gives a large variety of feasible
coating materials.

Self-assembled monolayers (SAM) are molecular assemblies that are formed
spontaneously by the immersion of the appropriate substrate into a solution of an active
surfactant in an organic solvent. The molecule consists of three main parts. The first part
is the head group, which chemisorbs at all of the surface sites, resulting in a close-packed
monolayer. The second part is the alkyl chain, where van der Waals interactions between

chains contribute further to the ordering of the monolayer. The third part is the terminal
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group. For anti-stiction purposes, a methyl terminal group makes the surface
hydrophobic.

Poly-Si has been a conventional MEMS material for more than a decade and
various SAM coatings for poly-Si have been investigated [A.2 — A.6]. Poly-SiGe is a
promising material for the modular integration of MEMS and CMOS, due to its low
process thermal budget and its good electrical and mechanical properties [A.7]. Poly-
SiGe MEMS processing shares many similarities with poly-Si processing; stiction is
unfortunately also a problem with poly-SiGe. In this work, the feasibility of SAM coating
on poly-SiGe is studied. OTS and 1-octadecene SAM were applied to poly-Si, poly-SiGe
and poly-Ge surfaces for comparison. Effectiveness of the coating was measured by the
water contact angle. N, ambient annealing was applied to SAM coated films for thermal

stability study.

A.2 Experimental details

Poly-Si, poly-SiGe and poly-Ge films used in this SAM study were deposited in
conventional LPCVD reactors. The poly-SiGe film has approximately 68% germanium
content. All films have surface roughness less than 3 nm rms so that topography does not
affect the coating and the contact angle measurement significantly.

Alkyltrichlorosilane-based monolayer OTS [CH3(CH,),7SiCl;] and alkene-based
monolayer 1-octdecene [CH3(CH;);sCH=CH;] were studied in this experiment. Both
precursor molecules contain a straight 18-carbon chain and a hydrophobic CHj tail group.
Both molecules bind to the substrate only at one end, but with different mechanisms. The

chlorosilane molecules of the OTS react with water to form silanols, which then condense
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to form siloxane polymers with the elimination of water [A.2]. The alkene-based SAM
abandons the chlorosilane chemistry and adopts a free radical reaction of a primary
alkene [1-octadecene, CH3(CH,);sCH=CH;] to bind the precursor molecule to a hydrogen
terminated silicon surface with a Si-C bond [A.4].

The coating procedure of OTS and 1-octadecene are listed in Tables A.1 and A.2.
A hexadecane and carbon tetrachloride mixture with 6:4 volume ratio was used as the
OTS solvent. The OTS concentration was approximately 1mM. The 1-octadecene
solution was prepared with 10% volume of 1-octadecene with 90% volume of
hexadecane as the solvent. All chemicals used in the SAM coating process were standard
solvent grade except hexadecane and chloroform were anhydrous (Aldrich Chemical

Co.).

TABLE A.1 OTS coating procedure

Purpose Procedure Duration
Acetone rinse 5 min.
IPA rinse 5 min.
Cleaning DI wafer rinse 5 min.
UVO light* 5 min.
HF etch 5 min.
Oxidation UVO light* 5 min.
. IPA rinse 5 min.
SAM coating OTS mixture 60 min.
Cleaning IPA rinse ‘ 5 m@n.
DI water rinse 5 min.

* Poly-SiGe and poly-Ge films did not get the UVO light treatment since their oxides form readily in air.

TABLE A.2 1-octadecene coating procedure

Purpose Procedure Duration
Acetone rinse 5 min.
Cleaning IPA rinse S min.
DI wafer rinse 5 min.
H termination HF rinse and dry 5 min.
. IPA rinse 5 min.
SAM coating 1-octadecene mixture @ 180°C with N, purge 30 min.
Petroleum ether rinse 5 min.
Cleaning IPA rinse 5 min.
DI water rinse 5 min.
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The thermal stability of the coatings in N, ambient was tested using a rapid
thermal annealing system. Temperature was ramped up to the set point from room
temperature in 30 sec, the set temperature stayed constant for 5 minutes and then slowly
cooled down to room temperature in about an hour.

The effectiveness of the SAM coatings and thermal stability were evaluated with
static water contact angle measurement. Data were taken with DI water (resistivity > 18

MQ) according to the sessile droplet method. Droplet size was approximately 4 pl.

A.3 Results and discussion
A.3.1 Film characterization

Water contact angle data given in Figure A.1 and Table A.3 confirms that well-
packed monolayers are formed on all poly-Si, poly-SiGe and poly-Ge surfaces. Data for
uncoated samples are also listed for reference. Samples exposed to ambient humidity for
5 days show similar water contact angles, which indicates the SAM coatings do not

degrade in ambient at room temperature.
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Si—no coating SiGe — no coating Ge —no coating

SiGe — 1-Octadecene Ge — 1-Octadecene

Figure A.1 Images of water droplet on various surfaces

TABLE A.3 Water contact angle data for poly-Si, poly-SiGe and poly-Ge surfaces

Coating Poly-Si Poly-SiGe Poly-Ge
None 71.3° 60.5° 54.7°
OTS 116.4° 114.3° 112.3°
1-octadecene 108.8° 100.9° 93.5°

The contact angle data indicate that all surfaces become hydrophobic after the

SAM coating. However, having large water contact angle is not sufficient to show that

the head group of SAM is chemically bonded to the substrate.

The data show that the contact angle decreases with germanium content for both
SAM coatings. In the case of OTS on oxidized poly-Si, absorption takes place through
the hydrolysis of the Si-Cl bonds to form Si-OH groups; the OH groups interact with OH
groups on the oxidized surface, forming Si-O-Si bonds to the substrate through
condensation reaction. Si-O-Si bonds are also form between adjacent head groups,
creating a cross-linked network at the surface [A.2]. If a similar reaction happens on

oxidized poly-SiGe or poly-Ge surfaces with the formation of Si-O-Si and/or Ge-O-Ge

196



bonding networks, the larger cell dimension of germanium would reduce the packing
density of OTS molecules, resulting in smaller water contact angles.

For the case of 1-octadecene on poly-Si, the SAM molecule bonds directly to the
hydrogen terminated silicon [A.4]. By analogy with this reaction, one would expect that
hydrogen terminated germanium surfaces would be required for the bonding to form at
the substrate. It is well known that germanium surfaces are less stable compared to Si
surfaces and that a native germanium oxide layer forms readily in air [A.8]. It has been
observed that an HF dip makes poly-Si hydrophobic, whereas poly-SiGe and poly-Ge
remain hydrophilic. Therefore, it is unclear that if 1-octadecene are chemically bonded to
germanium. It has been reported that 1-octadecene could coat substrates other than
hydrogen terminated silicon without chemical bonding and still result in large water

contact angles [A.4].

A.3.2 Thermal stability

Thermal stability of the SAM coatings has been investigated in N, ambient since
most MEMS packaging processes contain steps at elevated temperatures. The resulting
water contact angle data of the films after heating are summarized in Figure A.2 and
Figure A.3. We found that OTS coating survives to higher temperatures, consistent with

results reported on poly-Si surface [A.2, A.4, A.9, and A.10].
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Figure A.2 Water contact angle measurements on OTS SAM-coated Si, SiGe and Ge to

assess thermal stability in N, ambient.
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Figure A.3 Water contact angle measurements on 1-octadadecene SAM-coated Si, SiGe

and Ge to assess thermal stability in N, ambient.
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There are three possibilities for the OTS decomposition mechanism: cleavage of
the Si-O or Ge-O head group bond, cleavage of the Si-C bond, and cleavage of the C-C
bond. Thermal stability of OTS coating on oxidized silicon surface has been well-studied
with high resolution electron energy loss (HREEL) spectrum [A.9]. HREEL spectrum
shows that the siloxane head groups remain on the surface until about 827°C. Si-C modes
are hard to detect due to the presence of the Si-O-Si symmetric stretch. If Si-C bond
cleavage were occurring to a significant extent, the entire chain would be desorbed
completely. Gradually decrease in water contact angle upon heating suggests that the
decomposition of OTS coated Si surface begin with the cleavage of C-C bonds at 467°C.
As a result of the C-C bond cleavage, a shorter alkyl radical is left on the surface and
reactions with molecular hydrogen in the ambient yield CH3 group at the tail. Although
the chain length has been significantly reduced, the monolayer is still reasonably well-
ordered at a temperature slightly higher than the C-C bond cleavage point.

If OTS coatings on poly-SiGe or poly-Ge are analogous, we would expect them to
have similar thermal stability as poly-Si. However, the data show that thermal stability
decreases with increased germanium content. Since germanium oxide is known to be
unstable at elevated temperature [A.8], the Ge-O bond cleavage might happen before the
C-C bond cleavage.

The desorption mechanism of 1-octadecene monolayer on silicon surface is very
different from OTS [A.10]. HREEL spectrum shows the presence of Si-H groups
following annealing to 377 °C. This suggests the desorption of the alkyl monolayers
occurs through p-hydride elimination. At higher temperatures, the entire chain

decomposed with SiC vibrational modes evident.
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From Figure A.3, we can see the SAM coating on poly-SiGe follows the trend of
poly-Si, but break down starts at a lower temperature. On the other hand, poly-Ge breaks
down at a significantly lower temperature compared to poly-Si. As discussed before, the
germanium oxide could not be eliminated before the 1-octadecene coating. The head
group of the SAM might not be able to bond to the germanium surface with the Ge-C
bond. Upon heating, the SAM molecules become disordered due to the lack of chemical
bonding at the head group. For the case of coating on poly-SiGe, there should exist some
Si-C bonds. However, the packing density of the monolayer should be lower compared to
that of poly-Si surface, which results in smaller water contact angle and worse thermal

stability.

A.4 Summary

Water contact angle measurement shows that self-assembled monolayer coatings
on unpatterned poly-SiGe surfaces have hydrophobic properties and reasonable thermal
stability. The existence of germanium oxide at the surface degrades the packing density
and thermal stability of the SAM coating. Comparing OTS and 1-octadecene coatings,
OTS monolayer gives higher water contact angle and better thermal stability on poly-
SiGe surface. Due to the existence of germanium oxide at the poly-SiGe surface,
alkyltrichlorosilane-based monolayer is believed to be a better coating material for poly-
SiGe than alkene-based monolayer.

Further experiments should be done with cantilever beam array to characterize the

release and in-use stiction of the SAM-coated poly-SiGe surfaces. HREEL spectroscopy
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should also be used to further study the correlation between the germanium content and

the desorption mechanism.
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Appendix B: Stress Stability of LPCVD Poly-SiGe and SiO; Films

Reliability specifications typically require MEMS structural layers to have long-
term material stability. In past research, results from the analysis of wafer curvature over
time appeared to indicate that poly-SiGe films experience a stress drift in humid
environments [B.1]. This observation created a major challenge to the plausibility of
poly-SiGe MEMS technology. In order to understand the stress-drift phenomenon, multi-
layer thin film stress is modeled [B.2] with the same methodology used to derive the
Stoney Equation [B.3]. Results show that the residual stress of poly-SiGe films is, in fact,
stable in ambient conditions. The apparent residual stress drift of the poly-SiGe films
reported in Ref. [B.1] was caused by the unstable low temperature LPCVD oxide on the

backside of the wafers.

B.1 Experimental details

The average residual stresses of various thin films were determined with wafer
curvature measurements before and after thin film deposition using a Tencor FLX-2320.
Long term average residual stress monitoring was done with various layer stacks as
shown in Figure B.1. Poly-Si, poly-SiGe, and poly-Ge, as well as various oxides, were
deposited and removed from single crystal silicon (SCS) wafers under different
conditions as summarized in Table B.1. Initial wafer curvature measurements were taken
from the bare Si wafer for the single layer stacks (Figure B.la & Figure B.1b), and from
the oxidized wafer before poly-Si, poly-SiGe or poly-Ge deposition for the bi-layer

stacks (Figure B.1c).
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1 Poly-Si, poly-SiGe or poly-Ge

[] Various Oxides

Si Substrate

Si Substrate

Si Substrate

a) Poly-Si, SiGe or Ge on silicon

b) Oxide on silicon

Figure B.1 Layer stacks for stress monitoring

TABLE B.1 Deposition and removal conditions of the various thin films

¢) Poly-Si, SiGe or Ge on oxide

Film

Deposition method

Removal method

Poly-Si (0.6 um)

Poly-SiGe (0.2 — 1 um)
Poly-Ge (0.4 pm)

Dry thermal oxide (1200 A)
Wet thermal oxide (1600 A)
LPCVD oxide (2 pm)
PECVD oxide (0.5 pm)

LPCVD @ 620°C

LPCVD @ 400 —450°C
LPCVD @ 350°C

Thermally growth @ 1050°C
Thermally growth @ 1050°C
LPCVD @ 450°C

LPCVD @ 390°C

RIE @ 60°C

RIE @ 60°C

RIE @ 60°C

HF solution @ 21°C

HF solution @ 21°C

HF solution @ 21°C

NA (single side deposition)

B.2 Results and discussions

Wafers used in Ref. [B.1] to monitor the stress stability had a poly-SiGe film
deposited on top of a 2 um LPCVD oxide, as shown in Figure B.1c. This layer stack is
commonly used in MEMS: the thick oxide serves as a sacrificial layer and the poly-SiGe
serves as the structural layer. For comparison purposes, the results reported in Ref. [B.1]
have been reproduced in this work, as plotted in Figure B.2. The measured stresses of
poly-SiGe and poly-Ge on LPCVD oxide become more tensile over time, but all poly-Si,
poly-SiGe and poly-Ge films on thermal oxide or SCS are stable. These results indicate a
problem with the LPCVD oxide. It should also be noted that poly-Si films on LPCVD
oxide are more stable than poly-SiGe and poly-Ge films on the same oxide. This is

because, during the poly-Si deposition, the LPCVD oxide is annealed at 620 °C.
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Figure B.2 Stress stability of poly-Si, SiGe and Ge on various substrates.

Further experimentation was done with the poly-SiGe on LPCVD oxide wafers
(Figure B.3). If the backside poly-SiGe films of two similar wafers are removed at
different times, the drift profiles and absolute stresses of the wafers are nearly identical,
with an offset in the x-axis. When the backside poly-SiGe and LPCVD oxide films are
both removed, the stresses of the topside poly-SiGe and LPCVD oxide films become
stable. This suggests that the stress drift reported in Ref. [B.1] is due solely to the

instability of the LPCVD oxide film exposed to the ambient on the backside of the wafer.
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Figure B.3 Stress stability of poly-SiGe on LPCVD oxide

Low-temperature (450°C) LPCVD oxide films are known to be porous and of
poor quality [B.4]. In this investigation, different experiments were done with LPCVD
oxide wafers to characterize its stability (Figure B.4). The residual stress of the as-
deposited LPCVD oxide wafer becomes more compressive over time. The “drift” rate
slows over time. The backside oxide removal date does not affect the measurement.
Putting the LPCVD oxide films in a desiccated environment slows down the stress drift.
Annealing the films at 615°C for five hours results in a tensile film that becomes more
compressive more slowly than unannealed films. The above facts suggest that the
absorption of ambient water into the LPCVD oxide films is the major cause of the
observed stress drift. As water is absorbed, the films become more compressive. The
615°C N, annealing appears to densify the oxide and decreases the diffusion constant. It
is also shown in Figure B.4 that if a wafer is annealed 136 days after deposition in N, at

425°C for an hour, the resultant stress was approximately that of a fresh oxide film. The
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stress drift of this 425 °C annealed wafer is faster than a monitor wafer with the backside
also etched on day 136. Since the 425°C anneal is lower than the deposition temperature
of 450°C, it is unlikely that the anneal rearranges or densifies the oxide molecules; rather,
the anneal most likely drives out the absorbed water. Ultimately, the stress drift of the
425°C annealed wafer is faster than that of the control wafer on day 136 due to a larger

moisture gradient.
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Figure B.4 Stress stability of LPCVD oxide

Returning to the data for poly-SiGe on LPCVD oxide wafers in Figure B.3, as the
backside oxide films became more compressive, the poly-SiGe film appeared to become
more tensile. Data in Figure B.3 also indicates that poly-SiGe is an effective barrier to
moisture. The backside LPCVD oxide did not drift until it was exposed to the ambient
after the poly-SiGe layer was removed. Finally, the stress of the frontside LPCVD oxide

did not drift under the poly-SiGe cap.
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Figure B.5 shows the stress stability of different oxide films. The stress of the
450°C LPCVD oxide becomes more compressive while the stresses of the 1050°C dry
and wet thermal oxides are nearly stable. The stresses of TEOS-based PECVD oxides
deposited at 390°C also become more compressive, but at a much higher rate than the
LPCVD oxide films. Also, the TEOS-based PECVD oxide films begin to saturate within
30 days of being exposed to the ambient. Their remarkably high stress drift rate is
expected since TEOS-based oxides are generally more porous [B.5] and the diffusion
constant of water is much higher. In contrast, silane-based PECVD oxide films were

found to have better stress stability in humid environments (data not presented here).
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Figure B.5 Stress stability of various oxides

B.3 Modeling thin film stress

We can now turn to the stress analysis of n thin films on the frontside and m thin
films on the backside of a single-crystal substrate wafer. In this case, the thin films

experience nearly ideal biaxial stress, or plane stress. Moreover, the residual stresses in
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the films are uniform over the wafer, not varying with direction or position. We shall
assume that the thin films are linear, isotropic materials. This is reasonable for
amorphous and poly-crystalline materials. The single-crystal substrate, on the other hand,
is anisotropic. However, proper choice of the Young’s modulus will minimize the error
introduced by this assumption [B.6].

To proceed, we assume that there exists a neutral axis in the substrate whose
position is unaffected by the existence of the films. Further, it is assumed that the
deflections are small and the shear forces are negligible. Finally, we shall assume the
residual stress in the thin films is small compared to the substrate stiffness, allowing us to
neglect the contraction/extension of the wafer caused by the thin films. The material and
geometric constants of the substrate and thin films are listed in Table B.2. Figure B.6

illustrates the setup for two frontside and two backside films.

TABLE B.2 Material and geometric constants

Substrate Film f1 Film fn Film bl Film bm
Young’s Modulus Es Eq Etn Epy Epm
Thickness H hfl v hfn hbl e hbm
Residual Stress 6,=0 oy O O Obm

a)
z
% :
| % On
Z 1
1 Substrat c@ ! e
ubstrate
—— Substrate s
Ob1 o
Oh2

Figure B.6 Cross-sectional views of a substrate with thin films on both sides for n =2

and m = 2: a) before release; b) after release.
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For uniform, constant biaxial stress, the constitutive relation relating stress, o, to
strain, &, is:

Uz—E e=FE's (B.1)
l-v

where E’ and o are the biaxial elastic modulus and Poisson’s ratio of the material,
respectively. Conceptually, we imagine the wafer clamped so that, despite the thin film
residual stresses, there is no deflection of the wafer or stress-relaxation of the thin-films.
This is the “Before Release” state. Next, we imagine the wafer released from its clamps
and deforming to an equilibrium state: the “After Release” state.

The system is in static equilibrium after release. Therefore, the net moment per
unit length of the system after release, My, must equal the net moment before release,

Mp,. Before release, the moments are due only to the thin films:

n %H:(i) m 7H2 n m
My, =" I ozdz - J'abjzdz F@i)=> hg, B(j)=D_h,
=R =T -H 8 () =) i=1

H n m
M, ~ 7[zaﬁhﬁ ~Yo, hm} (82)
i=1 j=1

After release, the substrate develops a balancing moment via pure bending, Mgy:

% '% 22 ' 3
M, = [o/zdz= | Es'ﬁdz=—sH

-H/ -Hy 12R

2

(B.3)

where R is the radius of curvature of the wafer. Recall that, for static equilibrium after

release, we require My = Myp,. Hence, equating (B.2) and (B.3):

1 Esl n m
_(_jHZ =Zafihfi _Zo-bjhbj (B.4)
6\ R izt =
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The Tencor FLX-2320 measures the change in the radius of curvature of a
substrate caused by the stress of a thin film. The stress of the thin film is calculated with a

simplified version of Eq. (B.4):

1(5;} H2 (B5)

O measured — =0y
6\ R hf

which is appropriate for single layer thin films as shown in Fig. la & b.

For the bi-layer stacks shown in Fig. 1c, Eq. (4) can be simplified to:

o

1 (Es vj H? e to hox(f) o hox(b) (B.6)
d=7 =056 (f) = " Ooxb)
measure 6 R hSIGe 1Ge (0):4 hSIGe [0)¢ hSIGe

If the stresses of the frontside oxide and the backside oxides are cancelled out, Eq. (B.6)
would be equivalent to Eq. (B.5) and the measured stress would be the true SiGe film
stress. However, the backside oxide absorbs moisture and becomes more compressive;
whereas the stress of the frontside oxide is constant under the SiGe cap. Therefore, the
measured stress is not the true stress of SiGe film once the backside oxide starts to absorb
moisture. An apparent stress drift of the SiGe film is observed and qualitative agreement

with the oxide stress change is found.

B.4 Summary

The average residual stresses of poly-Si, poly-SiGe, poly-Ge, and thermal oxide
are stable in ambient conditions. Poly-SiGe remains a promising material for modular
MEMS integration. LPCVD and TEOS-based PECVD oxides absorb moisture and
become more compressive in a humid environment. Due to their high deposition rates,

LPCVD and PECVD oxides are often used as MEMS sacrificial layers. However, the
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stress drift in sacrificial materials is not anticipated to affect the mechanical properties of

the MEMS structure layers since they are eventually removed.
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Appendix C: Tystar20 Logbook

The process logbook was created to monitor the LPCVD reactor (Tystar20) and
sustain the process. This logbook is a more comprehensive summary of the reactor than
the Microlab wand system record, as it includes the process conditions, fault reports, and
maintenance comments. Users are required to enter pre-deposition standby conditions,
deposition recipe, and process comments in the Wand system. Standby information
including temperature, process pressure (PRCPR), N2dope flow rate, and injector
pressure, are recorded at the standby mode to track the injector condition. Deposition
information includes temperature, pressure, gas flow rates, and deposition time. Users
can also enter observations in the comment log. When there is a problem with the reactor,
users enter a fault report in the Wand system and equipment staff will diagnose the
problem and enter a maintenance comment. Failure analysis, design improvement and
new process qualification have been studied based on the historical information of the
reactor recorded in the logbook.

It should be noted that process conditions entered by users are sometimes
incomplete and contradictory. Some of the process conditions can be retrieved in the
furnace condition recording computer inside the Microlab. However, the computer does
not have a record of the injector pressure, and the injector condition has to be monitored

manually.
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4.4 450 100 60 60 600
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0.2 300 425 0 0
gh the irjector when the scresn locked up.
3~ 410 425 100 20
NIk 35 375 0 ]

0
60
60

60
a0
a0

60, 650m

a0
60
20
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19 100 i 447 425 0 60 20 900 |Shestresistance 1.6 Ohmieq
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=

=
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Abort. Ge tank emply

Excellent film
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Evvent out of standby, muclsation, 400C, 300mT, Si2Hé

120 30 0 60 00 300 g, 5 min expect 2un fllw, film Iooke beantiful

mucleation, 400C, 300mT, Si3HG 200, 10 min, expect

924 112 804 140 25 100 60 a0 400 2 ura film, filrn Iooks be autiful
mucleation, 400C, 300mT, Si2H4 200, 10 min, film
93 111 204 609 425 100 60 a0 400 [looks abit cloudy. This ran has vary diffarent Ge
comtent with the previous.

Tesied GeHAMFC. 0-200: 25 scom = 58 mT, 50 scom = 90 mT, 100 scem = 140 | T. 0-50; 25 sccn = 61 mT, 50 scem = 94 mT.

Sindand S5iGe process is down doe 0 phoaphorns ont-diffosion by the doped poly process. Dope poly process should be shut off.

get rid off poly-5i meipe

Now mjecior
S tandard MEWS exchange recipe for momitoring the
fwnace. Eight wafere were placed at the two ends
(ekipping the firet elot) of both 4" boate. Reeietivity iz

435 T4 114 897 |433438 90 450 100 a0 2 600  |prettymoch unifbrm. 20% vanation across wafer. 5%

rariation actoss metal boat to the load side of the non-

metal boat. The pump side of'the non-metalboat has
significanthy low B, half of other wafers

‘Thare i a - 3% diecropancyhetween the 0-50 and 0-200 ecom Germans MBC at 50 ecem. A freely calibrated 0-200 scem IWFC has been mocwrred and will bae inetalled 1o fix this
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|recipe dborted due to GeH4Hi leak
‘The mcipe ewitch for delivery of dopent gaeee to the gas ring and injector ie not working. Dopant can only be delivered to the injector. Jimm hae traced the failire to one of the
memmatic valves that ewitch gae delivery.
Cheanged Ge HAHT MFC. Flowed GeH4 inio 1o and i IMFCs. e HALO 25gccm=61 miborr, 50sccm=94 mtorr, Ge HAHI 2 5sccm=61 miorx, 50scem=00mioxr, 100scem=144miorr.
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mucleation, 400C, 300mT, 5i2HS6 200, 10 min, expect

| 112 g8 | 426 280 125 100 60 60 400
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Chenged quartzsmre (not broken, ennbled 213 hr, 66 hr of depo), new tube new centilever she aths and gas ring . Reinsialled rear pipmg, TC, heat baffles and boats. Lowrest bas
preasme 3 22 mT. Rake of rise is 35 mTimin.

Bags preeseam i at 11 mT and e of riee at 15 mTinin cold. Have tumed on the fiving circnite.

Pump is making noiee . It kagbeon checked out and filled with Di water and oil. Base preseure and rate of viee are good. Tyetar20 neede dummy wafere and a coating mn.
Performing dommiss mainienance.

Mlaintenance: Coating yn has hean completed . Caldb ration has been completed at 400, 450, 500 C.
422 a0 350 0 60 200 300 |nukeation, 400C, 300mT, 5i2HA 200, 5 min
The 2 wafers placed on the load side of the load boat 1
350 799 107 208 465 60 425 100 &0 60 400  |durraying were a Littls clondy and there was a dark

spot (unclouded on the lower gquadrant closest o Toe

4171 60 25 100 60 71] 400  |aukeation, 400C, 300mT, Si2HE 200, 5 min
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Regace borken boat cover.
GoH4 fank change .

330 6.17 110 bt

390 6.64 111 04

350 628 112 0a

448 7.06 112 0a
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The injecior wae clearsd out shout a week

350 65 0 204

film 1ooked yeal bad, parte fot he wafar are sersy dull,
0.16 60 a5 100 0 a0 400 onby the cener looks shirny, perhaps reac fon wras really
4.8 20 45 100 &0 &0 600
120 350 a a0 130 300  [dlawer
0 415 100 60 60 600
514 0 415 100 60 60 600
120 350 a ] 120 300 |trilawer
516 0 415 100 60 60 600
Mucleation 400C, 300mT, Si2HE 100, 20 min. The
003 60 a5 100 0 & 300 centerboat cover has a ~1" long piece broken off.
365 330 400 100 60 50 B00  |nuceation, 400C, 300 mT, Si2HE 200, 5 min.
mucleation, 400C, 300 mT, Si2HG 200, 5 min. Thae is
374391 440 400 100 60 X £00 a ring at the bottom of wafere cloeer to the parmp.
undoped Site with N2Dope flow if' 60 through the
552 30 45 100 ] a0 400 injecior.
nucleation, 450 C, 300 mT, SiZH6 200, 1 min. Didn't
003 2n 40 0 0 0 300 realize there is 1o input for Si2HS i depo. Ended up
Bilaver deposition. Nulceation, 400C, 300mT, Si2H6
397401 10 400 100 60 X 800 200, 5 min. Three wafers are at the centerboat. The
one at the Ioad end iz fine. The ones in the middle and
403.408 150 400 100 1) 45 200 |atthe pompend have rings at the botinm again. Injector
flow issie.

be logged manuallyat the end of your runs. The umge will be defermined fiom flow sersors antonatically.

was not eble o run the wrocess.

ago, and there appear to be problere already. Perhape tha injector ¢ e aning/replac sment procees ie not working properly.

002 120 350 o 0 120 300 mucleation, 350 C, 300 mT, 5i2H4 100, 10 mins. Film
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mucleation, 330 C, 300 mT, 5i2Hé 100, 10 mina, Film

36 12 350 0 60 180 300 P \
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- o o 180 300 [rucleation 400 C, 300 mT, Si2bl6 300, 5 mires. Film is
’ nice and oniform.

245 o0 @5 100 60 @ oo [pecleation 425C, 400 mT, Si2H6 100, 10 rains. Film
’ is nice and aniforr.

475 48 @05 100 60 65 400 o

43 2 25 100 60 8 gop | o Smacky ifo. Bilayer run.

003 30 315 0 0 180 300 [Continve depo. Mo rueleation. Filns looks fine.

variable flow mie input for N2Dope: UDSIGEA.020

347 667 111 &o

445 6.69 111 wo

330 6.46 112 20

330 172 112 o0.2
Replace injector doe to the ring at the botiom of the wafar.
Replace GeH4 tank
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ebkim
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073072003

013052003
107202003
1032003
bob 104652003

Timmpgme 10452003
suy 10972003

ey 10872003

suy 10952003
meyomm  10/9/2003

10/1042003
1011342003
101472003

suy
Wehily
suy

101472003
10/16/2003

10/16/2003

goddal
Wehry

abkim

30 752 112 1] 30 450 100 a0 58 a00
445 126 111 203 120 425 100 a0 1] 400
34546 774 112 0o 60 375 180 300
330 772 111 8]y 428 60 350 0 60 120 300
The mechawical pamp iz making noige. Changs out the pump. Test the new ponp with standbry recipe without prdblem.
Quabified pamp.
350 774 123 ot | 4.8 120 400 g0 60 0 400
flow st for the new rmec harical purmp
atslandhy mecipe, step: WAIT, temp=350C
marmal mode: FREGEHS = ON
Gate 196 = ON (althongh ac tnal status is OFF)
Gate 197 = ON (althongh ac tnel status is OFF)
all other gases off
NITAC N2DOPE FRCFR
0 90 13
500 90 464
1000 90 751
N2YAC NIDOPE FRCFR
0 0o 9
500 0 409
1000 0 71
N2¥AC N2DOFE GEH4 PRCPR (didw'tcheck gate valve 196, 197)
0 0 LO25 6l
0 0 LOSO ™
0 0 HI25 58
0 0 HI5S0 90
330 798 123 .t 491 120 425 110 60 50 400
4354 20 350 0 60 120 300
350 207 123 g0 4095 120 425 125 60 35 400
SiHA tank changed
330 B 122 6 515 120 425 105 60 55 400
30 315 198 1] 181 294
Injecior measnre 8§ 3. New injector
350 643 122 0 240 425 400

nitor ran. LTO wafere aw clondy. Didn'tuse a
ucleation siep
an 5iGELOla

ukeation, 350C, 300pT, Si2HE 100, 20 min

ucleation 300 mTom, 100 5i2H6, 400C, 20 min
tandby indd not available. Hucleation 330C, 15 min,
00 mTozr, 100 Si2Hé

Inu]ceuﬁnn 375C. 5 min, 300 mTorr, 90 5i2HA

ompleted MX R1739 - approx. 4 um doped SiCe dep.
orapleted mdoped 5iGs multilayer nm - recipe
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ebkim

whhw

1002272003
1002272003

10/x2/2003

1042372003
102872003
117352003

11 842003

11372003
11772008
11772008
117252003
1110/2003
111372003
111452003
111452003
111452003
11152003
111552003
111542003
112002003
1172002003
112172003
112172003
127252003
120262003
125252003

125312003

122/2003
12852008

121952003

1292003

350 6384
350
330 6.83
5i2H6 tank changed
330 6.71
Repiaced boat cover.
o tank changed .
330 1
330 119
350 136
330 161
3462 17
356 126
4545 350
330 72
350 185
330 1714
330 174

300 (™
123

122

122
122

122

121

122
122
123

120
121
112

118

o

wa

o
90

o

09

90.1
g0
0.2
20

90

584
384

417

551

408

425

438

313
317
387
392
0.003

159
205
2036
236

0.1

0.1
6.22

245
365

146

7.8

70
12

Q0

60

70

120

425
350

400

3534

5

400

110

100

100
100

100
100

100
100

100
125
120
120
110
100
100
100
120
{ SL2HE)
115

150
{5i2H8E)
149
{ Si2Hd)

60

60

oo

60

60
60
60

187

200

131

S82 3ER 08

SBB

& o BHUEEEUB

-

(=T
[=]

=]

425
300

200

300
400

600

400

400

400
400
300
400
400
300
400
400
400
400
400
400
400
400

300

400
300

300

300

Use UDSIZEA recipe. 60 secm of M2dops flow
throngh irjector

no standby info

Mo standby mfh. Nuclsation 400C, SiH4 200, 300 T,
10 min

registivity of C3 i nice and wnifbrm. 3.8 ohmfeg
rosistivitof C8 is not mifbem. bp 8.2 ohoiig, bottom
235 ohmieq

registivity of C13 & womse. fop 1.1 ohineg, bottom 6.23

0 bomy/'scy
nucleation 400 C, 10 min, 300 raTorr, 100 Si2HS
UDSIGEA. Center 4" boat correr broken.

nucleation 400C, 20 min, 600 mTory, 100 Si2H6.

Center boat ¢cover was missing, borzowsd foam
tostar]D.

tril e

Mucleation 425C, 5i3H6 100, 400 mT, 15 min.
Nucleation 425C, 5i2Hé 100, 400 mT, 15 min.

no standbry info
no standby mfo

[Mucleation £25C. S5i2H6 100, 400 T, 15 min

o slandby info
o etandby info
Mucleation 425C, Si3H4 100, 400 mT, 15 min.
no standbry info
Nucleation 425C, Si2H4 100, 400 mT, 15 min.
(MNucleation 225C, 5i2H6 100, 400 mT, 15 min
MNucleation 225C, 5i2H6 100, 300 mT, 10 min
Mucleation 425C, Si3HA 100, 300 mT, 10 min
Mucleation 425C, Si3HA 100, 300 mT, 10 min

arorphone 51

Mucleation £25C, 5i2H4 100, 400 mT, 10 min.
no standby info

amorphons 51

amorphone 51
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121152003 350 87
1201152003

12122003

121122003

1213/2003) 330 2468
1211342003

1215/2003) 350 12
12117/2003| Mew injecior

1218/2003) 350 629
120972003 3534 633
121972003

1202002003 350 65

12122120073\ GoH4 tank change.
12032003 3492 664
1202372003
120172003 3% 67
1202772003
1202772003

120602003 330 T3

12300200 3| Check GeH4 flow manually. OK.

12602003 346 70

1203002003
r1r2004 | 3465 753
Lr1r2004

L4200 | 3494 115

L4004

118

122

120

112
112

118

118

117

118

2

118

113

90.2

m3

g0

07

90

w7

06

ge

529
329

339
218
565

3.sth
381

373

390405
4.10-4.16
4
422429
433-438

0.43

45454

4.54-459
48486
48492

4.71-4.9

477491

140

120
140
120

130

130

450

425
450
415

125

400

115
110
100
115
0
0
100

100
100
100
110

100
100
100
100
100

105

100

100
100
100

100

100

15512004 (Adjesied cantileversection Clossd tystar20. Tystar20 is ready for wafer removal

Liar2004 (Checked “Power fail” emor. Theze might be a power ghitch for the building. If it wes leas than 3 sec, the process will ramme.

1572004 (Standbhyinjecior preesure £.1. Replaced injector.

1200 | 330 628
14122004 | 350 702
141202004

11372003 | 3521 8
111352004

141312004

120
121

118

g0
an

R

033
445
432

437445
448455

190
20
120

130
120

410
450
125

15
400

105
100
115

100
100

60

60
60
60

60

60

1]
60
60

60
60

& Husdy 238

g ¥ sy 3

45
5
45

55
420

400
400
400
400
300
300
200

600
400
600
850

200
300
200
200
300

300

400

600
400
600

400

200

200
600
400

400
300

acleation £25C, Si2HéA 100, 400 T, 10 min
ucleation £25C, Si2HA 100, 400 1aT, 10 min
o standbr infa

ucleation 425C, 5i2Hé 100, 400 1T, 10 min
ucleation 350C, 5i3Hé 100, 300 T, 15 min
ucleation 350C, 5i3Hé 100, 300 T, 15 min
ucleation 450C, Si2Hé 150, 300 mT, 2 min.

nitor run.
ucleation 450C, Si2H6 100, 300 T, 10 min Bi-layer
ucleation 450C, Si2HA 150, 300 14T, 2 main.

ucleation 400C, 5i2Hé 100, 300 mT, 15 min Bi-layer.

ucleation 450C, 5i2Hé 150, 300 mT, 2 min.

o standby mfo. Hucleation 425C, 5i2h6 100, 300 mT,
15 min Bi-layer.

ucleation 400C, 5i2Hé 100, 300 1T, 20 min Didu't

et GeH4 charged

ucleation 450C, 5i2Hé 100, 300 mT, 10 min Bi-
wer. 1st hyer depo was set to be 150 min, but recipe

borted at 140 min Standby mfo affecied by Jivan y's
ucleation 450C, Si2H6 100, 300 T, 10 min Bi-
WET.

ucleation 425C, Si2H6 100, 300 T, 15 min Saw
power fail" alamm and cleared. Canbilever cracked
hen door opens. Waferboat got stuck inside the tube.

nitor run.
o siandby info. Hucleation 425C, Si2HS 100, 400
T, 10 min.

ucleation 425C, 5i2Hé 100, 300 1T, 15 min Bi-

ucleation 400C, 5i2Hé 100, 300 T, 20 min Didu't
ot CeH4 charged again.
ver. "Powes feil” happered a fewr times, alweys after]

Checked conneciore on back of CPU board and they werme tight. Probably what i happening ie that the kevhoard when mmeesed ie giving 2 houmes oh & certain kay combination
making the CPTJ think it had a power fail.
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141552004
141652004
152252004
152372004
112372004

112812004

112812004
112812004

2162004
212004

21052004
21252004

21352004

211372004
21372004
21872004
19,2004

21972004

211972004

330 159 112 90.1 60 B0 0 0 1280 300 [Mucleation 400C, Si2H6 200, 300 wT, 1 min.
330 157 117 29 477 120 £5 100 0 60 400  [Nucleation 400C, Si2Hé 100, 400 mT, 10 min
New injecior
301 Tm 121 o0 |[439444 9D 50 100 58 a0 600  [Momitor run. Didr't get charge for GeHA.
Sindhyrecipe gotaborted during 5i2H6 coating. Exmr message “IF HZDOPENE".

Check GaH4 charging program Charge dhowed upafier one day:

Found H2dope MFC drifled -4 scom. When acked fhe 10 scem during coat step, it flows ~14 seem. When shat off, it mads 4 scom.
Dingnozed N2dope MFC, conld not find arer fanlt. Adjusied N2 precsum atiop of TBS and MFC now isdriflting from 9 8 to 8.9 with 10 scera for five minutes. Set N2dops o 90 and
wading was 299 10 293 for five mindes. Tystar20 iz upand mady for vee.

350 TR 121 207 | 120 15 40 [Nucleation 425, Si2H6 100, 400 mT, 15 min.
Cermane tnk changed.

350 113 121 2090 395 60 350 0 60 120 300 ucleation A00C, 512H6 200, 300 mT, 5 mmin.

350 117 121 90 3 120 a0 105 135 85 300 ncleation 400C, 5i2H4 100, 300 mT, 15 min Didn't

et cherge for GeEH4 weage . Film looks hazy.
330 112 120 20 148 120 40 105 10 45 2800 [Nucleation 400C, 5i2Hé 100, 300 T, 20 min.

RUNE ghowe no GeH4 neage on 262004 The contrm] softwars has been changed go that GeH4 and 5i3H6 neage ie alwaye dicplayed.
Check chenyje ron on 24672004 on Jon Goldman  GeH4 flow wae 45 ecom. Jon Goldman dosen't maich with RUIVS? |
Inestall BCIE (0.1% in He) tank.
PHS3 line has been replaced with BCI3 line. BC3 comes in thaough gas ring. We are using fhe old PHI MFC. 1 scom of PH3 = 1 836 scem of BCI3 . Rear injector is mmoved for
initial st A dunmy shinles steel mjector isinsialled in the font 0 check cormsion and ion contaminatinn due o possible reaction with C12 and HCL. This injector is not hooked
up. Changed ont eaged boat (7.3, 73" and 7.87 in kength, 15 wafers) 10 openboat. Two 47 and two 6°_ Each boat is 4.7° in Jength, holds 13 wafers. The front of the 15t 4" hoat is
20 5" avmy front inmer side of front door. 12 6" is 305" avmy from door.

ucleation 425C, Si2H6 100, 300 mT, 15 min Coeting
120 €5 100 184 50 400 pun. Ho standbyinfo. Heatbaffle got dark after this

.

Becipe cannot pass leak chock Quarte tobe beoken (enablad 551 hr, 194 hrof depo).
Beplace quertz tube, liner, TC sheath, sphit TC sheath, cantilever sheafhs Base pressure 5 mT, mie of zise 4 mTimin
The foont of the 15t 4™ boatis 22 5" away front gde of frond door. 1st6" 35 32" avray from door.

Mucleation 425C, 5i2H6 100, 300 mT, 15 min Coating

120 A 100 184 60 400 run. Ho standby info. Heatbaffle look fine .
348 off 0 0 NA 60 o5 100 92 60 400 :::]eaﬁun 425C, 512H6 100, 300 mT, 15 min. BC13
4543 off 0 0 NA 60 A0 100 92 o0 400 E::]aaﬁun 400C, 512H6 100, 300 mT, 15 min. BC13
353 off 0 o NA &0 a50 100 9.3 & 400 E::]eaﬁun 450C, Si2Hé 100, 300 mT, 15 min. BC13
3503 off 0 o HA &0 A 100 165 &0 400 ﬂ::]eaﬁnn 400C, 5i2Hé 100, 300 mT, 15 min BC13
4523 off 0 0 NA 60 o5 100 165 60 400 MNucleation 425C, Si2HE 100, 300 T, 15 min BCLE

teat.
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342004

34512004
30072004

311172004

311272004

3122004

311272004

32200

31122004

31122004

31312004

31312004

3/13r2004
3/1672004
3/1672004
311772004
311772004
341872004
341872004
3/1872004
3/1872004
32302004

3503 off 0 1] Na 60

Preform clean mainierance after Wicrolab power failure last night.

Remove frond injecior and bagged it. Install clean rar injector on tystard0,

Yijian seporied haxry film produse bertystar]?, could not mimoduce good remlt with the same recipe . BIHE cylinder is 8 meomths old and ~100 psi. It began at 1800 pei We Jmow
there iz come decay of B2HA and a recently replaced quartz injector in tystarl? clogged prexaanturely. B 2HE tank will be chenged every 6 months.

400 100 165 60

4gp  [i2H6 nucleation 400C, Si2H6 100, 300 T, 15 win
& rucleation: 350C, GaH4 100, BCI3 16.5, 300 mT,

Replace B2HE tank
350 941 283 804 1.89 210 15 115 15 45 400
ucleation 400 C, 5i2HA 100, 400 mT, 15 win. Sheet
350 0.58 284 893 206 150 200 105 20 45 400 agistance from dptprb: [=0.453ma, ¥=1.153 From

SEMN, film thickreee 1.15 wn (too thick), and
urface is ouite rough.
There are lobs of parficles in the fornace after the powrer failure on Feb. 25, 2004. Cannot do anything to the fube. The best wre can do is o clear all the dmnmiss.
After reslnring fhe B2IHG process with e ne wily clear injec tor, injector pressure is found to be very high (9.5 Ton), PRCFR i also high (283 mTorn). Thia ia becauss the atandoy
mcipe gotchanged during the BCL3 experirment. There ia 200 scera of M2BKFL duting standby in addition to 90 seom of N2DOPE. Jimmy will get rid of the N2ZBKFL and this
problem can be cleamd
352 084 ucleation 450C, 312Hé 200, S!JEI_ T, ﬁl]_min. Switch
open boat for BC13 depo. This iz a coating run.

NA NA NA NA | NA 130 &5 165 12 4op [Nucleationdds G Si2H6 100, 300 mT, 15 min. BCB
i un, Some particles on wafers.

‘Thie ie a follow upof the particle problem. The dwrny wafbre were coated with a layer of particles. I trached all of them. The depoeition after the dummy change etill hae particlee,
atleact 20 particlee por wafre are vigble, The particlee are canged by the power failure a fow weeke ago. The frmace had been ueed after that. However, sibee most paopls use
caged boat configuration, they don't see significant amount of particles on wafers. I am using open boat for BC13 doping, and it is a big problem. Theze should be more particles on
the wall. The boats {(caged and open), cantilevers, heat baffles should be cleaned as soon as possible. The injector might also need a change. I will do two more not so critical nms to
collect more particles o the dummy wafers jomorow,

283 90 N& 10 450 200 18 60 200

Nucleation 425 C, 5i2Hé 100, 300 mT, 15 min. BCI3
NA HA NA NA NA 60 425 100 2 60 400  [run, Some particles on wafers. Forgot to record standby
info.
Nucleation 330 €, 5i2Hé 150, 300 T, 20 min. Ge
mucleation 100 GeH4, 16.5 BCL3, 300 mT, 10 min.
NA& NA N& N& N& 60 125 100 16.5 71] 400 BCE run, Some particles on wafess, Forgot to mecord
standby info.
Nucleation 425 C, Si2Hé 100, 300 T, 15 min. BCB
430 1047 %9 w6 N 40 5 100 63 @ 400 run. Switchback to caged boat after dewo.
350 9E2 291 0|3 208 15 410 105 ] 45 400 |Mucleation 410 C, Si2H6 100, 400 mT, 10 min.
Clean dommy wafem, wipe off cantilevers and wall
054 60 450 100 60 58 600 |Mbnitorrun.
350 958 286 w5 218 20 325 0 1] 0 600  |NMucleation 400 C, 5i2Hé 100, 300 mT, 20 min.

Before 1 started my process, [ saw the dummy wafers (6" boat)are covered by particles. But the surface of my wafer after de position seems ok.
Parficles will be fixed in the film The user sbserve no particles on hig film, the problem is clear for now. Will monitor the tube regularly.
Tumn off N2BKFL atstancdby:
350 115 121 =3 | 007 120 410 110 ] 40 400  [Mucleation 410C, Si2H6 100, 400 1T, 10 min
Teat GeH4 and B2H6.
30 121 s 85 | |
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21172004

AF5[2004
Af6r2004

AF712004
AF712004
AF772004
AF772004

41202004
41202004

41272004

41352004
411352004
4142004

4142004
4142004

4152004

41572004
41672004
41672004

10 118 w5
10 118 B5 436

3498 T4 117 w4 HN&a

330
330

N HA NA N& N&

GoH4 tank change. 7 pei can barely finish a de position with 60 scer CeHd for 3 hr.

350 T45 112 w5 438
350 745 112 05 312
350 165 121 0h 204

350 745 121 804 MNa
Prearure too hirh and process shorted at HTEQ.

180 415 110
1 450 100
180 25 100
120 410 110
120 415 110
120 420 110
120 220 110

60

53
30
15

16.5

(=]

3

B S&R

400
800

400

400
400
400

400

ucleation 415, Si2HA 100, 400 raT, 10 min.
ucleation 450, 5i2HA 200, 800 mT, 20 min. Coating
fter awithing to open boat

ucleation 425C, 5i2H6 100, 300 T, 15 min BC13
gt.

ucleation 410C, 5i2H6 100, 400 1aT, 10 min

ucleation 415C, Si2H6 100, 400 T, 10 min

ucleation A20C, Si2HG 100, 400 1T, 10 win

rocess aborted at NTEQ. Mucleabion 420C, Si2Ha
100, 400 ra T, 10 rain.

The BAHA enpply 10 twetar20 will be pumped to vacmum e rporarily while wre service the pre-diborans valve on tyetarl?. Tyetard0 remaine wp and uessble withont B2H6. Thie

work should be completed by noon today and diborane restored.

TysiarA is being need to pump out the diborane gas line for tystarl9.

350 175 121 |5 35

350 781 118 |5 N&

330 782 112 84 H&s

330 782 112 84 003

350 T2 112 w4 0.4

350 181 112 w4 N&

350 783 112 w4 N&

350 T82 1128 w4 103

Report particle probleTs,
330 192 121 o0 4.5
HA HA HA HA HA
Building power fhiled for 20 minutes.

N& HA NA N& N&
3539 206 1128 me Na
3365 197 112 &7 HA
366 2m 112 0.1 N&

443 ¥ 121 87 N&

No particle in all of my wafers from the deposition during the past fewr days.

0 BA5 121 201 523

Report particle problar.

120
130
130
30
120
120
120
120

20
120

20

60
120
60
60

60

10
325
420
325
420
425
430
430

330
25

425

400
25
125
350

450

110
o
100
0
110
115
120
120

0
100

80

100
30

100
0

100

Parficle problem are likely canesd byrthe dirty injector. Reguest injactor change.

Injecior changed due 1o particle problem.

VO WO WO W

60

16.5

165

16.5
16.5
16.5
165

BE BERagasza

&

B

100

400
400
400
400
400
400
400
400

300
400

400

400
400
400
400

600

[Mucleation £20C, Si2H6 100, 400 1T, 10 min
[Nacleation 400C, Si2Hé 100, 400 1aT, 20 min
[Mucleation 420C, Si2Hé 100, 400 mT, 10 min
[Mucleation 400C, 5i2H6 100, 400 T, 4 min.
[Mucleation 420C, Si2Hé 100, 400 mT, 10 min
[Mucleation 425C, Si2Hé 100, 400 mT, 7 min.
[Mucleation 430C, Si2Hé 100, 400 mT, 5 min.

Nucleation 430C, Si2HE 100, 400 1aT, 7 main.

ucleation 350C, Si2H6 100, 300 T, 15 min
ucleation 425C. Si2H6 100. 300 T, 15 min

ick coating ran was done before depo b recover
Tom power failure. Nucleation 425C, 5i2Hé 100, 300
T,15mm.
isead 450C, 512H6 100, 300 mT, 15 min; Ge nuc
30C, GeH4100, 300 mT, 165 BCI3, 300 mT
ucleation 425C, 5i2H6 100, 300 T, 15 min
i eeed 450C, 5i2H6 100, 300 mT, 15 min; Ge nue
30C, GeH4 100, 300 mT, 165 BCI3, 300 mT
ucleation 450C, 5i2Hé 100, 300 T, 15 min

[Mucleation 450C, 5i2H6 100, 400 1T, 10 min Lots of

[particles in 6" dumardes.
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GrA2004

GIOr2004
641072004

Previous pocess was shoried due to SiH4 out of iolerance. Restart the process with no problem. Will raoritor MFC.

7
‘106
783
NA

72

121
121
Ha
N&

121

90
90
Na
H&

wo

437
423
Na
HN&a

012

30
60
12
12

120

450
425
350
330

420

100
100
1]
0

110

60
60
60
60

]

60
60

60
60

60

10
15
10
60

=]

9.2

9.2
16.5
36
92

16.5

16.5

2
n
180
120

40

Ba

BEsSEXS2BBZBZB B

&8 &5 B

3

60

600
400
300
300

400

400
400

400

400
400
400
400
400
400
400
300
400
400
400
400
300

400

400

400
400

400

400

check particke moblem

[Nucleation £25C, Si2HA 100, 400 raT, 10 mun
[Nucleation 350C, Si2HA 200, 300 T, 1 main
E:u.c]enﬁun 350C, 5i2Hé 10, 300 mT, 1 min

ucleation 420C, Si2H6 100, 400 mT, 10 min Frocess
borted.

cleation £25C, Si2H6 100, 400 mT, 10 win
ucleation £25C, Si2H6 100, 300 mT, 15 min

Dummynm for BCI3 line clean omt. Mucleation 425C,
Si2HG 100, 300 mT, 135 min.

Mucleation 425C, Si3HA 100, 300 mT, 15 min
Mucleation 425C, Si2H4 100, 300 mT, 15 min.
Mucleation 4225C, Si2Hé 100, 300 mT, 15 min
MNucleation 225C, 5i2H6 100, 300 mT, 15 min
Mucleation 450C, Si2Hé 100, 300 mT, 15 min
Mucleation 200C, 5i2H6 100, 300 mT, 15 min
Muclsation 220C, 5i2H6 100, 400 T, 10 min
Muclsation 350C, 5i2H6 200, 300 mT, 5 min.
Nucleation £20C, 5i2H4 100, 400 mT, 10 min
Nucleation £20C, 5i2H4 100, 400 mT, 10 min
MNucleation 230C, 5i2H6 100, 400 mT, 10 min
Nucleation £30C, Si2Hé 100, 400 mT, 7 min.
Mucleation 350C, 5i2H4 100, 300 mT, 1 min.

Did not ron the procese
Mucleation 420, Si2Hé 100, 400 mT, 10 min
Nucleation 420, Si2Hé 100, 400 mT, 10 min

Mucleation 400C, 512Hé 100, 400 mT, 10 min
Nucleation 420C, 5i2H6 100, 400 T, 10 min

Mucleation 425C, 5i3H4 100, 300 mT, 2 min. Switch to
open boat, install front injector. Coating run.
Mucleation 425C, 3i2H4 100, 300 T, 15 min Front
injecior test.

Jon Goldman copmmter has notbeen recording date forallbenk furnaces since mid-Ivlay. Rebooting the computer doe sn't work. Recipe carnothbe loaded from compmter o

Clean dommy wafbrs.
350 116 121 2o 4.3 32 25 100
413 m 122 0o 4.3 60 25 100
The BCTS cylinder haa been changed to 1% . With a setpoint of 20 psi, the cylinder pressure is 750 pai.
3535 128 121 o0.1 Ha 60 425 100
NA NHA N4 N& N& 40 425 100
NA NHA N4 N& N& 40 25 100
NA NHA N4 N& N& 40 25 100
3505 733 121 w|o Na a0 15 100
NA HA HNa Na 452 a0 450 100
HA HA Ha N&a 436 60 400 100
330 145 121 90 N& 120 420 110
NHA 135 N4 N& 404 120 350 o
350 74 121 90 N& 25 420 110
350 745 121 90 N& 120 420 110
350 751 121 90 197 120 430 120
350 754 121 90 Na 15 430 120
NA 131 Ha HNA 474 200 350 a
GoH4 tank change.
350 761 111 00.1
350 18 121 90 N& 20 420 110
350 1485 121 90 N& 15 420 110
SiH4 fank changed .
350 765 121 90 Na 90 325 ]
330 1463 121 90 Ha 13 420 110
Front flange hae been hooked up from the gae flange to allow fiont injection.
NA NA N4 N& N& 20 425 100
4488 8321 118 w|o Na a0 15 100
furnace.

Jon Goldman compmter ie fixed by compuler enpport g roup via windows 2000.

Gasring swilching fanction does not work.
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Gasring novw switches back and forth. Removed capped front injector port and installed ultriorr sdapter.

350 189 121 209 | 4.7 40 425 100 60 0 400 Il\'lut:leniinn 425C, Si2Hé 100, 400 raT, 10 min
Regeust injector change for long depo.
Injecior changed

330 111 17 0o 437 125 25 100 60 L 1] 400 [Nucleation 400C, 5i2Hé 200, 400 mT, 5 min.

330 147 121 P0 01s 15 420 110 1] L 1] 400 [Nucleation 420C, 5i2H6 100, 400 wT, 10 min.

330 147 121 90 01s 90 325 1] 1] 20 400 [Mucleation 400C, Si2H6 100, 400 raT, 20min.

330 145 121 P0 034 15 420 110 1] L 1] 400 [Mucleation 420C, 5i2H6 100, 400 1aT, 20min.

3413 124 117 99 | 019 60 L5 100 165 60 40 [ ocleation@5C, SQHE 100, 300 mT, 15 win Front

injecior test. Mo differemce with gas ring .
Fomnd standby process wras shorted, could not find reason fiom jmocess history.
Suapected that the standby recipe was cornmpted . Deleted the recipe and download from DCS30 PC. Ran the recipe and it finished without peoblem.
348 126 117 %9 | 498 4860 L5 100 60 65158 400/500 | 1:;?:” eyer. Bi-leyer nun. Dirit break vernom
Toed io nm the coating part of the standby recipe last night, came in this morning and found the proecss is aborted. Checked process hisiory, it seems PRCPE. was high and

triggered the abort sequence.

Ran shancdhyrecipe with no problem. Process pressure and rate of rise are good. Base pressure is zood.
350 B 117 e 511 27 125 100 60 m 400 [Mucleation, 425C, 400 mT, 5iZH6 100, 10 rmin.
350 18 121 90 N& 120 420 110 15 L 1| 400  [Mucleation, 420C, 400 mT, 5iZH6 100, 10 rmin.
Injecior changed
3% 123 121 o0 H&s 32 330 ] 60 120 300 [Mucleation 330C, 300 mT, 5i2H6 200, 1 min.
440 EL 121 S0 037 360 N& N& IuF b4 600 [Mucleation 375C, 400 mT, 5i2H6 100, £ min.

Foumnd tystar2] in ABPG mods. DH shows aflsr 2 minutes of standby coating, process was aborted with sxror "IFFRCPR NE". Afier 2 minubes into ABRT, step went b ABPG with
message “TRCPR OK". Fumace was at NABKFL=199, PRCPR=2X31, Temp=450, injector pressmre=8.71. Exited out of abort mode and reloaded the recipe. Same thing happened.

Found that the process aborted due 4o FRCPR too high The initiel N2V AC shooted up which caused the problem. Adjusted the pid corstants for pressure control on MFS460. Tred
the recipe twice and fhe preesurs etabilized within one minate.

40 178 121 g0 444 300 1425 100 60 L. 1] 400 ucleation A00C, 400 . T, 3i2H6 200, 5 min.
397 TAS 112 on.1 N& 5 300 0 é0 120 300 o rmcleation

350 Th6 119 g9 N& 5 300 0 40 180 300 o rnucleation

350 HA 121 on N& 120 40 110 15 1] 400 ucleation £220C, 400 mT, 5i2Ha 100, 10 min
2528 11 118 299 316 60 05 100 16.5 &0 400 ucleation 425C, 300 mT, Si2H6 100, 15 man Left

eat injector teat.
Got acharge of $1134290.12 for Si2H6. Only used 100 scern Si2H6 for 15 minuke.
RUNE eoftorare wae sbooted and checked by Tim D. Chargee are OK now.

ucleation 400C, 400 mT, 3i2H6 200, 5 min. Found
'wnace in ahort mode. Had 0 run standboy recipe twice

NA HA NA NA N& 300 425 100 1] 10 400 get the coaling step. Usual problem, cormpuier
auges mressure foo high and abort the recipe.
330 HA 121 o0 H&s 120 410 110 40 L1 400 ucleation 410C, Si2H6 100, 400 T, 10 min
330 833 121 S0 N& 105 420 110 30 10 400 ncleation 420C, Si2H6 100, 400 T, 10 min
GeH4 fank change .
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120 300 (Mo nucleation.

a0 400  [Mucleation £20C, S12HA 100, 400 raT, 10 min
o 1) 400 [Mucleation 400C, Si2Ha 100, 400 1T, 15 min
40 400 [Mucleation 4£20C, Si2HA 100, 400 1T, 10 min
120 300 (Mo nucleation.

40 400 ([Mucleation £20C, Si2HA 100, 400 T, 10 min
a0 200 (Mo nucleation GeH4 charge did not show up.
120 400 (Mo nacleation.

40 400 [Mucleation £20C, Si2H6 100, 400 wT, 10 min
1280 300 (Mo nucleation.

180 300 ([Mucleation 350C, Si2HA 200, 300 1T, 5 min.

65053 4000600 [No nucleation. Bilayer procesa.

180 300 ([Mucleation 350C, Si2H6A 200, 300 1T, 5 min.
k1 400 ([Mucleation 420C, Si2H6 100, 400 T, 10 min
k1 300 ([Mucleation £20C, Si2HA 100, 400 T, 10 min
40 400 [Mucleation 400C, 3i2H6 200, 400 T, 5 min.
37 400 [Mucleation 220C, Si2H6G 100, 400 mT, 10 min
40 400 (Mucleation 400C, Si2H6A 200, 400 1T, 5 min.
180 300 ([Mucleation 350C, Si2H6 100, 300 1T, 1 min.
20 400 (Mucleation 400C, Si2H6 200, 400 1T, 5 min.
120 300 (Mo nucleation.

a0 400  [Nucleation 400C, 512Hé 200, 400 mT, 5 min.

Verify that the front injector is leaky. Plugged up the front injector port with a rod, pumped out the line, and then flow N2 to buld up some preaaure. The pressure dropped

Injecior pessure £ 5. Injector changed.
366 115 118 2o 405 30 350 ] 40
350 HA 121 i Na ] 420 100 1]
330 NA 120 90 HN&a 90 325 0 1]
330 121 120 g0 N& L 420 110 1]
3w 1 121 g0 N& 30 330 0 1]
350 NA 121 g0 195 120 420 110 15
330 126 121 g0 N& a7 400 100 1]
350 123 121 0h 412 12 350 0 60
350 133 121 g0 2 Q0 420 110 15
350 133 113 a0 HNa 20 350 0 30
350 148 118 o Na 60 350 0 30
350 139 118 8 E (5.0305.13 485/45 4250425 1004100 6060
350 g14 118 w7 006 20 330 0 1]
330 NA 120 g0 0.2 60 420 112 1]
350 NA 121 an N& 20 420 112 1]
350 8.15 121 0o 527 150 4295 100 60
350 NA 121 g0 N& 60 120 112 1}

Injecior mesanre 8 5. Injector changed
390 N 121 w7 4461 150 125 100 60
K 153 121 wo Na 45 330 0 60
350 143 121 %0 473 300 125 100 60
351 84 121 29 Na 5 300 0 60
350 84 118 2 504 300 425 100 60

immediately i 20 once the N2 flow waa tumed off.
330 26 121 20 HN&a 120 4220 110 13
330 26 121 g0 N& 180 325 0 1]
350 1.3 121 20 4.3 130 420 110 40

Injecior messure 8 53. Injector changed.

Q0 400  [Mucleation 420C, 5i2H6 100, 400 T, 10 min
& 400  [Mucleation A00C, Si2H6E 100, 400 T, 20 min
L 1] 400  |Mucleation 420C, Si2H6E 100, 400 T, 10 min

Tyaiar2 front injector for the dopant line haa been capped off. Tratar20 line that went to the front injector how hes been hooked upio the right rear mjector. This will allow

36

16.5

16.5

400  [Mucleation 425C, 5i2H6 100, 300 T, 10 min

Nuclsation 425C, 5i2H6é 100, 300 mT, 15 min No

The manfnld was mspected and cleaned.
gwithing of the ome injector or the other when the ges ring is on. A8 hooked up af present the left injector can onlybe read by menuelly switching it.
3471 1351 117 Wa N& 20 425 100 60 70
NA NA NA N& NA 60 425 100
NA HA NA N& NA 20 420 110 30
NA HA N N& NA 60 15 100
NA NHA N& NA N& 60 350 0
350 NHA 121 o0 022 180 325 0 i}
3517 1 112 0o NA a5 425 100 60

a0 400 etandby irdo. Teet right rear mjsctor.

a0 400 [MA

& A00 Nuc]eaﬁn_m 425C, S;’EH& lﬂl:!, ?I]IJ mT, 15 min No
stavd by indo. Test rig bt rear injector.

100 300 Nu]eaﬁpn 450C, S?ZHE lﬂq, ?I]I] T, 15 min No
stardby irdo. Test riz kt rear injector.

&n 400 |[Mucleation 400C, Si2H6 100, 400 T, 20 min

i 400  [Mucleation 425C, 512H6 100, 300 mT, 10 min
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Iiake N2 dope a varishle in recips 5iGeBCI3.
3489 ™ 118 09 Hi 25 425 100 60 70 400 [Mucleation 425C, 5i2H6 100, 300 rT, 10 min.
330 79 121 o0 38 130 420 110 40 40 400 [Nucleation £20C, 5i2H6 100k 400 mT, 10 min.

Tried 10 boad the new 5iGeBCI3 recipe in the furnacs, gotenor “recipaiconfiguration miematch. Must re-adit®. This happered to all reeipes.

Deloted all meipee. Dowrload configuration filee and other recipas from DCS30. The weeipe cah only loed once withoot problem. After a few recipe loadings, FCS10 dieplawe
stange meseages. The FCS10 maynead to be hard whooted, soft rebooted dossu't help.

Reloaded configuration. Two recipes btouth 020 and sig evarbh 020 were abla tobe downloadsd into tystar20 without problems. Loaded each ome indo the tystar20 and had no conflyg
micwaich When standby recipe was Joaded in and ran one time, the mecips would load core ety the first time then all other recipes incloding the standbeyrecipe would give a corfig
miswaich If configuration is loade d again the recipes will work. Will comtinue to monitor,

Jimmy came in and loaded in fhree moze tecipes with no problems. Loaded them in two more times with no problems. Found fan stopped on right side of unit. Started fan manually.

Sindhyrecipe waa shored.
Leak check and rate of ries are good. Started etandby recipe and etarted ronning without probleme thro the 2nd terap etep.
350 79 121 0 | 032 1m0 325 0 0 80 400  [No ruchation.
Screen was frozen and would not respond to anycommeand when I pressed "Ivlenu" and Jater it became completely black. There is an alarm "No Auto?on the backside of the
furnace.

Clear alarm and FC5-10 front parmel.
GeH4 tank change .
330 9 121 w9 | 4s2 30 350 0 60 180 300 [No rmcleation
Sandhyrecipe was chored.
Check the tuhe snd could not repeat the problem. The mason mayby that eomae time the WFC opere up faeter than the gate valve after the leakeheck etep. Adjuet the pressure chack

etep afier the leakcheck elen.

330 gL | 121 a0 Ha 140 35 0 0 20 300 [Wucleation 425C, Si2Hé 100, 300 mT, 45 min
330 19 121 a0 Ha 70 40 110 30 40 300 [Wucleation 420, Si2Hé 100, 300 mT, 10 min
36(+26 ucleation 425C, 5i2HA 100, 300 mT, 15 min Right
NA NA NA N Na 60 415 100 ﬂ do pe) a0 400  [rear ingector. No improverwnt in XW uniformityr with
P 2dope.
"Si2HE leak" alarm in unit CVDA60-196 was on a fow times. In all cages, Si2H6 wae not enppoesd tobe ranning,
A 5iGe coated eampls wee atched in piranha. The recipe wae the sams before, but piranha never ot
Cannot repeat SidH6 leak problem.
330 19 121 a0 32 60 40 110 30 40 300 [Nucleation 420, Si2Hé 100, 300 mT, 5 min.
330 HA 121 a0 Na 90 40 110 30 q 300 ncleation A00C, Si2H6 100, 300 T, 5 min.
chenyia recipe i3 close 1o the "edge" with reapect to certain responses and evertually wields 1o aults past the aigma velusa.
Injecior mesanre 8 31. Injector changed.
330 126 12 90 N& 30 325 ] ] & 300 [Mucleation 400C, Si2HA100, 300 mT, 3 min.
30  HA 121 %0 NA 10 40 110 0 o 300 %l“ﬁ"l:fuc’ Si2F6100, 300 T, 3 min. Quartz
cracked.

After I loaded the wafer and boat completely wrent in, I heard a sharp sound followred by gas leakage. One of the string was found loose. The process slayed at idle when [ returned
to check The tobe was found broken 1ater. (enabled 711 hr, 208 hr of depo)

Install ne v quartzemre and injector. Base preasure and rate of rise are good.

Inatall newr BCL3 MFC. 20 acem full yange calibrated to He. Pimpedfpmrged then hard pomped and leak checked. Leak check QK.

445 835 121 &o | 497 150 125 100 60 40 400 INucle&ﬁnn 400C, 5i2Hé 200, 400 1T, 5 min.
Patrick Webddy decides to et after ten years of service in the Microlsh. Bob Prohaska will be the next tenichian forall the LECVD furmace.
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10107200
104104200
10104200
104115200
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104115200
104115200
10127200
10127200
104137200
101472004
10A1672004
100200200
100217200

10£r22 204

10247200
10025200
100287200
100297200

103072004

117202004
11872004
11302004
1182004
1182004
11502004

11212004

78

NA
HA
HA
1935

BEE B

Compuier fiozen while entering recipe. Communication lost with the fumare, alamn in the back. Problam sobve later.

350 2.11

118

121
121
121
117

112

Ba

90

90

90
w5

2

Na

N&
009
Na

0.21

| 472

60

120
45
120

130
23

72

425

420
325
420

25
25

350

140

110
1]
110

100
100

0

0
1]
1]
1]

60

12

12

B& AB& B

120

600

300
300
300

400
400

300

cleation 425C, Si3HA 100, 300 mT, 10 min 6"
fers only, openboats 28" from door.

o macleation.

o nucleation.

o nucleation.

ucleation 400C, Si2Hé 200, 400 mT, 3 min.
ucleation 425C, Si2H6 100, 400 mT, 15 min

INn mucleation,

‘The boat-infontsiepin software seerned 1o be messed up. Sometimes when [ ressd "event” aftex [ loaded my wrafers, the boat ente red onllyhalf-srayrand then came out
aniomatically with "boatout * showing on the CR T screen. Today the bost siopped mosrement before the door is closed, both manvel and avio modes did not make dooz close
succesfully. Finally] used my hands to push the boat in.

420
325
420

125
125

30
425
425
420
430
400

400

0
0
410
410

110
0
110

100
115

o
100
100
110
110
100

100

0
0
150
150

1]
1]
1]

60
40

60
60
60
50

0

0
0
0
0
0

1]

40
&
L 1]

B8

o
o0
[=]

co B HaE&E&E

10
10

300
300
300

400
400

300
400
400
300
400
200

800

0
0
800
800

ucleation 400 ¢, Si2H6 100, 300 mT, 3 min.

Em]enﬁnn 400, Si2H6 100, 300 T, 3 min.
ucleation 400C, Si2Hé 100, 300 T, 3 min.

ucleation 400C, Si3HA 200, 400 mT, 5 min.
o nucleation,

Mo nucleation.

Mucleation 400C, 5i2Hé 200, 400 mT, 5 min.
Mucleation A00C, 5i2Hé 200, 400 mT, 5 min.
MNucleation 400C, 5i2Hé 100, 300 mT, 3 min.
MNucleation 400C, 5i2Hé 100, B2Ha 100, 400 mT, 3 mix
Nucleation 400C, 5i2H4 100, 400 mT, 3 min.
Nacleation 400C, Si2Hé 100, 400 mT, 3 min. Took 1
Ly 45 min 1o stablize to 400 C.

Mucleation 400C, 5i2Hé 100, 400 T, 2 hy.
Mulreation 400C, 5i2Hé 200, 800 T, 4 hy.

Mo nucleation.

No nucleaiton.

Found firnace ronming standby recipe, teq2 siep. Set tempis 450 C, but center temp iz only 289 C, stuck at thiz siep for more than a day. Changed set empto 300 C, and put

330 8.16 121 90 Ha 10
330 8.16 121 90 N& 90
330 8.16 121 90 N& 13
The doive pullley wee logssd on the chaft. I't hae bean tightened.
GeH4 tank changed.
330 300
450 a.l11 438 165
Injecior messnre § 2. B 2H6 injector changed.
350 17 118 |2 7
330 1713 118 8|3 300
330 120
330 229 121 90 489 120
350 919 121 90 &0
350 912 117 83 0.5 90
350 913 118 84 0.5 120
330 21 117 8|5 018 o
330 211 118 Ba 0.49 o
330 o0 117 82 0.49 150
330 211 118 Ba 0.49 300
furnace on hold

Reset ien, firing package and figl0. Temp started io respond. Ran the standby recipe without problem. Done teu calibration.
Commumicatinn faibnre with DCS530. Ho moniloring.

Tumed of f DC530 and resiarted. Went into the tou calibretion program end discornected the cormmication. DGS30 i recording furnece info now.

330 0035

330 21

118

119

tof ]

wE

Si2H6 ran out. Standb v e cipe aborted at coatstep.

45
240
130

330
400
125

0
100
100

71]
<1]

13

120
45
L 1]

300
300
400

Mo nucleetion.
Mucleation 425C, Si3HA 100, 400 mT, 15 min
Mo nocleation.
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11972004

Performing injecior maintenanc s, { BCL3 injector ia changed by sxor).

Whintenance notes frorm bob (09-nov-2004 14:12:48) :

The 55 injecior on tywter20 has been changed. The irsalled injector was first measored with & capillary gange 1o assnre the orifices were open at 1o specification. The 0-100 ton
injector pressure gange was rezeroed (added +.25 torr 1o zero). The following pressure core lations were measure d {clogged B 2HE injsctor reading):

N2DOPE scom Injector Pressurefion (Temp 450C)

10 31
20 435
40 6.57
a0 8346
20 924
100 11.17

To assure the injecinrs meet spec. [ am ordering additional, new injeciors and have ordered a set of catbide drills fo maich the orifices.
tystar 2 is in stanchge and ready for use.

30 1031 118 893 | 758 485135 42525 100400 60K0 65153  400i0p [ LeyeT depoettion. No nucleatinn, Deposition injector
reesre taken at 2nd laver.
Maintenance noles fom bob (10-nov-2004 15:19:27) : (BCI3 injector is changed by error agam)
The injecior inctalled 11409 was removed and inspecied. There is no dbout it is 100%: open - - mobstrocted and the ozifices are sized correcily. A spare injector, freshly drilled and

with an openbome was ingstalled. The following N2DOPE pressures were recorded (clogged B2HS injec tor reading):
N2DOFPE sccm Pressme Ternp = 350C

llﬂmdrl 59

40 1517

60 L )

&0 1106

o0 125

Performing injecior maintenance.

Mamnterance nofes fiom bob (10-nowv-2004 17:1708) :
It is likely ] have exmred and been changing the wrong injector. I have changed the other injector and here are the resunlis:
N2DOPE sccm minrr temp 350C

ll.l'll]ﬂ]]?]] 3D

40 476

60 6.00

&0 T8

100 803
11A22004 3478 745 118 W4 471 11 45 100 a0 90 400 o nucleaiton.
111372004 5 302 45 100 a0 90 400 [iCevarb recipe. Ho nucleation.
11A32X004 3475 234 117 805 njector monitor. No deposition.
11165200 351 233 117 802 5 200 a 6l 120 300 o nucleation.
11177200 350 834 121 85 392 425 100 60 40 400 o nucleation.

1111872004 GeH4 lank change.

1171972004 5i2H6 tank changs.

1119420004 Inetall quarts inje ctor for BC13 line.

1119/200 4| Ne w qurtz injector standby conditions: temp=350, mrepe=118 nddope=80.6, injt presure=7.6
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LIH6 coating with siandby recipe. Pressure reading
'or B2H6 injecinr. No deposition.
ucleation 410C, 5i2H6 100, 300 mT, 10 min. Recipe
af HUCL. for 5i2H6 problem. Rexun OK.

ucleation 490C, Si2H6 100, 300 mT, 10 min Recipe
18 T0 600 at NUCL. for 51206 flow exmx, reran wio

lucleation A25C, Si2H6 100, 300 mT, 10 min.
ucleation £25C, 512H6 100, 300 mT, 10 min Recipe
af NUCL. for 512H6 problem tevice, 3nd reran

Hucleation 440C, 512H6 100, 300 mT, 10 min Recipe
aboried at NUCL for Si2H6 flow exrmr, reman wio

| mluil:nlilﬂc 5i2H6 100, 300 mT, 10 min Recipe

aboried ot NUCL for 5i2H6 problem. Rerm OK.

Nucleation 440C, 5216 100, 300 wT, 10 min Recipe

la pd at NTICL. forr Si2H6 flow ernox, revan wio

m. Then shoried again 6§ min indo depo for SiH4
ohlem . Besumed process manoally with 179 min of

depo. 30 psi SiH4 left afier depo.

Mo depoaition. Qurtz injector monitor. Pressue shys

after 24 hr 25 min of BC13 doposition.

ucleation 400C, 5i2H6 100, 300 T, 3 min.

11195200 350 915 il 804

11192004 3492 76 quarz 118 86 033 60 410 150 6 50 600

11A%2004Frocees gotindn SHLD for 3i2H6 leak Exited out of SHLD and ran the recipe again, process compls ted without problem

11 A92004{ The Si2Hé paoblem iz cleared wio wmderstanding the cancs. Will monilbor.

112152004 34390 203 117 204 0.5 a0 440 130

11221200 4| Found backup thermoc cuple running.

1122200 The center TG defamlied fo the backop TC for mnknown reasons. Exchanging the £20 TC for the 119 did nothelp In the pmeess of checking wiring the problem cleared. Hext tyinr
[vizit we'll trace throngh the wiring harness.

1122600 Vorifled t connectione; aleo fonnd epike tic’s were Llooes in the epring holdar. I tightenad all the epringe g0 tic'e wem fight sgainet tobe and notesey o move. I noficed a big change
in fhe epiks reuding forzons 1 and 5.

1122972004 T comeetione fior zons 1 and 5 wem swilched by mictaks.

117202004 Preform the rmal calibration.

1172312004 3506 am 117 294 053 300 45 140 12 60 600

11242004 3517 217 117 04 0.5 300 5 140 6 60 600

llﬂmdfm Si2H6 ¢ ylindar ie unmpgolaied snd cunently delivery preesnm ie A0 pa. It is poseible the mcips nlerances are meuling i a flow fault Bacanes the rm eventnally socceeded
wa'll wait on addmesing this isne wntil Jimmyic back and can yview the DC530 loge.

1124i2004 4392 1003 118 204 0.5 120 440 130 12 0 400

112552004 3532 227 117 85 053 380 410 150 6 50 600

1126/2004 3533 924 117 805 053 185 440 130 6 0 400

112652004 3573 7171 quarz 118 B4

112002004 330 121 20 120 5 0 0 20 300
checkad the DC530 PC dats Jog. found that for the past firw rans, the Distlans (Si2Hé) did not tom off in time when rooning 100zcem. It tumed down to 3 zeom and gradeallyio

llmm¢of.mmﬂﬁuomnkmrﬁmhnhs.
I suspect that the cylmder prezure maybe too high (40psi). Usually, the mm&nﬂylﬂpdfutmalopenihn.
Since the hakalamwugeuntedbyﬂ: IMPCAG0, it = not possible 1o mndifiythe recipe folerance fo eliminate the

nm.rzm"“m remning down for the time being while we mplace o defective porge-ges valve. Tyoinr2) should be available 11730, ll] ANTish following restomtion of the 5iHA and

mmoval of the BCTS feat injector.

Bemaoved the gtz. BCIS injector, bagged and placed on topof the fystathankS purap cabinet for Camrie's review. [nstalled aninjoior "stub " in hen of thiz injector. Installed recipe

1150720045135 v 020,
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chmy 12152004 | 350 911 121 20 120 420 110 50 a0 300 [NucleationAWC, SiZHA 100, 300 mTorr, 2 mm
elisiv  12/172004| 350 12N 552 o0 350 ] 60 180 300 [No mclkation
elimiv  12/172004 (Frocess doean't seem to progres, Itisin SHLD slep.
bob 125372004 ‘Thare i an iegne with stable dieilane delivery. The maee flow controller ie enepect and will be mplaced on Monday: In the meantime, 120 ig in wees; howewver, disilane delivery mayhe
2 problem.
oligb  12/3/2004| 330 24 531 130 400 100 1] 40 400 |No mclbation
whw 12052004 | 349.1 929 118 2046 2F16 injector moniior. No deposition.
bob 1242004 (The disilane MFC hacbeen changed. The new MPEC was tesied in nanoal mode. [t sems fo work orell
blak=}n2 124/2004| 350 995 17 205 | Na i) a0 100 60 2 800 |No rucleation.
rpobask 127772004 (Injecior pressnre 10 Torr at 350C. B2H6 injector changed.
Equevy 12172004 330 74 117 03 462 150 B3 100 60 20 400 |Mucleafion AD0C, Si2H6 200, 400 T, 5 min.
baksln2 1271072004 3% 1T 121 207 ESAIZAGN00/0 45 00A1S50 604040 6515065 4pp | eyer depo. Nuchation 400C, SIH6100, 400mT, 5
Equevy 120102004 350 1283 118 25 r’ HA 32 350 0 a0 120 300 [No mchbation
Equavy 12710/2004{B2HE botfle depleted. Fumace went io SHLD siepafier 38 min. of deposition. I swilch the furance o PMFC o finish fhe recipe and put it back to siandby:
lman 1201572004 Plastic pamp pmge line has been repaced with stamless steel
bob 1271602004 Install new quartz injector for BC13 line . The previous quartz injector was some how broken sitting on top of the parap cabinet.
whow 12172004 3471 768quarz 117 803 o deposition . Qrte injector mandior.
whw 1217/2004 34356 UL 117 205 0.5 60 440 150 6 b 600 [Mucleation 410C, Si2H6 100, 300 T, 10 min
wbhw 1217/2004 4067 224 117 203 0.5 60 410 130 12 T 600 [Nucleation 440C, 5i2HA 100, 300 mT, 10 min
whw 12119/2004 3436 n 117 205 0.5 300 125 140 18 60 600 [Mucleafion 425C, Si2H6 100, 300 mT, 10 min
wbhw 1200/2004 3579 182 117 205 0.5 420 410 150 12 T 600 [Nucleation 410C, 5i2HA 100, 300 mT, 10 min
whw 120072004 3447 1 117 203 0.5 45 350 0 12 100 300 [Nucleation 350C, Si2H6 100, 300 wT, 20 min
whw 120172004 4522 £53 117 205 046 517 440 150 & 1] 600 [Nucleafion 440C, Si2H6 100, 300 mT, 10 min
whw 12022004 351.1 174 117 204 043 230 410 130 18 m 600 [Nucleafion 410C, Si2H6 100, 300 mT, 10 min
whw 120372004 3509 11 117 04 0.4 263 4490 150 18 b1 600 Mucleation 490C, 5i2H6 100, 300 T, 10 min
wbhw 120302004 807 834 117 05 039 290 25 150 12 50 600 [Nucleation 4£25C, 5i3H6 100, 300 mT, 10 min
cleation 440C, Si2H6 100, 300 mT, 10 min 9604
wbhw 12042004 3502 11 117 04 041 135 440 130 6 m 600 cn of GsHA consumes 6.5 1 0f the botts,
taksuchi 1207/2004)5i2H6 has been added as a vaxible in recipe 5i0eBC13, deposition step.
. ucleation 425C, Si2H6 100, 300 mT, 10 min Recips
whw 12072004 HNA HA NA HA 047 5 425  255i0H6 12 175 600 t‘h ok fur SiZHE,
bob 1202872004 GeH4 ank charge.
whw 120802004 3417 158 117 04 051 230 25 130 12 ) 600 |[Mucleation 425C, 5i2H6 100, 300 mT, 10 min.
whw 120202004 45635 E:§ 117 23 051 337 410 130 6 0 600 [Mucleaion 410C, Si2H6 100, 300 T, 10 min
whw 120972004 34635 128 117 06 0.47 60 425 25 S5iAHE 12 175 600 [Nucleation £25C, 5i3H6 100, 300 mT, 10 min.
whw 12092004 N NA NA HA 025 227 350 0 12 100 300 [Nucleaion 350C, Si2H6 100, 300 T, 20 min
whw 1208072004 3557 189 117 203 051 312 410 140 12 1] 600 [Nucleation 410C, Si2H6 100, 300 mT, 10 min
whw 128172004 3556 196 117 204 051 212 4190 140 12 1] 600 [Nucleation 490C, Si2H6 100, 300 T, 10 min
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Performing BCLS guarts injector rmonitor after 59 honrs of BCLE doped de position.
N2DOPE (acera) Injector Pressure (torr) Tempideg ©)  PRCPER. (Tom)

10 229 3635 2
0 337 3633 i
30 423 363 54
120317200440 495 3627 67
50 5.59 362.1 78
Gl 6.2 3613 20
0 6.72 3606 98
20 7.24 3505 110
a0 1 3585 17
LI5r2005 (& new B2ZH6 cylinder is connected to tysiar20. [t iz hard pumping overnizht and will be torned on 15 by am. T20 will be mptorm now.
The new B2HG cylinder is installed. The quarz injeetor wed by Carris Low over the holidays has been remowed. This quartz injeetorbroke dudng rerwoval due to mechanical force.
1/6r2005 |& dummwoyguarts etoh haz pyplaced it and the ~abve on the dopant line to this dummsrinjector hag heen elosed The B2HE etaindees injector wes memonred and replaced with a cleaned
injector. the corrent mjecior peesuve ie: M0 ecew M2dope - 7105 Tom.
L1RI2005 Found e standby racipe at spacial hold etep. Check the higho ry amd found the reeson was pressore high. Cheek the pap and foond itis o fF. Equipstaff please check the pump. IT it
is O, piease restar the muvap. Teetar2 i down.
111812005 |Restartsd the pump. Readyfor use.
141972005 | 350 14 119 209 340 425 100 60 40 400 [Nacleation d00C, 5i2H4 200, § min.
152072005 | 350 181 120 o0 110 420 1o 35 40 300 [Nucleation d00C, 8i2H4 100, 3 min.
15272005 | 350 143 120 o0 120 73] 0 0 80 300 [Nucleation d00C, Si2H4 100, 2 min.
112872005 | 350 123 118 2 5 300 o 60 180 300 (Mo xmelkation.
102672005 | 350 18 121 o0 110 220 110 35 1] 300 [Mucleation 400C, 5i2HA 100, 3 min.
23712005 (Marne requested to install a new gamrtzinjector for tha BCE 1oe .
505 (350 69 101 g | [Re:ipe sbort=d dus to SiH4 error.
2RI005 Found that tester] 1212 flow 31H4 withomt prablem, bat bath tystar]® and 20 eorld not flow SiH4. Traced the gas line and conld not found any valve elosed. The recipe is set o
wait Leh mersher can wnload her wafers. Tystar20 15 down for vy proce ss that yses SiHA. Eqguip staff please double check the gas lines
203/2005 (Standb yoecipe aborted due o Si2H6 flow soe.
2442005 There ia a definile peoblema with SiH4 flow on 0. At 2000 secrn flow. The supply was exhansted in ~ 3 mirates. Tyeleyl? wag tested and conld still flow S3H4. We will replace the
5iH4 mft for tyenr20 Iader fhia afternoor and ez if this is e fix. tysm20 remaitg down and will hopefll be op by the end of today.
24005 & new SiH4 mft vwee installed on £20. Thexe is sh izene with the 3iH4 flow. We carmot eoeaplets rep-airs todayr and need to tkhe the SiH4 cireuit offlive on Monday o make further
checks 120 isdown and locked for the weekend .
271005 There sesms tobe :omething armies with the 440. & near xfe does not work mder the coxtral of the 460 but does work pexfe otly mwder control of'a tesl eleckonics package.
5 ubetitaing a new cable from 460 10 dhd mf- el in _pbll_wrong, but different, behavior.
2RIAN05 (The tystar2D SiH4 Mow issus has bean traced o the delivany live . We will opan the line for inspection in the morming.
2919005 The floer issne with 120 has been located and fized Tormownw, (200M05) I will check the GeHd and Sill4 rafies for flow values. Ifallis well {he tube should be back available by
the aflernoon.
Found e ges ring low hooked upto the front injec tor pot. Clogged port cause d gas flowr moblem, The SiHA end Ge HAD- 200 rafes wers iemoved and the calibration meagured and
2/10/2005 (recorded. Both are conrect. Previous 5iH4 dows were lilely 759 of set values. Garriz Low will compare mevipus ring bo compers results. Canie is also Jooking into waws o

monitor low and ratios for 5iH4 and GeH4.
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/10,2005

21042005
21152005

2115205

21172005
21172005
21352005

2142005

21512005
21772005

212172005

22152005

Perform MFC test with N2 flow meter.

MWFC

Sitl4 200 (before)
Sitl4 200 (before)
Sit4 200 (now)
Sit4 200 (now)
Go 4 200 (pow)
Go 4 200 (pow)

GoH4 200 (now epars)
Ge H4 200 (new epare)

Electronic input  N2o
100 % 2
0% 123
100% 320
S0% 135
100%% 330
0% 160
100% 345
0% 165

utput (scormn)
0

0.57

correction factor

conve rion {sccm)
130

75

192

3

S tandhyrecipe aborted twice with exror message "IF PRCPR NE". Jon Gloldman iz not collacting data and I cannot find out what went wrong.
Reboot DCS30 PC. Wiill monitor the pressure.
A follow up on the siandh y recipe abort problem: I was wrafching the famace when fhe process aboried 2 mmuies inbo the 5i2H6 coaling step. The pressme could notbe achieved
and N2vac kept changing values to adjust the pump. It always got too high or boo low. Also tested the PRCPR at manual mode. Flow 100 scom N2dope, no other gas. PRCPE
cannotbe setfled at 300 or 400 mTorx in 5 minuiea. After 10 mirmtes, it conld weach the set point. If the PRCFPR. setpoint ia 600 mTorr, it could be achieved faster. Some problem
with the FRCPR and H2ver feedback control?
Adjoried the pressure control constant offact 0, reset 2, delayD. The pressme control can wach 300 and 200 mTorr i & mimte.

453.1

4572

Presenre varied from 250-350 mTorr in tha
3434

GeH4 fank pressure reaches a hard zern. 6 psi barely covers a 1-hrdepo with 175 scom.

92

2.13

211
896

9.18
10.16
217

1015

9.13

102

1019

9.14

118
120

112

112
120

112
112
112

112

112

112

112

112

90
20

wo

02
90

o
ge
&0

2

0o

0o

ge

o

451

N&

565
Na

053
057
053

054

057

0.2g

027

150
120

g6l

340
110

&0
10
&0

g0

&0

&0

&0

425
325

410

125
10

315
425
440

400

440

400

425

100
0

150

100
110

25 512HA
0
130

25 SiHE

150

15 5i2H6

15 5i2H8

a0
1]

o o o B

1]

12

12
1]
13

12

6

12

13

2
&

1]
1]
B 1]

175

175
1]

125

185

400
300

600

400
300

600
600
600

600

600

300

300

Nucleation 400C, Si2Hé 200, 5 min.

Mucleation 400C, 5i2Hé 100, 3 min.

Mucleation 410 C, Si2Hé 100, 300 mT, 10 min. Film
color no t uniform. Some dots asbig as 5 mm in
diameter that heve different color at the lower right
comer of each wafer.

Mo nucleation.

Nacleation 400 C, Si2H6 100, 3 mim.

Macleation 375C, 300 mT, Si2H6 100, 15 min
Uniform but high B film.

Furmace anteal. Flow 100 acom N2,

Muclsation 240 C, 300 mTory, Si2Hé 100, 10 main.
Repeat DOE-15 to identify SiH4 WFC problem.
(Nucleation 400 C, 300 mT, 5i2H4 100, 12 rmin. Cloudy
film, Large B, variation.

Mucleation 440 C, 300 mT, 5i2H6 100, 10 min. Repeat
DOE-11 to ide ntifyr SiHA MFC moblern

Nacleation 400 C, 300 mTSi2HE 100, 12 min. Uniform
film, high B.

Mucleation 425 C, 300 mT, Si2HG 100, 10 rain,
Uniform film, Jow B_ Preasure varied from 250-350

m Toxr.

previone depo. Lowsr limit of the ymeesure ie reached for the particular gae flowe. Heed o adjuet PIN setting with Jiramar.

0.3

&0

425

25 5iaHS

1]

138

173

330

Nucleation 425 C, 300 mT, 5i2Hé 100, 10 min. Clouds
film.
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3172005
3172003

3172005

322005

GeH4 tank changed.
Teaied pomp throughput with N2, The cormesponding flowr and pressurs: 100-121, 200-211, 500-418, 1000-712, 1500978, 2000-1234.
ucleation 425 C, 300 mT, 5i2H6 100, 10 min.
356 2.19 112 e 0.3 &0 25 1352H6 0 18 150 350300 [Preeeurs cannotbe stabilized at 300 maTorr. Manually
harge setpoint to 330 mTom.
Jimny will adjnet the PIN setting to find the right Px walue for the pressws fiedback.
330 9.15 11 we N& 113 25 130 borted after 1 kr 6 min info depo. History showe SiH4
w problem.
S5iH4 deliverypressare 1o T20 is 253 psi - nommal. Manually tested gas flowr and no problem can be found a this time. Will mornifor.
'With the agmement of 1sh mewbarg, the following modifications have been mads o fyetard0:
1) the injecior line formerly nead for B2HE hae been routed to the guart= injector.
2) the 35 injecior has been removed and the tubulation plugged off on the tube.
3) the wvalve used for dopent - gas ring has been capped at the rear gas shelf and no longer in use.
The He/BCH 1% is now the only boron source for tystar20 {(B2HS remains available for tystar] 5). The mit used for He/BCI3 remains a 0-20 scem.
The conifiguration file for the FCS510 remaims as before as does the definition table on the rear IMES2 (460 controller).
Tobe done ata fulue date:
1) Change He/BCB 1% mft from 0-20 sccm to 0-50 scem.
2) Change the disilane mic from 0-100 acern 0 0-200 acom.
3) Add serieamfim for insitu xatioflow checks of 5iH4, 52HS, GeH4.
4) Update F7510 config a0 itis up to date.
3 Updaw the MFS2 (460 controller) defintion table.
@) Update mcipes
Did mannal gas flow test to verifyr the injscior pressus gange connection The injecior presswme gangue is now wading the BC13 goartx mjector pressure. Should choose "gas ring
off™ opbon 1o flowr BCI3, opposive 1o before.
The fomace got indo a strange "STBY " mode, cannot get it back 1o normal with serval atternpls.
Checked the tube configurations. it was ok Found all the recipes were conupted. Dovwn loade d btoufh, sigestne, and sigebel3 into the feal0. Tried o downloed raore recipes, but the
feall alammed for power failure, and all the recipes previoualy downloaded corrupted. Tried again, and everyihing repeated. Now there are only the above 3 mecipes in the feal 0.
Suepacted fhat the ram of feel0 is not working right. Some ram masyrbe malflmetion which limited the number of recipee. Tyetard0 ie nmning etandbw recipe now. The 6 mpsratore
meovere to 350C. Equipment gtaff should ¢ontact Tyetay for farther diagonsie.
‘The backop batlergwoliages were tested om 117-20. T20 showed 3.74 wolis, a bit lower than the rest which were slightly over dvolts. A call is in to Tystar asking if this might
accomnt for recips cormuption. New batleries will be sought in anycass.
Jimimoy bas successoll e loaded four recipies and t20 is operational. The symaploms ohserved are belisved 1o be fanlty RAT and the folks at
‘Twolar birve agreed 10 send e sst of replacerent chipe which will be instelled upon erzival For now £20 is upand nmning.

330 623 112 wo 1% 115 125 130 12 !l 600 ucleation 425 C, 300 mT, 100 5i2HE, 10 min.

330 621 112 wo 037 180 410 130 0 T 600 ucleation 410 C, 300 =T, 100 5i2HS§, 10 min.
'When ] opened the finmace to load my wafers, I realized that the tube wasbioken There wee lots of the broken pieceseverywhere inside the fumace . I left the tube on BTOUB
mECipe.

Foumnd that fhe quariz Imer was broken. The tibe is shill holding vacumm. The leak rate is 3mborrimin Wait for the ecuip staff to change it. Tystar20 is down.
Chenged the linex, alorg with new TC sheath, irjector and cantilever cover.

Did thermal caliveation. The tube failed leak check when ronning standby recips .

Changed quart= tube, Teuged other quartzware from last time. Leak rate 2 mT/min. (231 hr of depo)

‘Thermal calibration 300-450 C.

ucleation 225 C, 300 m T, 100 5i2HE, 10 min. Process
12 0 a00
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Af12005

AfT2003

411042005

411042005
41152005
4122005

41372005
41912005

Sr2005
S06/2005
511452005
SI1512005
SI1672005
SILU2005
SILU2005

3/1852005

Jon Goldman is not e cording date "TCU communication error” on screen.

Reset the TCU. DCS30 is recordivg date again

330

BEEE &

62
6.08

6.12

6.14

6.65

6.1

6.02

6.16

62
6.43

625
625

112
112

112

112

115

112

112

112

112

112 (7}
e

wo

0o

0o

ge

e

62N

HN&a

202NA 1153288 4250410 130430

206

257

1.42

213

&0
30

&0

&0
10
g0

6
10

14

410
25

125

440
200
440

400
440

400

425

425
425
425
350
350
350
25
330

150
130

140

103
0
119

0
150

1%
12

12andd 7070 60000

A
1|

a0

n
120
50

180
A0

120

60

60
55
55
100
100
180
A
100

600
600

400

400
300
600

300
600

300

600

600
600
600
300
300
300
600
300

Mucleation 410 C, 300 mT, 100 Si2H6, 2 min.
Mucleation 425 C, 300 mT, 100 Si2H6, 10 min.
Mucleation 4250410 C, 300 raT, 100 Si2H6, 10 min. 4
wrn bi-lager.

Mucleation 425 C, 300 mT, 100 Si2H4, 10 min, DOE
recipa 8, redo test yun for MIFC calibration.
Mucleation 440 C, 300 mT, 100 Si2HS, 10 min, DOE
recieps 15 with adjusted SiHd flow for MFC cal.
Mucleation 200 C, 300 mT, Si2H& 100, 10 min,
Mucleation 440 C, 300 mT, 100 Si2HE, 10 win, DOE
recispe 11 with adjueted 3iH4 flow for MFC eal.
[Mucleation 400 <, 300 mT, Si2Hé 100, 10 wmin.
Nucleation 440 C, 300 mT, Si2H4 100, 10min.
Nucleation 400 C, 300 mT, Si2H4 100, 0 rein. 2 etr
runs, 1kA andoped Ge

Mucleation 425 C, 300 mT, 5i2H6 100, 1 min Recipe
aborted aince gas ring waa set o on(cannot flow
[Mucleation 425 <, 300 mT, Si2Hé 100, 10 wmin.
[Mucleation 425 <, 300 mT, Si2Hé 100, 10 wmin.
[Mucleation 425 C, 300 mT, Si2H4 100, 10 min.

No nucleation.

Mo nucleation.

Mo nucleation.

(Mucleation 425 €, 300 mT, Si2H6 100, 10 min,
Mo nucleetion,

Tyetarbanky ehnidown bacanes of abrisf power outage, ~12 noon. The bank hae been restarted, the purpe twrmed on and the etandby weipes loadsd. The tyetard0 MFS-1 (460
controller) i giving an error: FLOWCHNTRL 1D, I have not seen this error before. We cannot resetit 1 have a call into Tystar for guidance ona fix. Tystar20 is down until this

problem is cleared.

Talked in Tysiar engineer and ohirined flow [D. Checked the ID with MFS460 dip switches. Found one switch was sat wrong . Reset the dip switch and the problam went away.

gEg

GeH4botlle changed.

BEBEEEY

62
62
626
628

61
62

627

118
112
112
112

118
119

112

wo

05
0o

w5

202

2

24 350 ]

12 330 0
470 125 120

JB2NA 485/35 425025 110110

100 125 130
&0 125 115
16 350 0

16 350 0
410 125 120
660 410 120

274

12
12
20

20420

10
20

Mo nucleetion.
Mo nucleetion.
Mucleation 425 <, 300 mT, Si2H6 100, 10 min,

70060 4000600 |Mo nucleation. Biayer process.

100 300
100 300
1] 600
n 600
55 600
100 300
100 300
30 600
30 600

Mucleation 425 C, 300 m T, SiZHa6 100, 10 rin.
Mucleation 425 C, 300 m T, SiZHa6 100, 10 rin.
Mo nucleation.

Mo nucleation.
Mucleation 425 C, 300 mT, Si2Hé 100, 10 min.
Mucleation 410 C, 300 mT, Si2Hé 100, 2 min.
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641172005

641372005

G6/1B/2005
612152005

18/2005

T0/2005

1112005

1152005

122005

BI1772005

10718720035
1071872005

10718720035

10/25/200 5
1122120035

112852005

The SiCe film on mywafers tuned out fo be venr haryand non-uniform. [ am not sure why is this, [ am trying to identify if this is due to & farmace problem ora process issue. The
sheet msistance of the film was pretty low.

I had 5 patierned wafers and 2 5302 test wafers distrihwied thoughout boat 6 boats. Paterned wafirs were mone harry fhan non patterned wafers. This indicates that maybe if's due

to & pre-formace cleaning process, [ used SVC14 and Di-water singe [ had 5iGe filrme undesneath 1 am still tryivg to find the best wet cleaning process price to the furnace.
330 621 112 85 140 25 140 12 60 600 [Mucleation 300 C, 300 mT, 5i2H6 100, 10 rmin.
330 62 112 82 20 350 ] 12 100 300 Mo rmcleation
330 120 425 120 20 1| 600 [Mucleation 425 <, 300 mT, Si2H6 100, 10 rmin.

ucleation 410 C, 300 mT, 512HA 100, 5 min. Process
bored.

I foumd the famace aborted after 2 5min of deposition. When checking the history to find out the probler, the ABORT atep says Fressure High My wafers are still in the fornace.

Tyaiar) haabeen reaetand Marie will remove her wafera Jimmy Chang needs to review the history file for this tube to learn why the recipe aborted. Merie requests a monitor run
once teeiardl ieback up and rurming.

found that the process ended after the mucleation step. Si2H6 flowed 5 mimules and pressures staved at 300 matoer. after that the des30 pe show not process gas flow the reason could
be: that the famace was dizabled. re-run the process with the process parameter. process went thro nocleation and 5 mimates into deposition without problem. presswe control wes
within 1 minnie 1o the gst point could not repeat the moblem. in the fubme, please do not rernove wafbre or run any other weipe . it will delate all the alarm infbrin the ftel 0. tystar
20 iz up foruse.

The keghoard for tysiar20 has been replaced. Tystar2 is readsrio use.

350 631 112 278 25 410 120 12 K 1] 600

Performing GeH4 maintenance. The LOW GeH4 was tested at several flowrs. 1t seems to be wrorking correcily.
350 635 115 805 235 360 125 105 12 0 600 ucleation 425 C, 300 m T, Si2H6 100, 5 min.

120 410 125 12 50 600 ontimnous rang, Nucleation 410 C, 300 mT, Si2Hé

100, 3 min.
ontimnoue rane. Nucleation 410 C, 300 mT, Si2Hé

233 100 410 115 12 60 600 100, 2 min
ontinuous rung. Nucleation 410 C, 300 mT, Si2Hé

2323 80 410 105 12 0 600 100, 3 min

tystarl is shortmg S1/Ge recipes. The process pressure and gas control has been checked and does not seem tobe the issue. 20 is enabled in my name pending revue by Jimrmy

22 170 410 125 12 50 600 E:n mcleation.
22 130 410 105 12 T 600 [Mo ruclkation
‘TyetarM ie operating correcyrand harie hae complated her rm. we do not know whyr two previone run atiempte shorted bt it i Likely the ehmioff'of the e gasee for the
addition of an mfiw ma 7 have been the causs. Tyetar20 ie up.
350 634 115 85 21 240 410 135 12 40 600 INn mcleation
410 130 12 45 600 Recipe shoried

Iarie's mecipe was ahoried 5 minutes into deposition.

Her mecipe: SiH4=130, GeH4=45, BCI3=12, 410 deg C, 600 mTom

Record compuler shows SiH4 and BCI3 flow were fine . GeH4 flow wes 43 azcn, but setput waa 0. PRCPR waa 138 mTorr, but setpoint wes 0. N2¥ AC waa 0, didn't respond for
pessme control.

Teet gae flow manmally, SiH4, BC13, PRCPER. and N2V AC all reepond to input salue. But GeHAQb w) and GeH4A(high) cannot flow. Rrany found there wae not commees air signal

eent to the GeHA mewvalve.
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found that & vatve in the gas cabinate was turmed off. turned on the valve and the gas flow without problem. equip staff please tum on the valve after finishing jobs. tystar20 is up for

TSE .
330 626 115 85 222 210 410 130 12 45 600 [MNo nucleation
330 63 115 85 2.2 360 25 105 12 7 600 [Mucleation 425 C, 300 mT, 5i2H6 100, 5 min.
222 210 410 130 12 45 600 [MNo nucleation.
Honry Hoidbredar of Tystar Co. iz here 10 change the definition table and update the famace .

BFM Joopis hooked up.

When CacBing = on, 21l gases (dopant and precursor) can rm through the MFM loop for MFC calibration.
BCE MFC has been updaied from 20 to 50 scem full range.

Remove GeHA(lo), PH3 and B2HE charmels, EXPINT and EXPGR are evailable for new dopant and peecursor.
Modify PIN e thng for terperature contol.

GeH4 innk is empty. H2 is roming overnight through the BCI3 Line after the WFC change. Tempermture calibration is in progress.
‘Temperatnm calivration did not finieh. Edit etandbyr and depoeition recipe . Add a 5-min leak monitor elep to weipes.
GoH4 botile changed. BC13 ieback on.
436 623 115 a7 | ak monitor - door open right be foze,
354 6l 115 87 ak momitor - door open right be fore.
Bun MFC moniior manually.
NA 10 430 140 30 a0 600 k_ult monitor - door kept clo=e for a few howms. Check
wcips. Nucleation 430 C, 300 mT, 5i2H6 100, 5 min.

Dats meord in DES30 do not match the definition tabls. N2Dope i offby 10x, PH3, GeH4(low), GeHA high) ars etill thers . N2MPFN, BCL3, GeH4, st do not show properls.
Start emperatom ealibration for the range of 300 - 450 C.

‘Temperatare cennot gisblize at 300 C over the weekend. Restart calibration for the range of 350 - 400 C.
End xones empertume are offbya few degres. Cender zones ferape rure are good 1o 0.5 deg C.
Change configumtion in DC530. Now gaa channels show up properly.
Run MFC moniior manually.
2.1 120 425 105 12 T 600 [Mucleation 425 €, 300 mT, 5i2Fé 100, 2 min.
330 627 115 87 21 240 125 105 12 m 600 [Mucleation 425 C, 300 mT, Si2H6é 100, 10 rmin.
21 130 410 130 12 45 600 [No nucleation.
Roun MFC monitnr manually.
Some old dummy wafers have ve ryrthic k de position and stick on the quartzboats. Take all boats out and clean in Si stcher.
34338 625 115 87 | &0 430 140 30 60 600 [Nuclsation 430 C, 300 mT, Si2H6 100, 10 min.

Set op mcipes; SIGENONU (de position wio nucleation), MULLA (12-kyer deposition), MONYAR (MFC mornitor for regular usss)
"While ronning etandbeyrre cipe, "no auto” alarm in the back. Silence alarm and rmest comnputer. Process seemmed to procead, but shorted after eome time. Cannot dieplay history on the

BCTEOIL
0 @oto alarm comes on when the FCS10 has power failure. if' it is reset for long time, over a few seconds, the alarm will show up. since all the alam mesgages were erased, could
ot know the cange . restart the coating (standb ) recipe and it finished without problem. this problem is cleared for now.
3499 60 115 87 230 430 140 30 a0 600 [Mucleation 430 C, 300 mT, SiZH6 100, 10 min.
ucleation 430 C, 300 mT, Si2H6A 100, 10 min. 5iH4
3405 635 115 87 30*11 430 140-190 30 a0 600 [ramping experiment (+5 scem per layer), 11 layer

epodition.
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ucleation 430 C, 300 mT, Si2HA 100, 10 min.
NA HA Na N 30*11 430-380 140 30 a0 600  [Temperature manping experient, (-5 deg C per layer).
11 layer deposition.

Run MFC monitor marually.

330 69 115 87 &0 425 105 12 T 600 ucleation 425 C, 300 mT, 5i2H6 100, 5 min.

HA HA Na N&a g0 410 130 12 45 a00 o roacle ation
Wiodify BTOUTE mcipe and 95t gas xing to off o that the MFW line is inactive for the 5000 seem H2BEFL.
Roun MFC monitor marually,

Cenler zone emperatme off calibration. Set emperature is 450 C and achmal terape rature is ~ 160 C.
Found that the TCU was locked up. Beaset TCU all temperature read normal except the cender zone. The center zone terap readout was flutuated There was 2 "B " symbol next o the
temp readontont Itindicated that the TAC wes not working . Swapped the certer zone the with other zome t'e. Found that the tfe was wrorking . It is suspected that the tie block hasa
bad contact, or we have a electronic problem . Twatar20 is down nntil equip staff fized the tie problem.
Crmated meipe MONCON for IWMFC monitor. There ave thres est valuee for each gae.
Bad conmectione at both the TCU board and TC block Connection re-eetablixh and terasrature novw reading cormectly fiom TC.
Start lemperature calibration for the range of 300 - 450C.
Stried TCU calibrafion yesterday for 350-450 deg C. Found femp se fpoint at 350 deg C and actual temp at 450 deg C {within 0.5 deg C). Temperature calibration shonld be done,
bt people said it started alarmmmng since last night.
I disconmecied the TCU section on the pall-down mem communictation -> disconnect, then file -> exit DCS30 gives enor "TC T communication failure”. The furnace is
operational, but CS30 cannot caphue data.
g0 410 150 30 50 1200 [Nucleation 410 C, 300 mT, Si2H6 100, 10 rin.

The emperatum eishlization for the etandby recipe (450 dag C) takee forever. The temperatme hae ¥obe good to within 1 deg <. The tolarance in the mcips ie 5 deg C for the center
zones and 10 deg C for end zores. This starls to happen afler the TCU commumication failure ervor. I zan a deposition recipe 5iGeBC13 with set temperature 410 deg C. It can
siablize within an hour and the tolerance is correct.
Bun MFC moniior with recipe MONCON.

3505 631 116 87 | &0 410 150 30 50 900  |Mucleation 410 C, 300 mT, Si2H6 100, 10 rain.
Reset TCU. DC530 now talking with tystard0 and collecting data. the standby recipe was corrupted. the tolerance was st o default. Redoad the recipe.
5 tandhy recipe aborted 3 timee. It alwaye happensed at the beginming of the 3i3H6 coating step. I feeted the Si2H6E flow marmally and couldn't ese any problem.

360 631 114 a7 g0 410 150 30 1] 700 ucleation 410 C, 300 mT, 5i2H6 100, 10 min.

¢0 410 140 30 a0 400 ucleation 410 C, 300 mT, 5i2Hé 100, 10 min.
Found that the reasom for sbort was 2DOPE insiead of Si2H6 . Ran the standbyr recipe twice with recipe and once manually, not moblem with the process.

34 643 119 87 &0 410 140 45 a0 350 ucleation 410 C, 300 mT, Si2Hé 100, 10 rmin.

4497 691 119 B7 230 410 140 30 60 600 ucleation 410 C, 300 mT, Si2H6A 100, 10 min.

350 646 119 87 120 425 102 12 il 600 ucleation 425 C, 300 mT, 5i2H6 100, 5 min.
100 410 130 12 45 600 Mo nuclkation. Second layer of bi-layer.

453 .6 701 119 a7 230 410 140 45 1] 600 ucleation 410 C, 300 mT, 5i2H6 100, 10 min.

Bun MFC moniior with recipe MONCON.
Tyetar lostall the configmation when a lab member entering the recipe. Reset the FCS10 using cs command. Down load configuration file from DCS30. MFS460 #2 alarmed for
BAD RAM Resetitand the alarm cleared. Down load all the process recipes needed.

399 645 116 87 313 410 140 45 a0 350 ucleation 410 C, 300 mT, 5i2H6 100, 10 rmin.
3502 6.9 121 89 250 410 140 15 a0 600 ucleation 410 C, 300 mT, 5i2Hé 100, 10 min.

34 64 112 8z 340 410 140 30 a0 350 ucleation 410 C, 300 mT, 5i2Hé 100, 10 min.
3517 6355 119 a9 360 410 140 15 a0 350 ucleation 410 C, 300 mT, 5i2Hé 100, 10 min.

Bun MFC moniior with recipe MONCON.
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Bun MFC moniior eith recips MONCON.

I used the MONCON recips to run weekly MFC monitor. The “ges ring™ swiich bas abad connection. The dopant gas went thmogh the injecior path mther than the MFM path This
wus noticed with the reading on the injector pressore genge and the MFM reading. The actos]l valoe of the gas ring follows the seipoint on the screen. I bad i swiich the "z o ring™
on end off & few fimea in the RIvI page to Zet it to actoally tom on

"What wae thought inbe a simple bad comection tome out 1o likely be 4 malfunction in fhe electronice in the MFS-460. Curently in commmmication with Tyetar for help with
trouble shooting mf: 450 IO board components. TeetarX is down for now.

swaped ot MFS460 1/0 board with a replacement MFS now commctly controle the gasring colemodd. Malftawtion most likelydoe o bad opem collbetor tremsizior Q1 QNE038) on
the WFS-460 'O'boud. Looking into replacing. Testar) iz up foruse.

350 64 117 89 | 20 410 a7 35 20 300 [Mo pecleation Pressure not siahlb
Presure jumps betoreen 150 - 530 mTorr for the following recipe: 410 deg C, 47 scom 5iH4, 20 scom GeH4, 35 scom BCIS, 300 mTorr, 20 min The data is recard m DCS30 on
1712106, recipe 5iGeHoNu
Aa o refernce, 350 mTorr was fine in the pest for 140 scem SiH4, 60 scem GeH4, 15-45 acem BCI3.
tyeter fiomace peeemre control parametere am oplimized for high gas flow (-200ecem iotal) and high presewrs (300 mborr and ahove). in order io mn low gae flow (<100eccm iotal)
or Jow preeeumm, the eontiol parameter neede i0be clanged again. will talk 0 the euper nesr shoxt the 2ae flowes and show equipenginesr how o adjost the parameiers.
tystar ) is shill up for most of mocesses.

adpsted the pessare cortrol parameters acconding the tube use. newr valoes ave: szt 2.0, delay 0.5, offset 0.0 Super uzers £ stboth high and low pressure deposition and ok with i
tystard is up

448 69 120 89 20 410 a7 35 20 300 Eﬂ e leation
15 40 a7 35 20 300 o rocleation.
Run MFC monitor with recipe MONCON.
Start TCU calbration for300-450deg C.
o mcleation. Pmcess shoried at the beginning of the
3486 636 120 B9 15 350 1] 12 100 300 sifion, becense BCI3 flow was higher than
tpoint. Resiaried the process manually end went OK.
631 10 & & W 0 6 50 30 iy meclation 56 sccm of N2 flovw during deposition.
451 626 1320 89 15 330 1] 0 100 300 o xclbation. 12 secm of N2 flov dhuring deyosition.
4497 683 120 B9 B 300 1] 1] k1] 300

o noclestion. 62 scem of H2 floer duoring de posibion.
Ban MFC monitor with recips WMONCON.
Crmated mcipe SiGeSesd. SiH4, GaH4, BCI3, 5i2H, temperatam and peseure amw all vaxable in mmcleation step. Ivan depoeition followe mcleation immadiately. Gae flow mise
and preesure in the main depoeition are varisbles, but emperatum hae tobe fhe sanwe & nocleation.

hacleation 410 C, 300 mT, SiH4 47, GesH4 20, BCI3

3499 635 120 89 5 410 140 35 1] 600 5,5 min. Tost SiCeSeed recip.
Activate BNTLK interlock for steps with toxic gas flovw for all recipes. Increase safety facior for polential keak
301 63 117 89 200 40 140 35 @ e [rcieiondl0C 300nT, SiH4 47, Gelia 2, BCB

35, 20 min
Bun MPC mondior with recips WMONCON.
GoH4botlle change. New preesme 137 pei.
Bun MFC moniior with recipe WONCON.
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Power outage forshout an hours. Inspec fumace and found no particle problem.

3407 638 120 B9 480 410 140 arth quake happe ned during depo - 3.4 in Orinde.

acleation 410 C, 300 mT, 5i2HA 100, 10 min, An
35 ad a00
serything is fine.

Bun MPC monitor with recipe WONCON.

Bun MFC monitor with recipe WONCON.
3504 X 117 29 130 410 47 35 1| 300 o nucleation
3514 632 151 g9

Standhypressme a ot higher than normal. Base presswre fest with no gas flow and purap numing at full power, 61 mT. Rate of'rise - 1o change in 5 mainutes. (As & reference,
‘Tysiarl? hac a base messure of 0 mTorr and rate of rise of 6 mTomr i 2 minutes ) Open the fube and found quartrware close to the door tume d blue black. The color should be gy
with 5i0e coatimg . Ome of the cantilever has a crack at the puxop end. Ran standbyrrecipe and leak check failed,. Total 185 hours of depasition.

dne to mntiple tobe quartzwme failing recently we were out of stock on T/C sheathes. These have heen mch ordered from LP Glasa and are ¢ xpected to anive tomonow. All the
other quartzveare om tEtar2) hae besn replaced so that upon arrival the eheath can be inetalled, tube can be leak chacksd and temnparature

calibration can commence. Tyetar20 will most like lyrbe available wedneeday

‘Thermocouple has been installed, tube has pagsed leak check, heatersare on. Tube ready for coating and calibration by process siafl.

staried standby recipe {coating). temp is still low {~50C). Will check tomorrow moming to see the status.

Ran MFC monilor with recipe MONCON.

Pres and gea flow feat to confinm se tap. Injector's orie ntation is wrong . Siart terape rture calibration.

Injecior orientation has been comected.

finiched coating. emp/heater calibration done 300-450C . tyetar20 i mnning etandbyrecips and ie wp for uee.

Cannot open the door with boatout weeips.

N2BEFL, PRCPR, BNTLE, GNTLK and BOATSFD awe all comect on the disglay. Also verifiy the N2 flow with the WMFM loop. It seems like the tube is not ¥ented - loosening the
cable and pull on the door does not work. Also try reseting the boatloader. Ot of idea. ..

350 200 425 100 30 0 600 [Nucleation 425 C, 300 mT, 513Hé 100, 0.5 min

350 72 350 ] 12 100 300 [No nmcleation

vented tube and found boatloader stuck. Cable had alipped off pullew near tube door and wes caught, inhibiting boatloader from being menually or aviomatically pulled out.
Evarything hae been meituated and boatloadsr is working fine . Tyetar20 hae besn left pumping down and ie ready for ues.

ucleation 410 C, 300 mT, 5i2Hé 100, 10 win. 4 lager
3505 62 117 g0 B34 40 140 30 1] 350 tarks, open door betwaen depositicns.
ucleation 350 C, Si2H#é 100, 300 mT, 20 min. Pure
3574 624 120 89 45 350 1] 12 100 300 e deposition b cover CMOS.

Cannnt open door antormatically with botouth mecipe. I have to pull on the door and press "hoat out” on the kesyrbroad to get the door ont.

Boafloader m-limit flag found too far "in," no longer cloging the aulo-in switch. When the hoatfloader was corananded fo open, the flag, on the way out, would then close the auto-in
ewilch caneng fhe boafloader to think it nesded to pull iteslf cloged. Adjusted in-limit flag to keap the awln-in ewitch cloged when boatlodar wae all the way in. Boatloader now

fimectione ae it ehould. Twetar20 is available for ues.

330 623 120 g9 35 125 140 12 a0 600 [MNucleation 425 C, Si2H6 100, 300 mT, 10 rmin.
ucleation 410 C, Si2H4 100, 300 mT, 10 min Pilayer
3472 623 120 g9 20230 410 140 35 60 350M500 sposition, no inferraption in betwesn,
350 300 410 140 35 60 600 [Nucleation 410 C, Si2H6 100, 300 mT, 5 min.
o rucleation. Helf Erik Gamett on Pt catalyst
3629 624 120 8o 10 450 20 0 0 1200 anowite mow test, Used 4° caged boat
57 450 130 30 k] 600 [Mucleation 450 C, Si2H6 100, 300 mT, 10 min.

Bun MFC monitor with recipe MONCON.
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350 624 120 50 115 425 130 12 gl 600 [Nucleation 425 C, Si2H6 100, 300 mT, 10 min.
350 626 120 i 0 425 140 18 60 600 [Nucleation 425 C, Si2H6 100, 300 mT, 10 min.
330 624 120 B9 15 450 100 0 0 600 o rmcleation. Ty to g10w nanowire v Pt catalyot
Ome of the 6" openboats is broken.
Baoken wafor boat mplaced.
44 6.7 120 g9 180 440 130 12 T 600 Nucleation 440 C, Si2H6 100, 300 mT, 10 ruin.
352 63 117 29 180 410 130 12 n 600  Nucleation 410 €, Si2H6 100, 300 mT, 10 rin,
Ban MFC monitor with recipe WONCON.
o nucleation. Try to grow nanowire w Pt catalyst
350.1 625 120 29 15 450 100 5i3H6 10 1] 300 |Also byio deposit poly-5ion Ag catalyst nanowire.
Mg remaored)
3409 631 120 B 15 450 100 5i2H6 5 0 300 Mo rucleation.
‘TwetarX) etarted doing temperatore etabilization for the standby coating eince last night The center zons hae 2 "B " next to the actual emperature. All other zonee are at -400C,

whem the estpoint ie 450 C.

the "B" next to the temp reading means that the thermal couple in the tube is not working . the spike tic is vsed asa backop instead.

since fhe spike the finctuates more, it fakes longer to stabilize the temp.

tried rese ing TCU, and FCS10, no effect

tried seconing the tie connecion, no effect.

equip siaff please check the tiz end conmections to find out that there is any open cirenit.

tyatar20 i naable, bt it 13 beter wait fior the ecquip ataff to fix the tie.

Just Like last time, this problem i cauged by a faultyconnection in the J1 connecter coming out of the back of the TCTI. Last time I was able o fix the bad connections using spare
pins in the cormector, but seeing as there are no more spare pins, I think it's dve time to do a complete rebuild of the connector. This will be done when the Tysiar Tech comes up
some time this week {possibl

wnext week ) For now, the "B" is gone and Tysta20 is availables for nss.

Bun MFC monitor with recipe MONCON.

330 623 120 g | 130 330 1] 12 100 300 [Mucleation 350 C, Si2H6 100, 300 mT, 20 rin.
Conder zome thermocoupls hae bad cormaction. Temperature jurnpe from 35 deg C 1o 500 deg €. The heater ie working hard to repond to the fales traperature reading.
Unplogged wmetabls corter TIC to foree TCU to ues the "back up” center TAC. Tyetar20 canbe ueed in thie stale, temperatme etabilization maytake longer. Thie faulty TVC
connection willbe fired permanently Tuesday.

3501 628 120 g9 80 450 100 5i3Hé6 10 0 300 No rucleation. Nanowire experiment.
Henry Heidhreder of Tiystar Co. fixed the TC problerm.
330 72 350 ] 12 100 300 No rmcleation.
Fun MFC monilor with recipe WMONCON.
330 633 120 g9 120 425 140 12 a0 600 [Mucleation 425 C, 5i2H8 100, 300 mT, 10 min.
330 300 410 140 45 a0 600  [Mucleation 410 €, Si2H§ 100, 300 mT, 5 min.

the cenier tc showed "B " after the termp reading. it means the profile tic is malf'onction, either the tic itself or the connection needs fobe checked. the tempcontrol is using the spike
thc oulside the tube now. tystar20 is shill ueable.
Edit 53GeNoNu recipe, add NZBKFL. as a variahle. Pressure can reach 2000 mToer with 1500 scom of N2ZBKFL for Erik Gametf's nanovwrire experiment.

3533 624 120 89 | 90 450 1005i2H6 5 o 300 INn rucleation. Recipe aborted shout 5 min short.
Fumace aborted doring post-deposition murge/pump atep. Cemnot unload wafera until problem is resoked. Wafera left in and furnace disehled.
found that the depoeition wae not finiehed. the eet fie wee 1:30:00, but it aborted shout 5 minntes ehort. on the alarma history, the empe faulte wae the canes of abort checkon
DCS530 compuier, fhee were eerveral epikee on the tempe. monitor the etatue and found that the "B" ehowed npon Center and SC zoree. thie i an old problem that hae not heen
fixed.
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Same fanlty connecior problem. Working 40 get paris in rhuild conmector secumely. For now, employed some stoavin relief plusbent pins to force a better connection. Also, fixed
boat Inader prob ke m cansed by boatloade r in-limit flag being too far in, which caused the boafloader to be forced m when it was trying 40 rove out by retripping boatin switch. Can
procesa staff ron o st ron io see i TC connec tions are sinble please?

Bun MPC monitor with mecips MONCON.

checkad the DS pe and found fhat there wem gtill a fow temp epike readinge. iempl, Smple, empec are ok, bt empe and tempe ave jumping wp and down. tyetar20 etill hae temp
moblem

The sagpicions eomecinr has basn completely whuilt Waikching sthility of temperatarm reading s over night to delermine if this connection is the calprit or if we are dealing witha
mishe having TCU board

Wicmldh account inactive. No mome babyeiting for Tyetar2D.

spiking fmperatores have gotien betier but have not disappeared. Odd nature of the spikes makes me belisve it is eifhera comnrmnnication problem, or a TCU boad moblers.
Swapped ot TCU Boand, tube will need o sita while io collecidats io see if spikes are gome. Tobe will also need calibration.

afier TC T boand change, empeminre reading stahility is significently betier. All tystar20 needs now ia calibrafiion




