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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
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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

14



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

24



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]
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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.

34



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
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Figure 2.7 SiH4s MFC monitoring data
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Figure 2.9 Si,H¢ 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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LU S

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
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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.
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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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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
81



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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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
temperatures: a) 410°C; b) 425°C; ¢) 440°C
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Strain Gradient vs. Thickness (410 °C)
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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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(a) Strain Gradient vs. Resistivity (410 °C, Recipe 3)
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Figure 4.9 Strain gradient vs. resistivity for films deposited at 410 °C, showing: a) linear
correlation; b) non-linear correlation; ¢) minimum strain gradient
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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)
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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
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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.

2.0 | LayerStack - i
HH
,,,,,,,,,,,,, . Interface]
T 15} = i
3 .
] . )}
3 Interface
c A~ T L
x 10} R
[E) »
£ . ]
=2 . Interface
i 05} . E
[
—a—
00 n 1 n 1 n 1 n
-300 -250 -200 -150 -100

Local Stress (MPa)

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.
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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.
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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)
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Figure 5.2 Stress profile and cross-sectional TEM image for FA-a (film deposited by
Recipe ThickDepo)
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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
Recipe ThickDepo)
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Figure 5.6 Cross-sectional TEM image for RTA-e (film deposited by Recipe ThickDepo)
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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)
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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
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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.

164



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 5.23 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.

182



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
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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.

201



References

[A.1] R. Maboudian, R. T. Howe, “Critical review: Adhesion in surface micromechanical
structures,” J. Vac. Sci. Technol. B vol. 15(1), pp. 1-19, 1997

[A.2] U. Srinivasan, M. R. Houston, R. T. Howe, and R. Maboudian,
“Alkyltrichlorosilane-based self-assembled monolayer films for stiction reduction
in silicon micromachines,” J. MEMS, vol. 7(2), pp. 252-260, 1998

[A.3] B. H. Kim, T. D. Chung, C. H. Oh and K. Chun, “A new organic modifier for anti-
stiction,” J. MEMS, vol. 10(1), pp. 33-40, 2001

[A.4] W. R. Ashurst, C. Yau, C. Cararo, C. Lee, G. J. Kluth, R. T. Howe, R. Maboudian,
“Alkene based monolayer films as anti-stiction coatings for polysilicon MEMS,”
Sensors and Actuators A, vol. 91(3), pp. 239-248, 2001

[A.5] T. M. Mayer, M. P. de Boer, N. D. Shinn, P. J. Clews, and T. A. Michalske,
“Chemical vapor deposition of fluoroalkylsilane monolayer films for adhesion
control in microelectromechanical systems,” J. Vac. Sci. Technol. B, vol. 18(5), pp.
2433-2440, 2000

[A.6] W. R. Ashurst, C. Carraro, R. Maboudian and W. Frey, “Wafer level anti-stiction
coatings for MEMS,” Sensors and Actuators A, vol. 104(3), pp. 213-221, 2003

[A.7] A. E. Franke, J. M. Heck, T. —J King, and R. T. Howe, “Polycrystalline silicon
germanium films for integrated Microsystems,” J. MEMS., vol. 12, pp. 160-171,
2003

[A.8] K. Prabhakaran, F. Maeda, Y. Watanabe, and T. Ogino, “Thermal decomposition
pathway of Ge and Si oxides: observation of a distinct difference,” Thin Solid

Films, vol. 369, pp. 289-292, 2000

202



[A.9] G. J. Kluth, M. M. Sung, and R. Maboudian, “Thermal behavior of alkylsiloxane
self-assembled monolayers on the oxidized Si(100) surface”, Langmuir, vol. 13, pp.
3775-3780, 1997

[A.10] M. M. Sung, G. J. Kluth, R. W. Yauw, and R. Maboudian, “Thermal echavior of

alkyl Monolayers on silicon surfaces,” Langmuir, vol. 13, pp. 6164-6168, 1997

203



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.

205



1000

T T T T T T T T T T N T
|- Sjon SCS m- Si on Thermal Oxide
E‘? O+ Si on LPCVD Oxide
5= 800 [--A-- SiGe on SCS A-- SiGe on Thermal Oxide
0@ LA~ SiGe on LPCVD Oxide
g 600 L ¢ GeonSCS - Ge on Thermal Oxide ~
[ &~ Ge on LPCVD Oxide po
® 2 J—
53 o
Sy 400 e E
Q 3 B
x o ~
v 8
2> 200 4 PO
g5 A O
Za N o
59 or” P N 1
27T |
5 % h AV <A A A A A A A A
@ ) Lo
A = T e e ke R e B
- 1 " 1 " 1 " 1 " 1 " 1 "
2 0 10 20 30 40 50 60 70

Days after Deposition

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.

208



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.

215



wg suopltore poon] 009 0E 09 oot o0 119} ¥ 2] 101 -9

D005 -00¢ VWOLF WOGRICER)

aopsfiar 93wy Apagssa qiu pue g Lovy
009 09 o9 001 (19 o9
009 09 o9 001 K o9
w20y stApansts ] - wuoynm-wow pue Aoy £1an s urd| 09 09 09 001 xr 09 &01~

Iyl mapy

TOUT] A3 ‘1053 frr ssar ‘aqny ap "ELZIT0 9 Snoogy

TV STiE 0 pomad ag) Bavmp smoy (57, I0] PasT seh acqy ], AT[ap & (uasad jou op pue s5ad0xd 193138 100 PRLOYS PuE wojaalur Af) Jo juauraaeld oW I0 SWOTSUISMIP [[RIAAD WO 1333
O 9AET PILOTS SPOUL 83T, "oV &ff] arsAZrenh pusixe 0 ‘anf], ‘PoLmOI0 ARMf SMYTE] eIafa Bare a) joejond Of Ss[fyec [eey MmO J0 1oy SUIETD ) POARaTaep FRre Jour] mo Jo o Soey
6T} PESERIINT SARY GAY PETROW ax IO[A eTesme]enb sen jLg aqn) e Prmaer JLa e wonmsodep Jo arnoq e waArd peysedxeun jop] Aeprelsat peyoeia equ) saeaned 5 qrreal ]

009 09 09 oot i vF
Apansteat ssd o0 69 13 Jo1med wogog| 009 06 02 ¢8 1.4 i} g0¢
mogmn| 003 os 09 oar mr  0S1 ElF
10y 33fuy SRR “UOHRIRA TaTRA 55013 OB TSI K] Arnstssy “odsp Rurmp amssad rogyafur gy
_ _
“pedavya e PHeD
WOMBLIEA SOUEISTAAT %400 T WE S1OW WLIGIURION| 009 06 i 8 1.4 i} 6T9
nuoymn| (08 44 09 oot or oSt LF
my 8 09 oot 1.9 06 SEPZEF| £68 ] %L
ooF oL 09 oot 1. S A ol 101 8L
009 8¢ 09 oot e £¢
00g 0 09 oot ar  10E ol 101 299
00g 0d 09 oot @r  BET gL
mg 8¢ 09 oot @F 661
(1113 0L il oot ¥ Ly LLE ECL
1803  00F g 09 oot Tr it £
Ioyoelfar s epy
oy 00 8¢ 09 001 @r v ok Lo
muojnm g #0009 09 09 00t 1.y o9 ~g
nugynm g £07 009 09 09 oar 1.9 oy ~g
oMy 00y g 09 oot v  OLT ¥
hammQ) O] *4¢ B~ WA 00 09 09 oar Gr  OLY 6 €01 4
Imoafar s apy
(wopw) (uoes) () @) (uas (o) Gow)  @op) |moqon Geed el 45
SPULATTO]) s PHD  G0d OHTE  pHIS  hwap el cssaid ) AAPTME oo onfone dquoms
SUOIIPUD 2 Uosodag SL0|EU0D AQRLELS

00T

CODEOTITT
CODESETIEL
CODESETIEL
CODESLTIEL
COOEIPULL
COOZIEUEL
COOEITUEL
[aL1A L fA
CTOOEINET
CO0EKIET

Elig|

maed

b g
Flu Ry
Apqag
o oham
TIROA BEAT
ok gy

T
Appam

qoq

TITOK SEA

Lpqem
Lpgap
£ng
ey

weyed
g

areg
dogsyy
dogag )
Lpyem
dosg

m ok g
w0k s

Lpqap

128[)

216



WIL'D 0P }OM PIP 499010, 6T a6 ZHRT)|

adr o1 Jnojeo
unx jouue ) gL e paddoys :eum pug (enr) jou
Arem 08) 4.0 pH1S esneoeq paciiogs sseoctd tewm |1

Jopaum }03 a¥ned amssaxd rojaabe]

100P 94 3O 380 O O U1 ¢18'7E 3e0qdvind W g
¥e0q Iawe] W G| A%0q pRo] Wonwsed wog PSPy

STEl1 ovre X 01y SaFrey 3 sIqTem farojan se sdrar sures
BATESWIE [EULT & [

M0 J08.AT “UIIOFI JOU ST PO a8 PR “aUT] ST TajRth JAIT]

_Eﬁﬁﬁn
1=l ¢ 0 whop amssaxd Yue] gHZ g

ﬂﬁuﬁ_uﬁﬂ#
W] AT0A STATATSISOT g WLIGIVT. 5T HE_

Ayl e ey

o0 "ofep Suunp paroge sseaoed ‘edioer ared 4 ep]
BHILL U0 AGPUWE Of

STILT Uk a0 ACpuws o

WOORIRA Y ¢ "BITROO] WLIOATL]

PROYIIwn S5 OLIR UOGRURA Y %, [ VI DIIOPUNALD 4
wg saoydioure poog)

WITEF STOYCT OUTE PO OF)

e
oz
nIgsg

£C
§C
85

KT ‘B
081
=4
8
09

ST
1]

DET
0L

ALAM} L VT O ST 3511 JO AR PUE S [, 51 arnssand aseq ‘cary Burerado Bwmjorar rary ymarm By
S WO P} SABF] P02 WIWLW S €91 J0 efEy " L L] emasac esug Ieand O I pue ieaya 1, sev pegeau] * {odep Joy £¢ N QL[ pe[cEwe) 1euy puE equ mrenb peoney

*SPOWL CYTB I (FI0 &) paoe]] " SPOTI TOTTSN UT [F TgEK] pumo.g
0g 001 9t
09 oot BL'S
09 001 (18 09 6T% 568 101 L 152
WOEHD9 yor v | o
LI
09 0 (114 0e 68
- areds e din s zamod peowdsy -pemey wopng wo rewoed digs zasod panoyg
09 001 oor 0ct £68 101 CTLE
0s 001 1.9 0e 60F £68 101 EC9 1.5
09 oot CEE 0g 66E 69 1.4
i) o0t oor st :1:4) L6 L) e TogE
0 0 0oF oog g0 ¥os L) ey
e gH7d aepay
‘pood are e J0 s)BT PR amassal eseg -pe[Ela veeq F] eShuey mE e p] e OLFY A6 “Iopsefur s *To0p A epy
i} 0 CLE ce Wi
0Z 001 L% oI -~
‘zapdwns (rrasf) jasay
‘dhn. peo0[ weeIos evg Wetpt 0] aafir ey ySnong} 199 sopy; amesand e Surangped ses |
0 0 e oog 2o Te2 101 (3.3
09 oot (1.8 4 o9 6%
TR o) sveplay
09 09 1.5 09 L8
09 001 & X9 oF'< Wi Wi Wil
09 oot v st 449 68 01 ra ]
09 oot G6E st Wi I Vil
09 o0t CoE 0et 18% ¥os L) 2L
0ot o0t 1.9 4 £ (&
09 00Tt e 0ET ¥ £68 (om0l 908
09 oot oo 0et oy C68 101 el
09 oot 06t 1] 1A [4A S C68 101 Bl
09 001 148 1] 1A 9.1 £68 101 EE9

£O0EIETIE
EO0ErsE

EO0EIRLIE

£D0EMRTIE
LEsTE
E00TIETE

E00TITTE
£00EITIE

E0ENDTIE
E00TILIE

E00TILIE

EDOTIGLIT
ED0TIGTIT
ED0EIETIE
EO0ERTIE
EMETITLE
EONTI6IT
E00TILIT

217



VOTEL GLTED

00w

ww 07 #wn ‘00g 2 ‘081 SHES ‘00p dwis wogveonpy| 008

I’

&01

og

oot

STr

CLE

05T

009

o

10

C68 o1 Wi

Leg 101 L 00E
2 00 ¥° pasmrg vonerqes dva |
Yum aremap) e Iy

“WOTIRIGES PEITR]d BARE] “BUTTOTIMO0 PUE [RRmou Prer 4 o aure ] T6I6r GTRAT0S 1636l PUE 0], 1696y “xwe] O] S04 B OE- ST P ATRa

"diy0q Of PaqALAE Fo

(ZAWSE} PR 1], I9pI90 PIA0wIss aavH ) g Spesc wl padSnmd st wes g D) )L OO ST 199U D4R LA 0PN ), 7 SPEI [P 0], 9o SUoz 19i9es) () S0y 400
00, - wwds e peoaq [, #9veyg wo RS swa 1 peesdn 2 dn wepiln pue roposnios preo 23[9 e[ IR STUM [WRA9S )W 0} PA ], w0 1 pei pue jno g wwad 0], panoy

Papaooa jow e 1lur oo agjl
ges .0

"W U BaA1160 AGRUELA Of]

D00E PY® D05 1r-00E WoL) Wah IR

T & Op J,WPP “S¥uea J010ehiT pejaenkey

UOTRE[IML PIEpE] 5

Aod pue snuogdtonce
JoWonIswe, 18 6q PROZ) "WHQIND Jou L1ATiseey
ba/umO o] SIS AL a6l g

WIWE “SRETR W06 0BT \LW00L "DOCT T OnRaTany
ST W ]9 AGPURE O}

L] 1]1°4 00g 09

oow 0L o9 oot L 09 rel
0ot £9 09 0ot CtF 1}:44

0ot &9 09 0ot Tk 1}:44 £F
[LIE] o0s oy oot ook (1194 6'E
oo £3 oot 0ce

oo 0z ] o0z 0ce 217
L1 ooz 09 0 143 £
ooe 1]1°4 09 0 1:43

[LIE] 42 09 oot oow oct Te

30 papgew dum “ued o1 100p sseoaw weqa edid Oy Surpooo Rop Ynuss poquos dwmj das

ooe 42 09 0ot ook 05T 1LY
004 1]1°4 09 0 EF Lrf
oow g9 oy oot L4 o1

e 09 oy oot L4 o9 a4
(L1} 0L 1) oot Tk st

L1 11| 1] 0 943 099

on9 09 1) oot (L1 09 1
008 119 09 0ot ook 05T o1y

06 0] gL 1.2
¥CL

sd1as £ qpues pue Lo v g0 PIPROH PUR O7Avsh) 19591 A
saawwred Sugmedur wegm do pepsop mpdwe a7,

0d 0] 1) 1.2

663 o1 eyo {22
zo10alnt map g T amssamd xopsafay

L9} 01 POET 1.4
1oy i v 9p 75 arnssand xoy00 ke
01 LA L3

01 LIE 1.2
06 101 FI'E 9L

PITY 0 PA00R s5900 g0 poqs 02 dumg
¥63 101 96L  60SE
68 1] 6L
e o erepd oy

L6z 01 =118

9. 11) ye CorE
xoy el vepy

LAl
ED0EA0EIS

E00EIBTIE

ED0ES9TIS
ED0EKTIC
EO0ERTIC

EEFETSS

00T
AL ARE
00T

g
ELET

3

w2y

Ao

T

Spgam

1

%

B HIH ERH R

218



ojoeur Aep WG ApLOpalen
" gduwy g
103290 jsanbey WU % Op 1, UPTP “SMOIAIOW TN ] &68 eit <6 Bt
"DEIY BIP PAIOGE S55001] A TATIS5AT .
TG 3% gy srnr wosuieq cpm Acprs | 0O 0o 09 oot o obe ECES
ApToro 6 WL (19
"I9jRAL S20108 UOQRURA LT 12 aixa A
woug 193y X Sranstsey s wesyeq Aopuws oy 708 cE 09 oot (113 0ST  EESOTS
“£JIAT)SISa1 WL WONRTIRA %4 ()] “SWII waaslan Aqpuws off| 008 5T 09 oot oo 05T LOS00¢
“SEmIm e S
PR p—— o 23 09 oot ook 05T 16F58k| Teg A 8 Log (1'2.3
PRO] S5019% WOIRLIRA o4l PURR IRk 50108 )
WORBIIRA 47| S SEATSISAY ‘SHOTwsk0 Aopuws oy 009 06 08 cB (157 0 g¢
"RUIOJMT .
0 i ATST561 “Teysan Aoy ‘S wsekieq Aqpuma o] 208 <4 09 oot oo 0st F5 3
wromumiizsl (08 gE 09 oot (113 0gt e 68 A § 9L £D0sE
Hurogmn maeoxd  00F 59 09 oot o) 032 O0SPOPy| S68 A § L T
009 8 09 oot (13 09 £t g68 tn Gl T

"ttty a1 £CpUes PATE OYILE 0| J1 Pade]J  [BRNRTE W 7§ (0 FURO4

* Mma SprecAsTd SO (BB I0 1038 Oy [1:.Li SulAT, PHT98 on I0xmg -odTHaT nT  ouaery
{edop Jo 2y £8 "B LLT Po|9Pue) "oqy Zyemb e Suey)

1e0Iq aqn} ZTEOL) 'OFUL £ GFTE]s O ‘9POUT AP LI FUnO,

“GMAL9S 0} POWIY S FWR , PO, (91295, JO 0 uexw weeq soq (sl ]

Yoaya yes sy} parey sseaned ayy Hropsny payyaeq;) epow ppod [e1dads W soEwmy ey prncy pue ‘Bujena gHTS 10§ adtaa Aqpums e oey
xysafor mapy
“separyred Jo ayop seqeoq 9 O],
T op svupd oy

"PRROE SRI0T AW v 99| (08 sE 09 0ot oF 05T €9 05 101 A (R

ST weamleq Agpuns o 009 g 0y oot @r O£
00 04 09 oot e ¥ig e w'e e
"QNLACPWRIS OF SpOI OTPY B pepeld ewuingl 00 0O 09 i 143 g

UL LW ] 81 9610 gt W 1 [ JO wmesard sgvq o} wiop padwm g -chimd peoramyson soud oy
Paxeplar ag oo dnmd w7, -z030r A sary jou prp cdhwend. s Sugeior 1oy spreapy wog soagparg wezory so dumd [ armegonr 0RHT A1

W SuogEeEny  00E 0oz oy 0 133 ozt 663 1) (4%
"arejeumered Aqpuyapreaar e O0E 1] 4 1) 0 143
ot £ 1) oot L 1114 o8 101 LL
WL 7 SNy pRsedxy 00 )14 09 0 143 ozt 05 1! LL
me )14 09 0 e ¥ 05 101 ¥l 1.3

ST RS0 ACFARS O] 009 8% g oot L% 0¢

E00ESTTIL
EN0TIGIL

EODTIRIL
E0DTIRIL
EO0TILIL

E00TILIL

E00TILIL

ENOTMIL

i

:
$

BB NN

I

219



| oo9

i

1]

oot

1195

PEE
{10 SWTyMT e 107 1es00 e peoeyd ey
pelawgs 10 9HTT

egganal

£1od padop 107 wmop & QZEELL " EHJ Yoo T doge 1 o) adiaar asofy] - odap surv 07T I9e VIR 40f £HJ 0] Snp paooe esaaord ] “esoontd sumaq 1eieat of paxL,

“payaadxa s= SR ST SYOO] UIE ], "A0[]

ammnydsoyd o] 0] ap 2] & SUTW )7 JLOGE Iaye SauI)

£ Perred “odlep Jo W gty Te4J8 HOQY * QI SqpuEs of
“TeI08 I [ T 9WIG BT

a1} 10§ VX 17 34 pue eesaoad o payaeiearLumry

"3 MW} JO N0 PHIS

Pangg LAy -od2p 70 1] § a0 HOqY O Lqpree of
PRI I4nclI0d PrEnog AT 0 opeog Jof

SIEevq 2wmmp Aome manb a3y, “ope Lqpuss of

UMz €

“IRE 00 “D0E FHIS ‘D0CE MORSEny] QL Sqpues opf
dae yogesany AIunp

Moy W g I 00€ "00E FHES “J0CE WORRALInE]
WY PA[IXF SULL Waaagaq AGpUms Op]

TLE Pra{[aax ]

Aylve TR} 8 "HOGY|

WL wIn

g 1oed 2 "urur ¢ “O0T FHETS “LWO0E “J00) LoRe[onL]
d I MOBLEA G4 WL POOL)

W[y poog)

g Apno)

M Jo ROUBLIEA 3¢ "WY POOD)

Apo.o[s 5 UL SUL Teanjeq AqpUELs op]

"o TSR JO AIOPI0 WT A6LreA ] "APTOLa 81 W]
"PRO] BBOTIR LAy TTaUM

E50T0% MOTULIBA Y 40T 'EVILL Healaq SqPINE of]
PO

PUR IIRA SSOITE U OGULIRA o047 ~ I SATRMIIOJUIIN,
TII[I0%R S¥Y VAL 'SULI Heanjaq Sqpuels op]
S5012% WOGRLRASA(F, 12 90X Ui 19 ¥y 3y Aprarqssay
o ep Barrop exmssend 10q e fur Joeqa of 10810,

SLE

11}

11}

oos
ooz

oos
002
11}
ooz
ooz

ooz
ooz

0oF

oos

oog

0

o0g

ooz

AR

‘w8 predop o s1 swnpdsoy -progsd) @ woogsio

09

09

09
0y

0y
03

oot
oot

oot

(quomew)
11174

oot
oot
oot

oot

oot

58

sIe

111.9

1113

1143

1143

oo
oo

0T

14}

o1e
(19§

Bt

FreaTs
10¢

£l

iy oA
19Fsst
POETFY

FEE-EEY

o1

d yodep weo sesn o poe sdioer Sppogy

06 ¥eé v
968 A8 108 GISE

“paBumya Yoy ap
968 e (-4

To3 ¥II &8 o

o8 Z1r EoL St

68 cll E¥L Birt
L= 4! &L S6rE

vez 43! 1EL [ 41,3

o8 (A8} (#1118 Tise

EOOTITEFL  wTyqe
EOOT/OETE  AFYeM
EOOTIOETE  AFUIM

EN0ZIEry, TwEkeawy

E00TfOEfL ey

E00CISEIL  weay
EO0EMRTL Wiy
AL A |

E00TYTSL, JwBkumrry

:
i

+
i

:
PR A

220



WO ¢ ‘007 GHEIS “LW00E “D00k wonessmu  O0p w o9 oot o 09 1tk
% UL O }$950[2 PURIp¥nk Iano] 913 U0 PIPnOToun) jods|
NP © R A P Spnopa S v was (urfuempl oo m 09 oot L 09 Cop E68 Lo 66 L 123
1) ¥e0q peof a1 Jo spis pro] #g wo paowd szayem ¢ o],
woa ¢ ‘00 ¢ FHETS ‘LW00E “D00F wonsaomul  pog ooz, o9 0 0SE 09 A
21 00¢ *0SF “00f 18 palainroa waan sey wonet offe;)  palepieoa wesq sey wux Buneo;) Je arenerarepy

" O Gy SaTwvanp Sorwoope g
UM SumEo B PUE AIefRs AWRIND Sped (FTgat] Po0sS are oSm J0 el pue emaserd seq TI0 PR JejRA (] HLh PE[ID PUE IO P aq s el avy 1] * esvon Soryew ot dwmn g
ST SUX S WO PALM] SARH PT0J UIWY [W ¢ 12 &L J0 WuI pue % 1] /e & ameesend eseq
WL £ €T %6 J0 40y [ g7, 7 amesaa]
2£70 162407 "R900 PUR E3RFeq 1oy 0L, “2vmdd 1o paeewray - B 02 PUD EIE ME A AAITIARD AU 300} a2t Y(odep J0 Y 9 I £ 1 Parqeae ‘waynaq you) arsmmnb polueyn
nm 7 - c
N S sp—— 1 09 00l S mZ  sEv | g8 EII L
"R O[] MW EJ ] 20q2afer wo axdne o pedoegn
TRty ] =Ur08]) )] O} {=U1008 )G ‘IO [§=Tr208G ¢ THH 8F) “IOMK pG=Rra0s() ‘TI0PA [9=1r308C 7 (FIPH #0 'SJ:A T PUB O QYN pHeD Pao] "I THYH D pelaey)
“Axeariop So8 YouLas 1o SaTes JqETmen
B} JO G0 O TNJIEF €1} Peatr SR W[ ~10j.08 Al 61} 0) PAreAlTep ag ATuo wea jwed o] “SU{Ioe Jow ot Iojaefinn pae Suw sed ey of seswl juedop Jo Aresyep 103 qaqae edioar ey
T99[ THFH 20 01 9Mp paoce «draad| |

OPAE ] =RIDE]] “HOVREY=VDIEE ‘IO BS=RIEC T THH L) "UOMKp5=RI00E0 S ‘L0 [9=MII0ECT OFTFH ¥D £ T PP O NI {20 Pasl] "D THYH D Py
ST} T OF POTTEIEUT €q T[14, U Poxm oot we ec, ST Dyl W08 (DZ-0 PeYeIE s AT8eq) ¥ Wi 08 (0 1B JyJA] SWERIIeN) W38 0T DU (C-() e weasjeq A aredezierp +C - o1 eae ],
EIRFRL 39100 Jo JTo Y sofLpmogmdrs
SB[ Je0q TRyauT-wou a7 0 aprs dumd agf Je0q Rl

-wou 3% JO SpIS PRO] A Of TR0 TRI.3UT S501 I8 TOCIRTE.
%G "I4JRi SSOIB UOYRLIRA %, 07 "Mrqnm awinardl  gog = 09 oot 1199 06 BLFLLr| L6E ¥ WL 25
fAUnIEeY WReq, i 1|oq Jo (1o oy ey Snddrys)
spue o] o) 7o peaepd eres arepesm Sy eomwmy
ap Bmopreom 107 adar aBwe[aTa SATHIN PRPWELS

amoelo el
adraar 15-£1od o puied
-go e aq proovs sssooad Apod oo eeeooad Ljod pedop ap £ wownyrp-no suoydeopd of Mp waop & eesonrd 2015 propaTn S

"I03 frf m W3S [ T 0 m VIS CF (050 "L O T = WIS (0T LW O = TR (5 [N §E = VO C7 1 00T-0 DTN FHOD PRSI

‘snotAead ey WL JueIRa D)

o) WarqgyTp ATes seq WOt STy L Spnofo Mg E sqoof|  O0F w il oat Lo 609 63 (11} £6
A W 0T ‘00T FHITS \LWO0E “D00p Womesinw
TTEimme &g FOC] WD I My

1oedxe WML 0T ‘007 GHZTS “LWO0E *H00k Womsen® 0o¥ 1.2} L} oart L% w1 ¥68 A g ¥Ch

neeq SY0 wmyz joedxe wom ¢ ¢
TJR0EeR FOO] WY W WO | < 007 0% 007 09 0 0cE w1

PHZIS “1¥00E ‘00w “woneema “Aopuys Jo no jrey

E0OZITIE

E00EITTI8
00298

E00ZI9/E

21 1)

E00TITESL

Aaanba

Apgam
Agqem
Agygem
Aggam

Lrpm

Lanba

Apgam
Apgas

®q

Apqas
9oeq

aops

Apgay,
ovrEiwomr|
famy Jor]

q

221



"W 00T VT WOHeaam Op] 0d9p SOMIi0;)

T 294NN O AqPUEE Of]

"HHOIRm Pre 830 5T

1 sl ()T 00T SERTS (L™ 00F 0 STk wonespnm
"W QJTWL PITE ST

91 V[T S ¢ “00F SERETS “L™ OOE ° 00k Wonee(nw
“WHQJMT. A0 2T 5T

WTE SV 0T ‘007 SEETS "™ 00E %D O£E ‘woneslmw

HGINm. R o s
WLy “sur O] 00T SHELS “L™ 00E D 0SE ‘Wonsalanm

“Apedord Sungros you 1 s3enond prevee sedery e ey o 10jaefir] et adeqrey Kpeere swerqond eq o reedde arewy pue “ofe

"SB3001CL S} 1T 0. SO JOU ST

"A[[ROREAIOILE E10ST98 AO[] AIOY PAITWIINSP o L% 988en s "EUnlmok Jo pus A7) jeAjEnuer ps33of oq

“ITSST A0
1oz 9lu] wede wigqyoq o e sBhuu aawy pae dwnd og 19
FIUB S[PETUL 4] UI $3UC et “SWLY ST PUa PRO] & & Ao
a1, "Je00 18}Ued &) I8 aT® SIAJRM SAI(], WHE ¢ ‘00|
GHIS “1W00E “00F ‘wonesapmy “wonrsodap rafepg
dn paputs * 0deP U GHETS 20§ T O 6T St aEeet
FUPICT W | ‘007 9IS “LW O0E *D 05t Wonesrng
10423 Lurtf

aw yEnorm 0ot a0 Aoy pe sprg padopm
‘vl 8. OF 163 07D ATeEst JO TRO0G, 91 18 I B
Stareq ] W ¢ 00T HELS LRI 00F “D00) WOReeInT

“urw £ "00E 9HITS LW 008 "D00F "worRemy|

*L¥o ey Org el A0t |, [~ © SO X6A0D JRO0 2808
SL WM 07 ‘001 PHTTS "IWO0E 00k Koueeony]

TRARTM)

TRARTM)

Arear sew womoear sleyred Autqs syoo[ 19p1e0 A Ao
TP Aaes ere teges oy 107 Saed ‘peo Teer Peo O] WY

11}
ange
0w

oog

11}

11}

11}

oos

oog

11}

ooF

ooz

oos

oos

oog
oos
oog
oog
1113
oo®

00w

081
9
9
1.2

111}

111}

08T

o

0
09
09

0y

0

09

0

09

09

0

0

1]

09

oat
oat

oot

]

]

1]

oot

oot

1]

oot

oot

oot

oot

oot

oot
oot

oot
oot

ClE

113

oSt

00

111

194

944

1113

T FHap oeday

T oMl JO UIOHOG e} He SWm e of enp ropefu soed ey

e
8E
{321

06

1.1

(14§

®I

05T

0T

e

113

Ot

£00
Bt
SL
SFE
oo

o

AL Z1r L 143

663 4! w9 1.8

662 4} 6y e

062 43! L9 Ikt

0Z0'¥AOISAr tedo(zi 107 indur ayar oy apqeras
vy avodmd soyy 105 Arperoedse sdioar amen wdn spore Svwoway ‘ped oo 198 use op ojoshur ey payy os sseoord enic-Ajod pedopun Sunnms waps sdo(gr | Jo wos (9 o oAy

[A1)1]

sOFe0r

T0tFide

500

(199

T6etis

9L

00

ore

TS

BY
910

ya3 0 L) 193
MO i B N0 CE IO PETRS]D e 20y 20fx ey
A98w0f O T4 95veT. SB[ PR ST A0y

o3 g1l oL Gt

yo3 Z1r 2|9 143

v63 4} e 06t

i) 1141 LTe 1.5

~eBaeq o YU {H 0D
"I2ADDTR0G UIEoq e g
T'0G 111 e 1.4

x03a30ur 491 5 Tesnx s and 1059k

[q1:] 4} ¥CE 1.4

662 601 1.4

L'o8 118} 'L 123

EN0EFLENG
EOOZILTIG

EODEI9TIG

E00TIVErG

EOOTIETIG

E00EIEElG
E00EIEElG
E00ESTENG
EDDTIGLIG

EODZFIIG

EODEFLIFG
EOOZILIIG
EODEFLIFG
EODE/ITFG
EODEIOTFS
EDNEIRTIG

ERISTIG

Apgem
Apgem

g
g

wmok 3y

ok a4

ok apy

oG

Hops
A0
Euaga

wmyqa

222



aclTaer - WO TSRO eO1S Peclopan. pageqcivio,
dep ep1g pedop wm  “xordde - 6e4 13 XA paerivo

QHELS 05 "TOLW DOE W ¢ "DELE nnﬂ.unuﬁ_n_

SHEIS 00T “XoLw 0]
T C1 %08 MOURE[IM] SR{TRAR 0N GRIT ApUE}
W O *D00F ‘9HETS 007 "0 1 (E wouRe[on

WM OF *00 T GHETS \LWO0E “D0SE womeam

0T3P
das voggapon
® 65T}, VPN APNOTI 8T8 SIQRA (LT WIK K0T

00k T e 268 Zel &9 Xt (EODZMIOI wWoqQe
Iojaabi avap] g arnesam J013ata] |EOOZIOTIOL  ATYaM
14 I81 1] Bal CLE 11 EOERT0l TP
oor 119 o9 191} LYi 4 1I'A ) £Te 58 el I8 X: |[eooEwUDr Ao
“pemega oy FIISEOTIETAOL AT M
1) cE 09 scl 4 14} 9.1 4 663 L1 g 0SE  [EOOTAOTOl  fms
11} 021 09 0 11823 i} FCF E00T/A0T  wmodem
11 1.9 09 ot T 0ET 16%F L5 £E1 6L CE | EDOT/GrOT  4Ans
06 OSTH 0 0
g CEIH 0 0
W XKOT 0 0
o EOT O 0
(L6 ‘D6 T 8APA 918 oo o JUPE) 4] PHED FTIOITH OFATH
I 0 O0oor
60 0 DS
6 0 1]
Udodd IdO0CH OV ATH ™
N
1S. 06 00Of| E00E/601  Sus N
W 0d DOC
(1 06 0
Adodd AdOOEN OV ATH
J0 e2ens 13g0 0
(0 T BTI9IE [P 08 Y SROYITE) HIO = LT 30D
(10 ST SRF [P 2% 1 S0OYIF) MO = 96T S0
NO = FHADM ] P [ema
0 05g =dwa L1y das ‘adroar Aqperys e
o TEoTIEY 2670 4B HT 1O 158 SO
1) 1" il) 0s 11 14} T _ L'63 L1 vLL 0S¢ | E00T/G0T  fms
“dernd pagapend)| E00Z/WOT SwBAToT
“urepqoad jnovpra ediaer Agpureys yren dwmd sew ey 1se ], dwmd ey mo eBwey -eston Furren: st dwmd feomreqaem e T | EODEFWOT qoq
11} 021 09 0 11423 o9 2B L6 11 &L 0t | EDOE/EFOT  fns
113 081 iE 09 558 AN vl oopE | CODTEOT  TRPRE
0oF 1.2} 09 oot oy 141 L68 111 9L O | EOOEMOEfS W@
ooe B 09 oot 1}84 113 06 Tl L Gt | EDOEMOEMS  WTQ@




15 snovrliows

15 Enovrliows

O Aqpuss on
R Of ‘I 00F ‘001 SHTIS STl vonespuy]

15 snomlioure

A Of IR 00E 001 SHEIS "DCTr woneemp]
urA Of IR 00E “DO0T SHETS “DETk woneemyy
una Of "I™ 00E "00T $HES DStk COlw[nh]
urA ¢ I 00f ‘001 $HEFS "DCTr WoRs o]
una ¢ 10 0 001 SHTIS "SI woneanpy
QUL AGEATEYS 0T
urA ¢ (I 00F 001 SHEFS “DCTr WonReonp]
OJuT AQpUTeya Ow
OJuT AQpUTye O

U O LW 00F ‘001 SHELS “JSTF Wouee[n )

oy Aopuss ow

OJUT AGDUTEYS O
una ¢ 10 O 001 SHEIS "SI woneanpy
WA ] "I 00F 001 SHEFS “DCT WonRe o]

Taimmy)

euts!
WHO] PeALOTTIOq *SRISSTur Ses 1400 JROG I8pTe)

"9HEIS 00T ‘MOLW 009 W D “D00F WOREeTmw

"UIOI0 TIA0D 1R0G i 19WE7) Y HOISN
SHTIS DOT oLV OOE W g1 2 Q0 WOGEI[MT
bsmoyof

£2'p wonog ‘beungo 11 doy*emos 1 £12 JoMranmser
baungo org g

woyoq ‘bsuro g g 4o gD 1o 5180 J0.STAnsset
amn{o g'g "WIQERM PRE 60 1 £5 ] 0.81ATS801
mwQf

*IMI 00E "008 #HTS "D00F WOREE[any] "ot Sqres of]
OJuT AQPUIRYS OW

oashar yEnong)

o[ edopriy Jo wos 0 edroet YIRISAN *40

11}

11}

ooe
ooF

11}

ooF
0oF
ook
ook
oo¥
oo¥
ooF
ooF
11}
ook
ook
11}
oo¥
00

00t

0w

oog

00t

ooz

ooz

ooe
STF

=~ o =]

[=]
—

BAYFTRTIR = 9

BRE ZBEIGEE

B

£:18

ooz

09
09
09

09

oy

09

(FHE®E)
o1
(FHE®E)
1191

(4
{oHTIS)
(1:44
oot
oot
oot
o1t
0zl
0zl
1444
oot

oot
oot

oot
oot

oot

oat

oot

ot

111

Ser

FESE

oo

1142
Str

14}

oL

1)

)]

(A}
114

8L
oL
9L
SFE
44

o

1o
9EE
9E0E
so0e
6s'1
2000
[4.33
LBE
LTt
ELe

BET

L34

B0

15

L1k

FEE
FES

06

06

[q1:]

0§

4]

668

663

[N

06
o663

L'68

o638

y68

311

811

[£4)
1)

£ET
[t}
(441

1E1

[t}

[
Zel

[

21

(¢} oog

(XA

FLL

WL

S¥L

gL
658

LL

WL

oLl

6T°L
e

“peSuep g oD

“Tanoo poq povd g

LL'e

Pedwego 10y OHEIS

124"

FE?

388 B 8

38

g

193
143

1.3

1.4
1.2

EODESSITT

E00EIGITT

EN0TIRIET
E0OTIETT

EODTIEFET

EODTIEFET
EODEFEFET
EEEET
EDOESTTTT
EOOTSTTTT
EOOTAOTITT
EDOCSOT TT
EDDTICTFTE
EDDERTITT
EDEISTTT
EDEFITT
EOOTVTTT
EOOTVTTT
EDOESETTT
EOOEAOTTT
E00EFUTT
00T
00T
E0OTIE 1T

EODEIH 1T
E0DEEfTT

£ DOEIETI0T
EDOCFETNOL

EOOCRETNOL

£ DOTTIOT
£ DOTTIOT

L2

Boaam by

224



“[reg avnod ® per i1 Yung (14 o Barpen
WOREUT G0 Ay WIEWeO B W0 eamn.oq & Surars a1 pesaer] weys preogiey et 1eyi o1 Surmeddey ar s ATqegord S0 ares Lop pue pIROq 140 J0 Y80 WO S04 MIT00 P 00T

[ 2040 GARATO ‘S9WT} 440] 0 pModdoy, [0 Famod, 04] 008 Ok 09 00l Ok 031 SCHsKY
-1 WP G[ 'I¥E 00E ‘001 9HOIS OSTruomwpny| 00 <C 09 001 @ K1 SPvLEp| 68 811 EL  TZSE
g L .
00 ‘00 GHEIS ‘OsThuonsaony ‘opn Sopums o 07 ¥ 0y S sk ED ZEF
womoy] 009 0 % 09 000 ok 06 SR | 06 SN | TR -
"UTE e peEITID
T TOVEPRRY e 0 <0T oW 061 €E0 | 06 0L 889 O

WMPIQ UK OF “IME 00£ “00T PHES D00k wonee[on
"qyaefir paceydeny -1 g arnssexd ropoe(ur Sqpum g

‘aumest [La esaaoed ap ‘0% £ wmp eesf eo 1 JT “SuTpImy 73 207 Mou S Aam od B og PENN ara] “T0L9 EJ IaM0] PR
TeAOWRI 2apean 10f £pwat 51 7AWsE I, pEeIed) peso)) uonoes sasapques pasalpy
‘agmy &y aprsn yonjsjoB1eoq 1amy suado nop waps| 008 e 09 oot o KT 16Filt
PRI IAAAWE,) "PAIRA]) PR UITE[R [rEf Tamod
ABE UM ¢ "IN 00E “00T SHES “DCh woneepony] 00k % 09 o1 L4 T GhiiF| L6 81 (o WA
ke 009 1.9 09 oot i Il EZ6FEF
-1 WA O “IPL 00 ‘D07 PHETS *J06F Loneaponyy]  00F '} 09 oot sy Pl 9EFEF¥| 668 811 KL SOE
sfiwmny £q paosge opr SqEURS DN OF ] * PRoqy 009 (1.9 )] oot oy ®I 6CFPey
adarng umr Qg ag 0] jas sem odap 1afe) 15T 1al o
o R Of TP OE 01 SHTES “Hocy enwponyy]  7O¥ o 09 oot oy Wl PSFSE| 0 4 &L W
"0 AT PR £ O FHED 1260
PEEIOY FHAD 19 . ,
ARPT IR 07 "T8E 005 D01 SHTS “Hoow Menwromy]  POF & 0 o1 o 131 £%0 668 81t Tl 0cE
Tafepig ww gl 008 E 09 oot ) (€l BEFEEl
‘L™ 00E ‘D01 YIETS 057 vonwapany "o Lopugs o] 008 19 09 oot 40 1.9 S A
"urae IR 00 ‘06T PHZIS J0Sk wonsan 008 19 09 oot oy 06 14 o683 L1 EL9 (123
00g £ 09 oot oo T SIF0TF
- 1aker- € [} £,
TR ST LM D0: D01 9HZ'S DO EAREEER  gne ¢ 09 001 O ST COW6SE| L6881 w9 Tk
“elaeo uE FHeD
"WML E IR O0E ‘05T 9HTIS D06k wonvipny 058 o il o011 0k 09 ELE 0§ 811 99 0cE
a1 R OF L% 00F ‘001 9HO'S Dusyuermpny (08 > o0 0% w155 | e ST EE9  VESE
UL IO 009 w 19 oot oy 06 nsg L68 g &9 133
ek s
“wme g IR 00E 06T 9HEIS doch woneeonl 008 ZO0S - 1 oy 0L 119 06 ozt gL 0cE
un S "I 00£ “007 HTIS “D0Cs wonrepny] 00 0Ll 0 0 0gE 0g 2TE
un S I 00£ *007 9HTIS “D0Cs woneepny] 00 0Ll 0z 0 0gE 0g 6EE £Ed L 298 143
una O ‘IR 00k ‘007 9HZS ST vouwepny] 00k & <1 €1l L4 14}
O Aqpuws OW 0k & g1 oot oy o (143
un f 1% 00F ‘001 SHI'S ST Youseny] 00 ¥ 09 ot oy 14 (143
WA O "I 00 “00T PHZIS "5ty wousepony] 00k ¥ ¢l gl 44 (1] A1 811 98 0cE

FOOEAETIT

FOOTIETIT
EN0ZTETIT

FOOLIETIT
POOCIETIT
FOOEILIT
POOEILIT
PN
FOOEIC
FOENFA

POOENIT

FOOEITAT
FOOEITAT
£ DOTSOLITT

£ DOTSOLITT
£ DOEAOLIET
£ DOEAOLIET

EOOZILTTEL
(A1 ATrArA
(A1 ATrArA
EOOZFETFTL
EDDEFETFEL
EDDZRETICT
EDDZIOETEL
EDOCAGTATL
(AL AL A
EDOCFBTITL
EOOEFLIFEL
EDOZISTICE
EDDEFETFEL
EDDEFETFEL
EDDZRETFEL
EDDCRETEL
EDOEF1TFEL
EDDZFTTFEL

Apqem

aos
a0

ook ay

a2
Apqap
oS |

Apgam
FY.

L2y

s
s
o

A0ps
v v
Euaga

o
s
limag
agm
FY.
®q
Lo
Fr ™
agm

225



"1y

£109 WNA G ‘I 0DE ‘D01 OHEIS ‘D uommepnyy  OOF @ €9 oor @ 00 VN 0 0 o e

€106 WEK ST *I™ O0E ‘001 SHT'S ‘000 .HEE_HH oy ®m A oor w09 VN 0 0 & rs

—————pennwe ) D gor  ow 09 VN 0 0 &

£l W 1 % 00 001 PHES Do uowvermy 0¥ ® €6 oor 0w 09 VR 0 0 oot

ST WRK T *I 00E ‘001 9HZIS 05Tk _E.E_h”m or B 6 oor @ 09 VN 0 0 oo
e SETIE TS o 5w w @ m

“0op wag Lesr 7 ST 95T ‘200p [OR IO IPE AW oy £RKR C7TSTIR0 . IS F 0 JOg AL
T [ 7 96X J0 ez T ¢ amssan] aceg wyuAgs TasapT geags O 1qds ‘gees O ‘e “eqny b sedey
“{odep Jo XY AT A 16 Pepqeme ) Wexpong e Fireniy Y oepa yee] svud 1omred edey
"L,
€I} 2247 {ep 103 agreqieeH "oyl Sgpueis O WY OOF K ¥ (1) S = 4 |
3rmoon Uk ¢[ "I% 00E ‘D01 SHEIS “O5Th Touw[on,

“200p WG Lo CQF €T 9 ¥ | “I00p 100X J0 3P TIUI Kol Saav 7

E1900, 15T 960 JO MOL 9 [ "Stafo £ | SPIOY 1B W 4 FT 100 Y0g 0 0] po s ] “Roqwado of (eagas ¢ 1 piaopur g pae 4 g 1) woq pados o padawg -dn
Paqooy jou 51 030900 S, “TOH PUR 7LD Wk Wogawe pcpssod of J0p ToqermIen ) o pae TOOLIod YIRE o Jiay AU PR S 2040l (55 sy Sammnp 7 3539 [
10§ PRAOUIRI 5120494001 R3] (LD 30 WIS GER | = EHJFOW0S T Do EHJ P10 7 s are o “Bum sol qncng wr sawod gofg Xy grOf B paepdar waoq sy sy £Hg
e} (O W %4 1°0) 106 M

i £ SIALINT VLA [N |56 0p WERPO.L) TOf W3 i St A0 60 WERPIOD) 0L T0 H)0E/HE W0 unI 2 L5ue 106y

'paieyiap skeure & eSem QHEIS PE pHE0 TRV 08 PASURT Weeq SV MM 0s TOIRC0D 8], F0E//T T0 8demn 1160 OF 45008 SN

WA F "IN O0E 001 PHIIS "D00F voneeonp] 002 ¥ 01 £01 o 021 31 05 021 ET'L Xe
AZRY SO0 VAT ' AERET. {rEj) I0F 5TEND 1 .
WP urR £ I™ 00E 00T $HETS "D00F LoReam, g & ¢ sor i el £ 05 Tet LTt e
“wr ¢ I 00 002 SHERS “J00F WoRReOL| 00 DBI 0g 0 1.2 1] £6% G668 1zt ET'L 1.3
padwega Yoy ATeaxag)
uRE ¢ "IN 00F 001 SHITS “DSTl RoneIny] o g1 (114} | ves {4 e 133

"0, 20f Apear pore dn 5T OZTRSAT, "SI 64T 207 £52 OF (/68 Se Sarpear
PR [ O oJOPZ} 195 ‘SONDR GAL7 I0F VINaS )T \Le (5 03 § (5 oy Bemgmps o DY Poe O Jo dopie emssard 7y pasnipy oy Lue pog 100 pos ). edopzH pes oSy

"WL295 7 SPRAT IT JF0 TR TN, W95 ] - S0P 1T as fe0s Srnmp waos O 107 peyse NeAL WIS |- pAFrp DI edopzH panog
“Aep owo reedn pasons efregn) werdard SmEreq) Ren Toeq0

"o HH FIOTH AL 9 3oesw 01wy - Barmecs GHFTS Sunmp poizoqu o diar £ g

"pHeD 10 9300 162 LUpI] UNLIOMRO] 009 m 25 oot (123 06 ¥rIGEr| D6 TE1 oL TDSE
ook sy

WA Of “IW 00F ‘001 PHITS “D00F Wouee[ony]  O0F 1] 09 oot bea K1 LLY 563 LIl L (143

"W [ IR O0E "00Z SHTTS "D00F Wonee[on, ooe 081 o9 0 .43 og T'06 14 6L 193

FOOCIGTIE

FOOTIGTIT
POOLISTRE
FOOTIBIIT
FORIETIT

FOOCIETE

Y. 7
aom
aom
agm

aga

FY.
Ao
Argem
agm

aga

226



_ _ o 211 ITL 143
"OHE g Pae FHD 182 ]
U Q[ “I™ 00F ‘001 9HES “J01F ﬁnﬁuﬂuﬂz_ oo o 0 o1t olr el Lon _ £68 1E1 CTL 143
Aopuns 1@ LOIGENFo wm],
‘ApremBar aqny A} TojmOW LM, Ao 0] Ted[a ST ura[qord sy ‘ur[y sTY uo saanyed OW aArasGe asn A ], VI ) UT PITTY S LA SN IR]
Y0 sursas uorsod sp Ta)Je TafEs A Jo aJepms e iy ssjaqred A patasns am{eog ,0) s1afes Awmmp &) mes | ssasoxl A paqrys | anogeg
WA OF "1™ 00E 00T $HELS D 00F woneeponp| Q09 13 0 0 TE 06 ETE a8 Q8T 264 143
WL IOMOR] 009 8 09 00Tt 0 09 143
Tre4 PUe SIsASTHWE S 170 adim ‘erayos Suowmp weapsy
W T 1% 00F 00T 9HZIS D 0TF won=[ny| 00k 152 0 <01 1)1 <1 BOE £68 162 [#:1:] 149
O 204 JROqpeel O PEATALS T oov 1.2 go oot L 09 ¥H 963 68C L¥ol 1.9
1o e 67 1% 00 007 SHETS %0 STl wonea[mp]
"OpIT AGpure]s
paooar op 10810 ‘srayem uo sapnred awog T gog| .
W T “LW 00E 109 <01 FHED Q0] HoneeTonT 00w 1. (r oot L 09 ¥H ¥H WH WM TH
o) WL OF "1 00 ST YHTIS 50 00 UORRe[I]
- o
LqpueE pI0oat of 10210 siayes wo sapaned sawmos Wy OO 1) g 00Tt 144 4 09 WH YN YN ¥H ¥H
S0d I ST IW 00E 00T 9HELS *D ST Wogw[onp]

"M OITOUTO) SIATRM ANITImp 7] Of Saapaed anowr]laod

0] SUNT TR 05100 AI0W O] 0P [ ] “a3weya & paau ose {y3mr rojaalur Ay, -s(opssod e wo0s 58 pawea[d aq PIOYS SaQTeq 1897 ‘srassynwes ‘rado pue paBes) speoq oy “fes aq
uo sapanred atowr aq pooys sran ], arapqoad Brg = &1 | pue “Bardop £1og 107 180q wado Fursn wre | s1apem wo sapred 7o pmonre presgmBE ass juop Aap “roqemPguos pog pales
ogn sdoed 19001 B2UTS “TaARMCH 1BV 161JE RSN Meeq PEY saBmy o], oS syeas 4 ef B ermrey Jenod e pesned ae sepamaed e epqmLa are arapes ted semred oF peer e

“saTanred S0 (M4 eSum[a AnIump ev Ieqye uonraodep e ], W) Jo TR pevEeq I ‘aeonred Jo 1ek®] Bl peR0D elax arqres Aummp e[, “wejqard epogred s jodn soqpe s s
"SARTRA U0 S9] A3rec UWOS U,

E16 T $T C1% 005 00T SHZIS % Crp wonespan, 00w (Al &9 0g stk w1 Wi ¥ YN ¥H ¥H
“unt Buneod & st snf ] “odap £10g 10f Jeoq uado
YOG UMK 0P I 008 “00E SHELS “J0Ck TonReon, oos 1.5} BI oot (195 o1 o 0§ BET ¥E6 (452
‘pareaD o wea wepqoad

BT PR T ST 9 JO P 128 T AROATT “HAOIZH JO W6 (g 0F Wonppe Wt Aopweys Smmp LI G7H J0 waas 00 sf arnf [ -neuntade £10q o) hpnp paireqajo sdoar
Lepume o] 9gneoa0 8 6L '(MOIW £27) YA 06Te & YJ0Md (MOL <'6) M2n] £194 30 of Py T ames and 1oy0afiry 20y 02 firr mepa A r v L4 Bs000X] OHPT M STOREIT TN
SIAMORNP 97 [P P93 0} 5T 0P We3 S 159q AL, "9q0} AR o AqEUR O JOUTR] PO0E ‘SE Q9 WO 00716 Iasod A 19 svwmy & I sefaned 10 oy are axa ]
Y Enar mi 81 8B

PR ‘(IR 001) W ¢T' T S98W{oN. AL TATHS

WO T T= A "YW ch 0=] ;i vaos sonmmses  00F ¥ oz €01 0o 81 90¢ £68 8L BC6 (143
WS W ¢ 1% 00 00T 9HZIS 0 00 LoRva[on,

oo¥ ¥ g1 g1l T 01z 681 68 £8T 196 0SE

9 gHEg <edayg

“Suow g Arase paBwano eq Lt Ywel 7 g A7 emymenmead peBBorn gTiwss) v a0y e fir mrenb peoendar ATiecer B pue gH 7 Jo Aeoep enm0s 5 axeq)

avor o Tsd QOBT e weBeq 3] "4 (T~ PR PIO SO § 51 IOPUTs oHTY efiaeT ores eng Ly s pood emporder joU pros ‘g1 mesi}£q eanpard viny frreq paprodar werky
‘OFAes] wo xogaefin Teat wre(o [[EIS1] N peBdeq pue 1oyl prory asom ey

"WENE V] AMTNY 29 0 GRIOZITAL 140 SOV UINWE WRID UROfaLy

1.5} &9 oot 11 o9 Wi 0 0 e

‘1w R b LhE IIOTRA[ITAL 9
LW 00E €91 ELDd 001 PHD "J0L% -onRa M ooF £0SE

WA ¢ [ I Q0E ‘001 PHE'S "0 0k VOR[N GHE1

FIEIBIE
FIEIBIE
FOOTIBIIE
FOOTIBIIE
FOOEALTIE
FOOEALTIE
FOOCIOT/E
FOOCIOT/E
FOOZIETiE

POOCIETIE

POOCIETIE

FOOCIETIE

FOOTIETE

FOOEEIE

FOOEICIfE

POOCIETIE

FOOEICIfE

PORSTIIE

FOOEIGIE

FOOEICIE
POOEIVIE

L2
vk |

Lo
agh |
s

Lauo

Lo

wrq2

waale

Ly o

aops

aops

aga

L2

o

nopn

L2y

nopn

e a

Apem
%9

Apqeph
amsioomr|

o

227



"SIWIVND , 9 I ST
JO 0 UrA Of TN 00k ‘00T 9HEZIS I0Sk Toyva[In

unw g7 *IRr 00g ‘007 SHIS )00y wonea[n

L™ 00 “E10d €97 "L™ DOE 001 #HEO 206

anw e <1 LW 00% 00T SHETS "D0sk peea 1
unz ¢ "IN O0E ‘007 9HES “JETr vognefn

1™ 00 *£10d €97 L™ DOE “001 +HSO “20¢

anw 9.0 CT *[W 00E 00T 9HE'S “D05k pes 1
WG L

O0E ‘001 SHTLS “Dg Ty wonearonyy arnjre; 2amod wor

1aa0dar 0 odap aM0Jaq AIOP SeM UTT BUN R0 YT

unE ¢ "IN 00E 00T SHES "IEEr wonee[im
urw {1 1% 00 ‘00T SHETS “J0CE wone[n

"urar ¢ TR 00w ‘007 SHEES TI0Ey voguaon
"urar { TR 00w ‘007 SHEES TSI uoguaon
WA O “I% 00 ‘00T 9HES “J0C Louee[on
"MIRL TR O00F "007T $HZS "3006 Woneain
W& O "I% 00 ‘00T 9HES 02k Lonw[on
UK OF "I 00F ‘00T SHES “J00F WogRe[n

.ﬁﬂh..ﬁﬂaaw,auﬁwmmm.uamwﬁnmuﬂuﬂ
O O “I¥ 00 00T 9HES D02 LoqeIon

W QT L% 00 00T
SHZIS ‘DT WomR AN DELN B PO 552001
PR O *IM 007 ‘007 FHZIS D00 ToRRe[n,
PR O *IM 007 ‘00T FHZIS 05 T woRee[on,
PR O *I% 00F “00T SHEZIS “D0TF ToRee[on
-
€10 WRR <[ *LRE (0E “007 SHES *D5Th NoRRepn
eog wedo of AINPLME 1917
Swyvog WW O 17 008 ‘002 YHEIS 05k NoRvepn
“wra ([ % 007 ‘001 YHZIS ST YoRssEL

ooe

oo¥
oo¥
18] 4
oo¥

ooF

18] 4
00g

oor
ooF
ooF
0ok
0o
0o
ook
ook

oor

oo¥
oo¥
oo+

oo+

0og
oo¥

oot

R

ge9 ®

2

(=]

ol
£or
£or
4]}
o1

£or

£or

09

(=}
=)

WoMmo—ym oW

L9
113
149

09

“waqod spazed o anppaloeqa xosakoy

“eBuey o 10308t 19enbey 1ojoelin AR ey} Aq peste ATeyy exe wepqoad epaue

oat

1]
oot

119
oot

08

oot
1]

0zl
0z1
ST
011
0
oot
0
otr

ile 09 £ES
“sfivp 2uq j5od o} 2uvmp wogrsod
0sE 09 ¥H
(s 09 YH
e 0eT ¥H
i1 09 ¥H
(44 06 ¥H
e 0eT ¥H
05E 06 CF
0 141 £01
(i34 o1 ¥H
(44 o1 ¥H
gk 141 ¥
43 0g <00
02 0T ¥H
ST 051 ¥H
02y 0e1 $E

weapqoad eponred zodey
T06 121 <98 (15
[+p o wory sigpes furgo e w Aagwd o
L'63 11 i28 &
T06 g E0E  9OFE
L'63 14 6L COEE
668 811 908  GESE

¥ o ¥H ¥

*gequunr (iF 10§ peprey Tasod Sarpmg
Y W WH VH

08 121 g6l (123
wrapqoad spqred yrod oy
68 811 Z8L K
14 811 EgL (1.9
14 811 8L (1.9
4 811 EgL e
ras 811 ZgL e
ras 811 ZgL e
C68 811 £:1 (33
C68 121 SLL (33

“p1oast} 105 sup so2 sweroqrp A ino dwnd o) pen S 51 gomesi],
"pato|sar awetoqTp pure A=po] uoow An pajaydoron aq pmogs yos
LT, "GHTH VIOVILA oqeedn pue N SWDERIST HEARIAA], '614BaR] WO eATeA ewRIqrp-oxd e solaIes am e[yt A[teroduie; wmnoes o) pedwind eq it prrwad) o Apidne gHPY oL,
"DELH 18 PAHOGE £62300d PP Y OO0} AUNEFa]

9638 1z1 S¥L 1.3
v63 14 oL 133
63 311 ¥L 133
£ez {0 i 1.3

"I £ 10F FH e W20s O Yits wontsod ep & yswg.A1areq wes 18 £, -eBoega yua pHeD

o1t 1144 o1 TN
114 o (1'4 ] 14
114 913 (1'4 ] e
114 1] 14} E{Y
oot 44 021 TH
oot 1184 1 N
o1 14 031 9t

¥H N ¥N ¥H

¥58 LIT Wil gobt
68 BIT Tl 1.3
o3 311 L 142

FOOEPTY
FOOEPTY
POOCIS T

FOOEICTR

POOCAP TP
POOCAP TP

POOTIP TP
POOTIET
FOOTSET?

POOCISTE

Apqem
FY.

nops
snops

L2
L2
o

mops

aom
som
TaTvok A
o
o
liwaga
liwaga
liwaga
o
uxga
KA
liuaga
Apgap
%09
uxga
B

lia s
lie s
e
Apqem
FY. 7

L2

iy
Lhweg 2

228



¥ cunt JOW S0P uooun] Sunpayues Sorsen)| FODEAOTS  Apqas
"000F &4opwia: B1a duo 3 poddna rendwos Aq pexy 1 repdwos wewpron wop| #POOE/G0 AP

* QALY
0 omdnros wody papeo] 241 moed adiasy yrom 1eaop aandimoo o Sumooqay AUAl-pI S0VI8 SRRy CYWOG [0 10] vivp SUTpIooar waag oW vy aqumedng wowppon wor L
“J534 Zoq2alu ) o
uoty wn n_,___.u.___._ﬂ_H 00E .___E_ SHTIS 0Ty .Mﬁuu_ﬁz oo¥ 17 £l oot ¥ 09 ¥H 668 &11 188 g8 | vODEEM  aom
amia e 0:7) 1042 3l UT 1 WOT] T[}5UT =00 Wadl | .
O3 R4S "WML 7 % O0E "007 SHFTS "7y TONRA[L 0o o ol ili] 4 o i1 ¥ YN WM WN ¥H gt  Aoa
"wonaelin oy soffe of edwer el o) wog do peyooy weeq sy adMep T FOOCITS  ATYRM
un Of "IN O0F ‘001 SHETS *J0gk ﬁnuuu_qu_ 0¥ o a att 0 9| YH 06 181 L 0CE | pOOTREIC  LAwxD
U [ "I O0F “001 9HELS "D00F WOUw [y  00F o8 0 0 T 06 ¥H 06 1E1 oL SE | PODEUEESS  Lauago
Pl R FHIS| HIOEATEE  AEPM
wn Of I O0% 001 PHITS “D00F voneny| 00k o 0 o1t oy 1 YN 06 {141 L XE | POOTJOCIS  Lhuaga
wn Of I O0% 001 PHITS “D00F LoRsny| 00k o 0 o1t oy 08 YN 06 {141 7L 5E | POOTJOCIS  Lhuaga
89000.0l BT WL 04 PICT T0d 341 vL XE | POOL/BLS  ameh
~e3aeq s YOu R 00| POOE/STIC  ATqOM
“uv [ IR O0E ‘00T SHETS D0SE wonsony|  0DE 081 il ] 1153 mE Fit YN WM L YVH |vO0ZLTIS  Assubg
“urn g, [N O0F 001 HELS "J0Ek WOuwEny| 00 13 01 0zl 1132 1 ¥H 06 1E1 L SE | POOEUSTIS  Lauago
um [ ‘I O00F ‘001 9HELS “D06F WOyw [y 00F 13 g1 0zl 1132 1A L6 06 1E1 Ly SE | POOEUSTrG  Lhuago
wn Of "I 00 "001 PHITS "D00F ToRRmy  O0F o 01 o1t oy 01 YN 06 {141 ¥L 5E | POOTUELSS  Lhuagad
wn Of I O0% 001 PHITS “D00F LoRRmy OOk o 0 o1t oy 14 YN 06 {141 we E | POOTTIS  Lhuaga
"WTRL IR 00 “00E SHELS “D0CE WORReLE]|  00f 021 ] 0 0gE | FO¥ ¥ ¥ eeL YH | POOLONS Asmby
UMK O] “I% O0F 001 SHIIE “D0ZF LORRRnN 00k o 0 o1t 0¥ | ¥ 06 {141 &L e | POOEEN  LusD
UMK ST *IW O0E ‘001 PHIIS *D00F LORRELN 00k 0 09 i) 0ok 09 otk Y ¥ ¥H VH | W02 aga
UMK [ I O0E “001 9HZIS "D06F TORWNN 00k 17 09 oot 05k 09 A ¥ ¥ ¥H YH | MOEIIE ol
UMK ST I O0E ‘001 9HZS “DC7k LORWNN 00k 17 6 oot ¥ 09 ¥H 668 121 ECL  SDSE | WOOEIIC 0
un= ¢ "IN O0E "007 PHEIS st uons[mpy [0 w e ili] L% o Ly TN YN WM WN YH | OOCOCr aOpf
unw S 1% O0E ‘007 PHTS STk wonea[my  O0f w &otr ili] L% o Ly TN YN WM WN YH | OOCOCr aOpf
una ¢ IR 00E “00T SHELS JCrk vonse[on]  00F 1.2] 4] oot e 09 N ¥H M WM YH |FOOT/OERr A0pa
o GOTRRY 00 W0 o0 o b danmg| 0¥ 09 T 001 <& 09 YN | T06 1Z1  BTL  SESE |WOOCMEK  Aca
“wed ¢ £ 7 wmssond zapunplo o ‘wd o yo wrodios v L, 441 01 paSum wesq Ay oy (109 ML VOOLIOEE 909
Tnw ¢1 I 00 001 SHTS 5tk wogean oow 1.2) 09 oot i 09 £ 668 ol 6L Elr (FOOCBTF Aol
U O "I 00 ‘007 SHETS “JSTk vogee[in ao¥ o il ili] L o 13 £ 063 1z1 TL 0t | POOT/LZNF  gAnS

seges Avmmp weeLD| POOCISTY 909
* DTN IOTI OV LA, maTgoead o W s5300ad S JeiSy (9MRIAN 0 JO IR0 PEIS Of AP PAIO0E Sl ssao0n] suowary| FODLIGT IwElvomr)

‘P . .
O ——— . 0 o o o Ero | 68 1€l L E |booaTe e
W | ‘I OO ‘01 9HTIS DOCEUORRERN]  0DE 08T 09 0 oE T YN | VH VN VN SE |VORMEDN Asmbg
uru [ I O0E "D0E 9HTIS DOEUORwERN]  00E D8I 09 D oE Tl YN | VN VYN EBL YN |VONEEy Asmbg
upE O ‘1% O ‘001 SHOS DSy oy 0r 0 09 0O s 09 ECH | D6 I WL SE W0 ghos

we[qox InwEd oy 009 & o9 oot 1194 113 LETY 06 121 Lips 0cE | POOCIGTAP  ADS

229



WRE O "IFE 00 00T SHELS 0T wogee[in
WRE O] "IFE 00 ‘00T SHES *J0Tk wogeafin
“adtaqn o poge pwk 80y o0y amss e s9Sne
1eqneduroa *wapqoxd reosp) doys Bugeoo oy el
agun] adioar Aqpare)s Wnr o) peR * spOW 0GR T S0RIMm,
o] urne ¢ R0E GHELS (LW 00R 2000 woqeslan

194 10ga 8l T8

YT una ¢ ‘001 9HETS ‘L™ 00E “DST Yoqea[om
unz O 0T 9HEIS L™ 00F "0 LogRa[an.
Eqwxun.ﬁ 1]

WO {04 O

"NIOE € 00E YHELS 'LV 00t 200k wogeeon

0ok
0o

oo¥

00w

ooF
0og
0og
oo¥

g

1

1 4
031
031

o

areqa Yog pHag)
0g 01 o <01 YN 06 121 3% e
o o1 ok I VN 06 121 VN e

0y oor 944 111 ¥H ¥H VN ¥ ¥

MO Y0 678 SeBreyn (] WITL Aq PaYIes PUE PAjOOCET TRM GIRMIJOS SIATTTH

"Seyr [ 103 GHETS W03 00T PN ARG GHEIS 19 TT'0SERET 1410 elreqa e jog
&1 oot %4 4 o9 9EE 663 811 ELL BIsE
&1 ot 174 ®I ¥ 06 1Z1 ¥H 193
09 0 1112 9 ¥ 63 a1l oL 193
09 0 1113 19 Wh 106 311 YL L 6kE

il oot ST MWE  bFF 6163 121 8L oy
*eJTINT 60 UT{TLA P e aR:s emagexd e pae: eoras) edroer aq

PIIL "09FSAI o [omos amesaxd tof spreeros prd av paenpy “wargord « penea yorg4 dn paooys 7 AZH PO 971 YEN] 001 YIod O 0P PauDqE esonxd o e punog

“pouadidey Bung snmeg - wdiar g} pIpRofeL FUR 9PORE HOgR JO [0 PIRTY |4 geemssand 10090 Oopmdma], ¢ E7=ad0ud 66 T=TIHEEH ° Son 30vwmy -, MO IR, dlessn
Pl DAY O [ dogs LAY OFT SALAIW T IGFY AN GO AL 4005 Pl PIoqR swan ss900xd “Bageoo LpwHs Jo SENUNK 7 1458 SA0qs H IPOW DA ST 07eE) panog

"WIRL £ 00T 9HETS LW 00F DELE WoRRe[In
"WIRL [ ‘007 9HETS "W 00E “J0CE WoRRaan

WA O ‘001 9HELS "LW 00t “D0Ey wogea[on
WA O ‘001 9HELS "LW 00t "D Ef 'Wogea[on

oos
0og

00w
00w

¥
031

o
o

¥H WH Y 1.1 LED 1] 1E1 Eal 13

09 0 0cE e ¥H 06 1ET L &
“poZaue 2009y

1 111} 0t El ¥N 06 121 BL 1.4

09 oot stk ILE 1T 668 LIT g 1.4
‘poo2 51 amssad sseg “pood e es1 J0 v puwe amssand ss00Ly ‘wiapqoad ou 1L adoar Logpons oy
‘auambas oqe o para$3m

PR 2] sei Y] smeas 1T ¥ msny ssaaoad pagaayy ‘papoqe s ssoannd &) punor pue Burmiow s uT sues ‘pr3ne sy adhoaa Sqpwes sy g0 1ed Fureos aq) wna o pax],

“Raampag
I oe A BIG LMPL] Wi Iaor-1g ‘Tasm] WOMua[IOu O

J 00800t Bercw

09 oor Stk DOBF  BOT 008 LTI oL &t

“waapqoad [moviLa. PAfRTa It pav a10at A W] "D 0ESD( MOLT PRoMop puv adiow o paleTs( pAdnuoo s adiow £qpumgs a peg papedeg

" STt S MILAL eOTOEN QTR Op] 156} J0j08 AT
orf unR ¢ "R 00E ‘007 PHTIS "Dt woure[on,
Qg “LPL 00F “007 SHEIS “J0T wonee[in,
wmIgz "I 00F ‘007 PHTIE “D00F woyre[on,
unE Q[ "I 00k “007 9HES “J0Er vogre[in
"N IR 00k "00E 9HES “200F wogee[on

W O L% 007 007 FHZIS “DSTl wousapon g

oo¥

oo+
oo¥
oo+
oo+

ooF

2TET 2

=

“fxoysTy sseoot] MOy UOSER PUR JOU PO PAI0Ge sea ssaaaxl Lqprgs punog
&9l ool £tr 09 610 63 LIl ¥L ELvE
0 o1l 0tr £1 FED 06 14! il Xe
0 0 143 06 210 06 54! FL (133
0 o1l 0tr £1 210 06 14! il Xe
09 ool i &1 LEY G168 AN L1 Xe
peSaeya 1000 fay
' odep Bwof 107 93wega ropaafo by

07 oot o or t¥ | 668 1Z1 68L 113
“aeydepe Lxopm paqreysat pare jrod xojoslt prar pacdes paacurany “YIOp PUR YoRG SAqLas sou Sorsep

FOOEIOESL
FOORSLTIL
FOOCIOTIL

POOCIETIL

POOTIETIL
POOTITTIL

FOOESTIRL

FOOTI6IL
FOOTI6IL
FOOTILIL

POOEIOML

FODEISIL

FODERFIL

FOOEIG1/9
POOTISTI9

POOTILTIO
POOCILTI9
FOOTIOTI9
FOOTIOTI9
FOOZIOTI9
POOTICTIY
POOEAPTI9
POOTIPTID

Aggem
Lauo
Lo

EL 2
FL -
Limaga

Ananbyg
Lamby
omEL vy

nopn

Aamby
Liwaga

Agam

g
JUGsAvoom |
liomgo
FL
Lo 2
limago
Lo 2
A A by
ATqaMm

Aprge

230



WOE Q[ ¥ 00E ‘001 SHES “D<T NORRSL]
WOE 0Z "% 00% 001 HTIS “D00F WORRLN
10291 1992 B30 169 L “CPAT AGPRIS

ON URE < “I% 00 ‘001 9HZIS D0k ToyRaony

“Tojaalu Jua yHa 59, "opar AQpuys

opf unE ¢ "IN O0E *00T SHTIS ‘DSt wonamy

L1
“T0}081\ 7802 A 195, 'GP AGpATRS

op uRE T IR O0E *001 SHEIS "JSTl womee[on ]

U Of "I% 00 ‘001 SHES “I5Tk LOnua[ong]

00
00t

11}

ooF
ooF
ooF
0oF

1’8
14
oot
w
o

1.2
11

09

0
&1
&9l

113
ye

09

oot
0

1]

oot
114
oot
oot

Stk
143

1143

Stk
o
245
24

SE
128

o9

o9
06
1)
0g

Wh
[44]1]
W
YN
¥H
TH

TH

o663 18 i LIsE
06 121 ¥N 143

VN WN ¥N ¥H

YH YN WH YH
¥H ¥ ¥ ¥
¥H ¥ N ¥H
ya2 LT WL TLbE

‘N BunpoLme ATRTarew A pear aqATIO0 WEo 2oj.00 i 1747 o mesaxd 1o do pagooy] ey wo e1 Buu evd o) wa A Inpo A} 10 1ojoafor swo aq Jo SumEme
A0 T4 6N “0j09(w 1o Pi3w o of dn paqoo Waaq B9 A0 20109/t JIOTY S OF 1A Je) Aur (Zreel], o pedces wasq emy sun jredop oy 1oy 2ojaafr pooay grTwes ]

U Of "L% 00f "00T PHELS “J0Ck ConRe[In)]
urE OF "L% 00 ‘00T PHELS "J00F CoRRe[In)]
U Of “I% 00 ‘001 SHES “J0Ck CoRRa[on)]

" PeuRI[2 PR Pejedsur sua prOyRTA ],

-paBuey o 1oyaafi] “gor g arnss and x0y.2afuy
0 1ET 3 1.4
05 1ET e 1.4
05 1ET 8 1.4

BRM MOTF F1] &) 95W0 OI9E o SfapeTpaTmT

paddorp ameeard aq71 -amessad swioe dn prme of 7 2.0 vey} pe ‘o) o) jno padhwrnd ‘pox e s pwod 1090 e wary s do pad3nyg Ayee] e 1o safn poog ﬂ—.:ﬂﬂh.ﬂunh

"ureE ¢ " [ ((1p 00T SHTIS “000p NOFRa[ILN

OIS of
"MIRE € “ I 00 “00E SHES 000k NORWS[ILK
"MIE [ I OOE ‘001 SHEYS “D0CE NORWe[ILK
"W IR OO “00Z GHES “000k YORVS[ILK

O O “I¥ 00 00T 9HES “D0Ek Lo [Ing]
‘wer ¢ LRE 00k "00T SHETS "J00k TonEamn
unm Of I 00% 001 SHETIS “200 wonespny
WA O “I¥ 00F ‘00T 9HENS “J0Ck LouRe[In)]
"WIRL C IV 00 002 9HENS “D0CE NOuRH[InE]

6690020 1A WOHRAAT ON]| 00HO0F  ECICO

"WIRLC IV 00 ‘002 9HZFS “D0CE NOnR[InE]
ORI ION O]

AR Of LR 0% "001 SHEOS "J00r Woneeny
OTEE[IOU O]

"on A3 }OU PIp SETRYD pReD WOIES[INU O]
wna Of I 00% 001 SHTIS “D00 Roneeny]
WOTES[I0U O]

U Of L% 00 ‘001 PHELS “J0Ck LonRe[on]
unw £ "I% 00 ‘001 SHES “J00k CORw=[In]
una Of ‘I 00F 001 HTS “J0Tk Woues[Tnh]
WOTRI[oNU O]

oov o o 0Tt oty 191 o
oov 02 0 ] T 021 TN
od¥ o 9} 0TI 17 141 YH
‘170 pawm}
oow o oy oot oy ooe '
0o% 081 oy 0 1113 9 TN
00w o 09 oot i s TN
00% 021 09 0 0gE 144 ¥H
00 oF 09 oot i 191 18F
oow e 0 1l 17 09 WH
oov o oy oot L4 191 [ 249
ooe e 0 A1 oy 06 TN
00w e 0 z Ui 09 g0
00% 021 0 0 0gE 0g 900
09/09 00007 €EricZr CWICBF ETCIEDS

oot 021 0z 0 0gE 09 YH
ooe 1111 11 ] 1133 174 N
oov o eT 0Tt oy 06 [4

oov 031 0y ] 0gE (A AN
oos 14 09 oot ooy L Y¥H
oov o eT 0Tt oy 141 g6
o0t 021 09 ] 1783 113 Y¥H
od¥ 14 0 0Tt 1 ] Y¥H
o0 02 0 ] L3 04 YH
oow o 0 oot oz ] TH
oos D21 0y ] 123 113 <op

63 811 41} 193
63 121 41} ISt
06 11 EWL 143
o663 11 ECL Gt
Log 121 6L°L 13

podwoqa 201030y ¢ g arnesand 10000y
1] 1E1 ¥H 143
663 14! TS 1.2

1] 14! WM 1.2

1] 0ET ¥H 1.2
L68 E11 ¥IE xe
262 211 6l 143
568 211 &L 143

1] 811 B L 1.3

0s 14! EEL 1.4
963 14! L 1.4

1]4] 1ET WL 143

0s 14! ¥H 1.4

1]4] 1ET &L [

1]4] 0ET 2L 143

08 0ET ¥H 143

06 14! N 1.5
668 BT STL oo
paduey o 20100l ¢ wnssand 1op09fay

wqe
P

FY. ™

231



"aaRaUmy (] AD4"] 4 TR 0F VRIGITIAY | XU ) ac [[Lit S QOF " CRIOIIAY U U ATTALES J0 SIRaK Ua) TaJR SIAT 0f SAPLP APa M YR
WG INE 007 00F SHTIS D00 UCRRILN]  00F b 09 00 S K1 ik | 668 121 (o S
"0 Yo W2 Vo PR P9 PP PaLe! PIOY VAT PoETL/PAWN] *IH Of PATUAQEEA ST [F Wa06 (7 "Dl 1Y 4890 TNIAI

‘poog are sgrx Jo ur pu amesard ageg rojosfcr puo azmsveprenk a a0 Tropey
(odep Jo 1 AOF “Bq 1. PRTGRUS) “RIN] Ua(00q PUUCS Seds G0} ML, G2 0
PG ] U AP 8 patws sseooal o, 9s00] puncy sea 2nmgs A Jo suQ) -9 2eqee] =2 Lq pausoyro; punos dws » preey | w1 A L1 apdwe 2 1R0q PR Jages 9 papeg [ YT
PR BID
T LT s ——— > o 0 o1l ogy 01 ¥H 0g 121 wH [1'8.3
"Wz g ‘I 00F ‘00TOHETS *J00F WoneaIny]  00F 1] 0 0 o3 0g ¥H 0g 121 8Tl [1'%.3

-pakhrug o 10jaofir] - 1€ g wmesand 1oy00fay
“senea SR 3e o 1eed sme on ep(otd ATENeA e soewode o ureliao of 1oadest Ln 98pa, o) of seoo e ada e Kwaga

"W g TR 00E 00T FHELS D00k Toyee[on oot 14 0E o1t 1 o 06 YN 06 11 ¥H 1.2

“umr ¢ STRr 0gE ‘007 $HITS 207 woneapn 0og ow i1 o1t I7d o 09 TE 06 1z1 6L 123
"wxa[qod yea] OH7 1S jeadax pomresy
‘e 1eser eywead my “arajeq ewres evg ses edmer eyl -epuend ur peya e ;4 epdures papeod enig v
*Buprumr eq o} pesoding o s GHEIS "Wedea [Te W] SOV} J6T B WO Tek O[O AD VML U wIwTe  ee] PHETS.
* ol
L SJLIOIN. 43 VT L RAOICRIT O} .Euan_awm oow w (lopg 1] ¥ 09 ¥H WM N N N
. . - . : - gTH9E
M3 wa <[ IR O0E ‘007 SHELS “DSTR WoReeomn,
unm O “IRr 00E ‘00T $HITS “207) woneapon 0og ow i1 o1t I7d o ifA TN 06 1z1 6L 123
unu g IR 00E ‘00T SHITS “2sTl woneapn 0og 0e 0 0 LY wi TN 06 1z1 16L (153
"l 43 Y denpea] evy Zeyye deys
yoeqa amssend ew anlpy deja yoeqoqeel eyl mepe eames el ey wey) agae] dn suedo T4 o ewn} evr0s Jev] Aq.Awar wosear a] “werqoad enp Teedet 10U PIO.OD Pae Squl g 200
"paioge Fuk sdpar Lgerg
"WOTR I J0U nE ooge 0=l o9 1] 143 113 [ _ 668 121 B6L 1.4
~alaega g 20
Toned prog () [-50e] POe RLIRTR TRIE)
“azmmy
u._ﬂ—.m_u Euﬂﬂ up_...— .Eum.n—._.—_ﬂ _u.z_. ._.._Huﬂ._”ﬂ.ﬂ.w “— Hﬂﬁh Muuﬂﬂ..ﬁﬁﬂuﬂﬁu n._uuﬂuuﬂ ﬁ HH—MH .m__nw ..._H.EUH}_H- .ﬂﬁ“muum H .ﬂn__ﬁk- ﬂﬂmﬂhﬂﬂuhdﬂ _uu.m-ﬁﬂm“uh joix .ﬂﬂﬂk— MIHHHEM E.HBH-H
"WOTEe o[ T0M nE 0oF 13 0 0 L1 0s1 EE0 _ 06 1E1 6L xe
‘deys durg prg o1 o aureTqord N O LA Sunums pe)rea pue edroer Aqpawa p e g  pooS aTe eSTI 0 PRI PAre 00N Jee ]
"Paoge Fus wdiar £ qpra g

“erreur wey Py} Im Jo pts P2 wo peddops wey prmo g svrapqoad ou WpLa SITIm ATOUT Ol W1 WAR PApR0-] -suspqond o Lk sud1oat ST0vT aar UT papROy PAre W e ror

"TOYRIOUT O STATIRO LA, * R0 [ sedfoex enfl uree popeo] s woNEmmAgn JT Y e
Bguoa e eatd pmon edroer Aqpusys e} Sutpayout sedToer 1o e WAy, SUH 1507 ey A[106w00 proy pruost ed106T S} “enIh SN0 WEI PATE WL PepRO[ 5B4 adroer A Gpare s WeqAl T e
Sioo o e PR (ZVEISS) A O1T eMo T[0RA PepREOT "sWerqoal InOLA NTTISA] OUT PEREOMLAOP 6 0} ATGE atat OT() GreAs &S e O7( qino) o sedmar oa [ wonEmByos pepeoyag
‘dl[en] 1S 80P Pe)00Ger JO5 ‘Pel00GET PIRY BG) Of PeeT AR () [S 0] ], “SeFessem aBuuns
aterdatp [ 50 “sButpect sdroer sy B 1eyyy areTqord MO LA su0 peOTATH0 WS edtaet et O£ g WMoy 8edroer Ieqio pre se[y wonemAgmoa pecfLio] “sedmar [ paaag
"sedoat e of pevteddey any, -, ype-ol jaup Yojewem noe mtnoopedroer, one 303 sseumy eq ur ediael £]HTeOTS MAT 6q) PEO] OL AL
w1 L% 00F 1001 FHETS D007 ©oweermny] 00w w or o1r 1744 1.9 2E 08 1Z1 6L 1.3

e Of L% 00E ‘00T FHITS ST ¥oweemny] 00w i3 09 oot s 14 ¥ 668 811 WL  G8FE

ELogeEes sdimzn o qemes» sdopriy syey

FENG

FOE IS
FODETENG

YODETENS
VOOEITHG
FOOETTIG
POOCITENS

POOTITES

FOOESTESS
FOOCITESS

FORIRI8
POOTISTI

Apqem
A by

Apyam
Guaa

a2

L2
Apqe
Teaw
L2
limaga
AEqem
Lo 2
L2

o

lirag 2
lirag 2
v Sio [
Liwxgo
g
Apgam
Aqam
a2

liuaga
Aqap
liwga

fmyapm
Ao

oSk [

L2y
Wwaago
uryge

sk

232



WORE[Y Of

PR ¢ *IW 00F ‘001 SHEIS “D¢Tk OBy
OB of]

ooF
11}
11}

o
&
111}

B[

o

o

oot
oot
1]

44
oo
113

(1.9}
ore
L4

‘da)s 1200 18 pajroge aclty ar.f qpure G IO TR QRIS

g6z

ya2

1)

] 3

1]

(21111

1.3

1.3

“AOU QR 2RIy SUTpLoaat 8 ([ SO0 "V ORBATIM W0 A oy asuodsTp e urerand wonet e noy S OJUT JRapy “PolImsat pae QeSO 130 pamm ]
"BUnOYUCTL O] “(IE S0 VL SN 0GR AN M 07
“uonE e na) au o] way goad oy adiser Aqpureys af) wey ‘puodsar o) pa s duray - gysyy pue afeyoed ooy y jesay

md pue ‘7 gog o durey jas paBway;) Aep v wey) azow 107 das snp e y{ans °) ga7 Aquo st dura) rapran ng % o stdurey jag das ghey

WO TE[IUU Of]

"ROTREIuu Of]

AL "IN 008 ‘002 9HEIS “D00k CORwaLE]

LT I 00 ‘001 9HES “J00k CoORw[InK]

)00k O 2 qRlE O W (i A7)

[ 001w £ “IW O ‘001 9HERS “D00F To§Re[np]
"uTa g I 00 00T SHTTS 00 WORRAIn]

T ¢ * 16 O0F *001 SHZA 001 SHTTS 000 woneanp]
"WIRLE IV 00 00T 9HENS 00k LOWReInE]

"WIRLC IV O0F 00 9HENS 00k LOURHInE]

"WIRLC IV O0F ‘002 9HENS 00k COURR[InE]

ORI Of]

MO MU O
"wrm g W 00 “00E SHETS *J00F ToRIn

umz gL 00 00T PHELS D O0F wonee[sn

._H_En.._.ﬂanm.an_umﬂ_m.u_une_ﬁuuuu_up
W g 1% 00 ‘001 SHETS 200k wonwon

"TOOTTE: B 0N uz_

unE £ L™ 00 ‘001 PHETS “DST vonee[on
"wrm g LN O 00 SHETS 00k wonRe[n

"WOTRI U 0|
"WOTRI U 0|
"WOTJRS[ J0U 0|
"I00P UI0I] | 7. Sie0qu o o sy
o9 VRR O] “I% 00 001 $HTIS 5T woRee[on,

oos

oos
0
0

0os

oos
oo¥
11}
00
00t
ooe

ooF
ooF

11}
11}
11}

oos

ooF
ooF

ooe
ooe
11}

oog

o1
o1

2¥RIR A oo

[=]
]
—

il

o
13
o

11}

g 989 98

)

Al

(=]

0

1191
1191
0
0

oot

oot
011
011
oot
oot
0

(4
oot

114
1]
(114

111
111
0
0

1113

00
113
[1d
Stk
44
113

944
944

ot
<TE
o2k

PO w0 azewmy

“adraar Aqpue)s Somma a3swmy punog
0oe 60 962 81T s 1.4
(19§ 60 62 LT (i 11 1.4
1] 60 962 81T s 1.4
1] 2T0 62 LT 4] 1.4
0ET co 68 14! ET6 1.4
0§ ¢0 £68 LT tra 1.3
09 0§ 14! 616 1.3
(1A 68F 0 1ET 63 1.4
(1A 1.4
0oe re 81T ELL 1.4
L 68 g1 ELL 1.4

‘pasuey o 10108t gH7 78 2 armegand 1qpaafay
o1 eV e ey
111 1.8

paBreqa YR pH3D

“pew ey} o eq ST 1] LETS oY) WO pedac] sem Lequd aAnp ey,
<1 TH 0§ 1E1 T 1.4
1)) TN 0 1E1 rs 1.4
01 H 08 121 ars 1.4

oy 1] 113 oL

oot 44 1. %4
1) oot 44 (19§
0 o1 144 (1A
0 0 143 114
0 011 174 ®I

o1 144 o9

uryvoq aif vend o) epumLw paen A AuyE0me
SB0T2 T00P SO J0W TP E9POW OfIS PR [RELWORL VP00 Poe0[a 61 100p AR aoyaq jawmsson peddoes wog awp Avpo ] UaM e 10 NF U0 SArhoye , Inojeog, @i Amagpwons

0.0 STIR LAY PUR.iRs- o L{TH0 PaT AT Je0q AT ‘SIaes LU PIpRoT | THFe  [M9A3, PSS | Wi STUIT 05 “Cn PAsSImI 0 of PANRS amaijos Wi d s jnom-woq AT
TLr T6s
*T8TE] AATOS MISTGO] %0 ST W1 UIETE ‘eJeUmy AU LA J50T ﬁn_uﬂ_.ﬁ.._ﬁu_ﬁo “edroer B epe empt wezarg andmos

1E0

YN
600
¥
YN

9.
06
06
06

y68

1)

LTI
121
121
121

BT

LT’

6L
¥
¥
YN

BL'L

1.4

A BAJ

POOTITT
POOTISITT
POOCIEITT
POOCIEITT
POOZFES 11T
POOTIEFTT
POOEIEITT

P OOCAOLIOT
WE.N__E

D0EF3TI0T
DOETIOT
00EATIOT

[P OOEFETOT

00T 1TIOT
O0TAOTIOT
FOOETIOT
P O0EA /0T
DOEIETIOT
DOEE 0L
DOEE 0L
00ZF1TFOT
00ZF1TFOT
0OZF1TFOT
0OZF1TFOT
LA
00THOTIOT
00ZA0TIOT

DO0EA0TrOL

POOCILNOT
POOCILNOT
POOTICIOT
POOTICIOT
FOOZA0T
POOCIErOT
POOCIENOT
POOTIENOT

FOORITI0T

233



g i =amsard 1in ‘g ge=adopru g 11=0da0d *poe=twa) :swon pros Aqpureys ropaafur cpmb sapy

"o g0 10 1030 alnt ZpEnh (e
" ke 2 e OFTIS
“adeya YUY D
WO 0T O oor o 1.2] oot g [, 12 <68 1€1 LB 143
WOTRI{ U O 0oe 031 0o 0 11 g a3 L1 £Es IcE
wonsocap o] “Igmow 10jash 68 L1 ¥ 8 CL¥E
“won eI op] “adroar greaag)t 00k o 1.!] oot T [, 12 <
"WOJTR e[ I0U O 00k o 1.!] oot T 1.9} LiF a2 311 L gLFe
£ne oor
gl 1.4
ore 1.2
WUy oF
e 1-d
oosedwm  zoopm wos FIOOEN

“S0sax Ay} 9 09y pue 10gosf o ) pe Bweys ey | rojoelun Buors sy S By wee pre paiome sy 1A S 1
: (S0 LT: LT FOOT-ADW-0]) GO WINKE $900 9 RIvIRpuIvE]

9 mmuurenr s for Bureoogie g

A 1T

oIl 08

Wwe

i

65 T

D0SE = s, amszary mas TIOMEN

(Bupen a0y 3bir g7 peB3oya) paproax aram samssand FIOOTN Buraofor Afl ‘PMEsw sem anoq wado weqrs

P PP ATqsary ojoafiur areds v Apoating pezs ot S2OQI0 A} pue P Ogsqoun -- watdo 4007 ST MOGP O 5T araf], ‘P A Jalswr pure pasowat seam 6OfT] PoRsar sojaofo apy,
{wree 1om9.q peBwmyo st 1qaelim £106): (L7 A1:ST POOE0W-01) QOQ WK S3400 2 XIVOSUrGA]

0909 O00TA00T SERMSER SENSF  BEL vos 311 101 1.2

“95m. 103 Apwar pue ab.gpRrwgs w51 7 wgshy
"SI0 A YRV ) STILIP IPIGERS JO 195 B PATIPIO RAWY PUR S0 (UL 44 en (e 0g Tppe SULepio we | 0uds e saop el agf amsse 0,

“16A%] PUF T% WETE} aTssar

amaefm worraod e¢] “wogeeran® o) “uonraodep Iefe 00wo00F  ECIE9

LTm oor

] 02

93 oy

59 o

cr o

TS or

(D0Ck drra]) mopemeserd ooy w208 TIOMEH

:( Bmrpeat pojoaluT 9 P SE0[0) PAMBTATL SI4s FROTU] S0 rneeond BuraoTo] Ay I "(OI9E 0f 110§ CF + PRPN) PROTME A eus 930 ameeond rogoafoy

oy gOr-0 AL woreogtaade of e usdo aas 9ogmo S} ey of 93003 Amqpdea v s pUITERIN 1611 MR 1G0T paWerT 1 I poBunya wasn 69 QreIes] wo poybar g5 AT
' (B ETFT POOT-AOU-60) GOG UIGKE 5600 O:RIeepIep]

(10 L0, peBwena &1 Teqasfi £10G ) e muspare oypaafar Suromogag

OOTISTFTT MO
DOOCASTITT 909
oOTISITT 90
OOTITTT e
oLl Tl  Eamby
00ZoNTl Lsmby
OOCIELFTT A0
PODEIENT] Aamby
POOCELTE e

ﬁ:ﬁ..::.: eq

ﬁﬂ.ﬂ—nﬂ: q0q

PORTTT EVeTeYq

POOCISITT 909

234



‘070" DMLEFRIS

adt a1 paqElsu Ioloe T S0Q JO waT WD, Grgs, 10pa0AT UE paEIS] Caelasl 8 Sk 10f pertae o dumd cprearegas) sl Jodo wo peoepd pue pei Eeg Towoeln g0 g 21k ap paaousg

‘odapa ﬂumxvﬁmﬂnﬁ

Jo s g [ s enuew sseona] pamsag w
PHES 207 odwp opa v g und pazoge we], W

nEnE..EEnnEn_mé,ﬁpzu
edpey W O "% 00 ‘001 9HTIS “006 TORvorni]

"N WI#y "W 9FZTS 307 L[N W Pa0q
sdpay W O *IN 00E ‘001 9HZIS "0ty Ty

Ops TRIRI ‘19 MO} OHZYS 39 “TOMN P TR
sdmay W g I O0E D01 FHETS “00b Towwpny]

1113 14 0 0 44 14}

oo¢ 1 9 0ET o €31 £50
009 1.9 9 1191 orr 143 £C0
oqe 009 1 81 0ET o 031 (1]

"880] DESOCT N1 ASTARK W0 Pre 3 Jeq STAWORLT AT, SUSS S0} Sussarppe wo 1res |, ae
Popesons Aenprass UNT &} ea0EIef “LEY 0T ¥ I Saymeer exe semreze(oy edmer o epqrasod e 17 “ed o o1 armssex] Szesqep ATpratm o pre pepeyS arm o1 1epuIs 2 GHYTS SLL,

WRI prg a0 wqard 9RFTS 108 “LOMN W 009 0 9 o1 L 00e (1]
admay W Of "IN O0E ‘001 SHES *D5T TOUW[m)
o O “I 00E ‘00T PHTTS “0sT wogeapnyy| 009 1.1 [4 ) orl L1 4 1112 X1

T X ET HH IO [RATEA
9 HIS A JO Kopuoar SuLsofof QRIATY 01 DEITT AGPIRAD 2 POwe (Ernel ], sama mi-o2md anoqop v sowdar an s Sureq an o 10§ WAOP SRS (7}
"marqead o s of 3w o) adisar aqy.ypow o Aqessod jou st POy OPAl XA papRraced s wovre e A 0w
wogerado omon a0y tsd g1 £qwo spaen N w5 “Arensy -(rdgr) Y3y 0ot 9q e amesand sopunds a e oadsns |
*SEUKTTE § 1840 YOO} 6T 50} €Y, "0

o ATeuprecs pue Winas £ 0} SLAOP Pevouy 1] “Waa500T Sorowmt weqss ey I [0 wm) 1o pip (PHITS) SRS o sy 1ud e 10y 1eq pegy “Sop Bep Od O£ SO o P s 0
“ure £ IW O0E 00T 9HES uﬁnﬂ!ﬁ

1.3

81T amnhypy ELCE

144 £Est
LTh (4343
eoor goty

LT'6 LIsE

[#111] L1143
“TORI GRe Tet e ogpeny e DT T

P OOCAOEITT

FOOEIGTT

(POOTSTITE

POOTASTITE

(FOOEIOTITE

[POOCIRYTI

(POOERTITE

[POOCAFTITT

POEATITT

DEATTT

DOZFETN 1T

OYRSW AQ PO RS GUAK. C PR | SI0Z 10J SUOIW0d 1L 00CAET 11

nEnE..EE&%ﬂ._médpz uﬂ_ﬂ E_.E u_ __M_E.E n.__
sdpay W g *I% 00E 00T SHZS D00 Toges[,

"HO wa¥ “weygard OHFTS 10 TONH ®

“ZOPTWONE ITAY "eS0Ed o] Soporssrepun opm
weopqoad moqyrs pe spdeoa seacad “urede adroer eq wer prE (TTEHS JO MO PR

oy Eodap op oy gH7Y I

edmayf wwr Of “I™ O0F ‘001 9HTIS .u_...#ln.ll—ulm 09 o 9 o<t ot 0 £0

Supewr amssary -admar Lqpoas qra Fuyeoo gy

"¢ Pere T ez 20§ Surpesd eqds eng uI

elreyga Soq @ PeITOT | “eAOW 0 £5%6 10U RS eqT lurede JEY s 8,07 os sSunds e Te pexepyin I “reproq Suds eqy ur es0o] ezas 8,5} SIS PINAY 0STE SUORISI0D 1 POFHE A
‘Ao Sums A Y30y $3x [T a8k JIETA|

ekl zo)] “paree warqoed xq Soms Saryoag yo eessoad ag uy deq 100 P 5T A 205 DL 07 A Sarooa Ty (ROl TACTD 107 01 dojoug o o pameyap O IAw0 AT
~Samran s dnosowraq doyoeg puno g 00T TL

E6E GErE

TG 123

DOEETTT

DOCRTITL

DOEFIEFTL

paread 5 weqod GHTYS oLL O0TATITT
T Yoo SEREIS 107 (J'THS OMTi08 288201 i 00Z/GT/ TT

811 =whoy TEPE  POOZISTITI

DOTFATITI

®q

®q

B [

a2
Aops

nopn

L2y

nopn

®q

aga

aops
aops

%q

P9

L2

L2y

%9

L
L2y

o

235



o Of “I% O0E 001 9HES D0k Toueepny] 009 (1] A | ort [ 2 81z 150 ¥68 FA g 6L oCCE  [POOTIERTI

e [ “I% 00E 001 9HES “J0Tr Touespny] 009 (1] A | ort o 81E 150 68 FA g 6EL LSSE  POOTIEITL

we O “I™ 00 00T PHIS “DOCE wouseIny] 0DE [111] A | 0 e [E:14 $T0 vH YH YN YH (POOCISOTI

= Of "1™ 00 00T PHTS "Dty woneeany] 009 CLl zI GHEISE ¥ 1] L¥0 762 L1 B¥L  COFE OOEITIEL

o Of “I™ 00 00T SHEIS D0l wonee[my] 009 0o 9 (114} (111 CEE {41] 62 L1 EFE {9 OOEIZDEL

o Of “I™ 00 00T SHEIS "Dirywonee(my] 009 0o A | 0El e 0E 150 e FA g BEL  LUIF¥E {OOE/RDEL

" a3aw 2 YOO P H O D0Z/BTT T

P A p— damﬁmﬁhwﬂ (11} CLl FA | SIS T ¥ 4 L¥FD VN ¥N ¥N YN [POODILDEL

dws wonsodep ‘gogRpTS sdoar m spqeoes § se pappe weeg sw OHZIS POLILTE] T
"9R0q 6T 10 Tt ¢ ) SIWIEI0D PHEH) JO W . . .

096 IR 01 "I O0% ‘001 SHEIS "Doet wowsepony 707 0o 9 (1141 (1 CET 041] g FA g ELL  TOSE OOEATIEL
e Of “I% 00F ‘00T SHEIS “HCT wonseny 009 x A | (1741 i 06 6ED o8 FA L ¥ER L0 [OOCIEDEL
o Of "I 00 ‘00T SHZTS "J0kr 2oy 009 ® 81 (1741 (1] {og #0 e FA g 3 G05E  [FOOEIETEL
O ‘1% 00 00T PHIS D0 Tou=my) 009 o ] | 1131 (111 [| 14 £FD 8 FA L ¥l TISE WOOERDTI
O ‘1% 00 00T PHITS D0 Tou=[my) 009 1.4 9 0st o ISt o0 68 FA L ECE  TISP OOTIOTI
o O “I™ 00F D0T PHIIS “D0CE OR[Ny  DDE (171]1 FA 0 (|43 b4 ) <0 £68 FA L ELL LPFE  POOTIOTI
W Of “I™ 00 00T 9HIIS D0IFwouse[ny) 009 0 1 | (1741 (111 (a d c0 68 FA g EEL  GLLE {ODEARIEL
e Of “I% 00F ‘00T SHEIS “DCTh wonseny) 009 (1] 1 | o1 v 00E <0 68 FA g WL  9CHE  [FOOEMIEL
W Of “I™ 00 0T PHIIS “D0fr wouee[ny) 009 0 1 | 0El (111 W c0 £68 FA g ¥CE LoDk [FOOEILEIEL
e Of “I% 00F ‘00T SHZIS “D0IF onsny) 009 K 9 (1741 (1 (1] <0 68 FA g ELL  OCPE WODEILEED

IR0 203 20T Zndy “womeod 2p of 68 LT zmnbger TIVE  (WOILLEL

“yarrgen dumd a3 7o dopwo Swgns usyorg Aoy mros swh 10g 2000 Zpenb snotaard a7 oury STog 10§ 1000 a0IT Z1Tenk o1 TR 0RO LT L
TS SRS Qi paavdarwsq s oy akmd cornd Insw g iz QOLIC LT
Aoprgs oy 20 3 ud poe wdiow sy qewy of DN O sowemy G qames | womsodap go wom ge rayedas (TIHS o P v ] papep po0q SHIGPOOCONTE

woEa N of|  00S 031 1] 0 e 2 ¥H L c63 211 EZL 5 FOOTIONTE
PR ——————— e R L OWOF/09 DUSTHOD  <TF  OEMDTSTIWEOWCE  L68 TET WL XE FOIJONEE TW
"MW ¢ TN 0% D0 9HTIS D00 TousnNl  00f w 1] oot 433 X1 v €68 Lt ¥L XE | POOILTI
“paZuug o 20g0a0uT GHFE "O0C E 19 0 ] arneeaad 20y 00 fa| pO0TILTT
wopmaam o 008 ™ (] ool o i VN | se8 i $66  OSE | PODTIXEZI
iR 0 0f S5 ] " IPOVE TR WT PRSI} s AL Mx 2, “paflueya weeq oy O P AL PODTIWET
wogrsod op op * XoyowT 1040t GET 763 211 656  T6VE |POOTIGITT
noeamx oy 00F 1 m oot oo X1 {49 (OFg KT | PODTIEET
e Ty
o0 Spr ATATTp SISTLAP "IAAsY "BS0L UT ST (177 “eTIpIeon o) Uy Avperopy wo pesepdar eq L poe)sedens ST 60T 00 A0 S o], ‘ATeATep GUR[LAD E[E1S YILA 6NEST WE ST 02N,
dae (TTHS v ‘sadaad o) meee 1ue0p se01]| POOTITITT
unpamT oy OOS D81 m 0 e 06 A (8L DT | POOTITET
e g ‘@0 W O0E T0T PHES D00 ousepny| | 00S w x o1 (1" ®1 06 TET 6 SE | PODEITTT

236



FHD PY0 HIS I0f SOTR.LPID A0[T 0JR00
0] st oo BUmoo] d8 £ A1 B MEsT sreem o 0 v snatAr] aredino 3 (e A0 STURD CSAnTRA LB e ss ) AT i 60T FHTS STOTASL] 12aT00 o “PpIdE| COOTI0TE
FUE P OmET T MOt G Si] PR PaANTTET 9184 S 0L Q07 -0 K 0 PUR pHIS 91 wapqoel mop evd pesues ol padSerny -pod 1oy oo fie 1o o o1 dn payooy «ny oo evd a1 punog
"HOCUIATR A
A0 a[oRTIwAR V0, 90 PUCS A S} ]2 SE[[3 3] S A0 10 5,300 IS PG PERD 910 390 [ ] (S U0L) 46 CXIOUI0 | PATY POR [RYR00] 69 S () (s wuser sy L[ SUC O
“BUnUOgR aq) W o ogds Tof e i wecln [[La 8y " ATLATEAT[ER A} Q) PR Weeq ST ENSSTA0T] FHTS DETASA] oL COOEISE
" A0LABY a0 TSP 10 “Bunie T [[OE UT WIS IR HYE o (9 VAT JqE0 e B Snmeqn g
“afey aed sanromgaala 13 B0 (03100 T AR armad yrom sa0p G Q5p A JOTOOU00 A WO I YU S30P JE 0T Y (Rt ey JItt SEve Buemos og o) swess eae], S00EsLfE
TR O IO) PAY0T PRE LAORSI 71 AN D
AL SEWL Of ARPUC[A WO SUIGIO WA FHTS 0y o5 O pae e Aupeg sxre-der alardhinos 1omisd 4 O pHIE @41 PLA 6TSST WE £1 20T, '(F) WO PO[[HSUT 34 4PN FHIS S0 § SO0EME
“£9000 70 prea A7) Aq din 30 [gacon] L pae WO BUTRULaT (ZINAE] 1L 0 6T 6DYH T 49 TR UOMITIW ST I0] OZTWEL) 10] apr pHIS
2y 30RAL (LAt 2, PHIS A\O[E | BIN00 VR PASA BRi ¢ LIASC] “SMITBL £ ~ W1 BOISTWXe g ApRdns a1 2607 M08 QOOT IV " 024 MO A0 pETS "M WA arugep o caeyp| SOOEME
“ToXs MO(F GEETS Of snp paptoqe schow g g| COOEIEIT
‘samr sed q yoaqo apqnop esead rus dmby IS seen pe sseonad A9 10p wnop ST QEgSE] ST9pRe 0] PROTUD R INCRISNT R TR
o Jas st adtaar ] pasoe BATRA SRR PUILOTIOW PII0D PUR GuT| SBE Y} PAORLL FHIE A0 10U Plwee (7 PUE SISl e 10g weiqoid o pHIS A 0F 717 ] [He1sE) ey pung Sooerere
1023 FH15 O eup papoge eftaey] | o8 101 69 0cr | COOEMEFE
“a] gI0d e 195 1joafir mymeb e v et o pesenbar erepy| COOEIEE
WL g D07 YEIRLS D00l MOn e 00g w %23 arc 0 o1t 0e 121 i KE | SODTIOEIT
AT 3 JUL 0 00g 08l 09 ] 0oE L9 68 211 ETL 0KE | SODTFEEST
UL e O0T EITES D00 weneIan, nog 08 0 n 44 174 | 06 L1141 EFL OCE | SODTFETIT
WU E 00T $EITES D00 WoRedIn nog w %23 arc o o1t 06 L1141 LEL OCE | SO0T/OErT
T g O0g SETTS D00 Woneaan, 0w ow 09 ) 44 OpE 662 611 VL 0cE | SODTISTIT
st 20§ Apeey “dund e parasey| SOOETSTIT
1w ap & OEresi dorncd e regser sseend 300 5T
11 dumd gy yoago asgepd gysdmby 1705111 peng) pue dumd sgy ey 4En] armssay] sep woser e} puneg pice A1 opsty Ay Yooy des proyq eoeds e adioer Aqpuegs e pumd g LU
"HOT S i, alopr ] Waod [ -oT ernesead 1opae i uems e “ragaedi
PAEA[D B L peaeial PUE paADW AL Su 10} 2300 33eRTELA GR7 T 1L T ae0]o Wang $8 tojaalm Suminp soq) o] et jaedop sip 0o s e e 1 pecedea £vy qros mrenh.Auwnp | COOEINT
*B10F [ROTURYIANL O} S0P [RACMIM BUTmp sy01qd0k et z1mnh snf [, - paaoural aoq s8] SLvpmoq a1 lash a0 OE D g pean 101ds(n mrerh af] peaur & 16penio HF | 401 &[T,
smauoupoddh o et 07 L WE 540 5 [ U0 PARED 39 [l Pk Ererase Badumd prey 1] nzoaskl o poioamon st ek gHEG 9w | CO0ZICNT
L1 (9193 TEE 06
att (9193 FTL 0g
26 o9g oLe I8
62 L9 g9 e
8L T'Cog 19 g
L L'TRE CEF O ODEF1LIEL
19 £oE £k 0z
i) CERE LEE 0F
itis CERE Gaz'e ar
(map) ddodd (D Bepidural (ol atnesard rojaelu] uras) IO H
‘uonreod op padop g10g Jo Snoy §¢ ey o maont 10jaafnn maenh crog Smuaope g

%9

®q
®q

®q

909
e o
oo [
ok ey
40q
o
sy
Euxra
Euxra
Lamba
T

mBéwm [

®q

P9

L2y

237



wraas ¢f, 1 e odap 1y- & s1aand Ajareq 18d g -ofex prey ® saysear amssand you pap| COOEMETIE A0S

"y . . . . &
S —————— 1 cLT g1 0 OGHTSGE v 07 £0 668 AR PI6  FEVE |COMELR ALga
" i Sunjes WIJ nlpe o peef] “ssofy a5 remoned ey 10f payoee o amssetl e o IaTY a0 odep anotaead ap W MOLW (CE-OCF WOL) pUIBA AUEEL]| CODEETIT  AOps
oI W]
0$E-0KT WOIF POTRA MTEEH] J A0 ‘W WIJNL| 00E cgl gl 0 GHEISCT ST 09 Lzo 668 Z11 60T Tl |COREIR Lga
W 0T ‘007 SHETS “L™ 00E 0 STk WoRw[onp]
2w ) . ) "
WG W 7] ‘00T HZISLW 00€ 0 op wowweony]  U0E ¢81 gl 0 GHZISST  OF 07 80 668 Al Tor TEF |COCRLRE Ao
wagorl S PHTSAIR M o [1-200] ) . . "
oo WmE 0] ‘001 9EZIS ‘L 00€ 0 b wowsengy 007 19 9 0 st 1 07 L0 668 Al ETG SFE | SDDTTTR Mo
"mOTELIRA 3 2 Bm] fwy ) . . "
£porD T 71 ‘001 SRS ‘L 0% ‘O oop wowsepnyy 007 CL1 A 0 GHTISCE O 0p Feo A Al IOt CFF | COTAICRE Aga
“wasTopad DUl FHIS AFWETE 03 ¢ [ -0 Ry ) . . a
TRE ] 007 SHEIS TOL 00% 0 b Touserony] 07 '] gl 0 ogt Okt 09 £50 668 Zrl LT6  CECE |COOTMEE L0
“EN W QT A0[d TIINID 30wmg| 009 0 ] 0 0 T oL ico 668 Z11 oIl Cok |COOUER Aga
T 3 YEn] fuq W) ) . .
54 4
WO <1 ‘00T 9EZIS ‘L 00k “cis vonvspny] 707 LI Zl 0 SHEISSE  SiE 09 £5D 668 Z1i1 BI'6  99SE |cOEmoE Lom
"W g 001 9HZIS °D 00 Youve[nN|  ODE o ¢E 114 0w 1141 YN 06 0zl 968 ;e |cooiile  Euwago
wogRen 0| 00F o 0w oot L 1743 cos 768 AN s 5E | soOTicTiE  Aambg
“Tafeth 1IR3 10 IO
T3 TaMO] A Te I0[0D JWATAJJIP AART] JEa) 1a] SUTRTp) . .
e ¢ s % 8% sop swog T ow0pea| 000 o gl 1191 1) 12 YN 668 AN ETS X5 | COOTAVIAC  "eerq
T WO T “I% 00E ‘007 $HTIS “0 07k Conee[onp]
WA £ 00T 9HZTS “J00F LOURRILK|  0DE s 0 0 (443 ®1 06 ozt Kt |cooeEIfe  Mwago
"W ¢ *00E 9HEIS “D00F Nonuaony|  00F ® 1.2 oot Lt 1 g 06 BT Th St | SO se

* TAITRE B W LIOT VI g P QO£ ¥oUeT wed [oquos smesnd s - 0AR]9p “F 19891 ‘[ 12E]j0 R0 [oqu oo ameeard &g pasfipy| COOZITIR uﬂﬁﬂﬁn
£LOTWO TIVAP2A] JesZ b PR U 1 LA
waqid swiog 29£8) PaAIN{aR 3G PMO2 K “HO.IW 009 T rocies Iy o 5T “eiod 198 a1 {aus PO ‘SSfIMIK 01 A9 BAMIDR ¢ WIMOLW (0 10 ODE 10 PRI 9q10w0s
Addd o2 ango ox “wdopg ] Woos QO] A0 IPOV [PLWRRE IR AU A PRIS9 oSTY o] o0} 10 Y31 ooj 302 skeae 3] dumd a3 isle o sapea 2wBuegaydey magy poe
PRANYIR g j0u prnod smssaad o] ‘degs SurRo0 gIIFIS AR ORI sqnwu 7 pAoqe seeooad ap weps sowung g Sunges sea 1 omepqand oqe edioar £ gpugs e vo dn soog v
anssanl g IO (L4 Od 0ESO 1009 | SOOITTR awdiwml

" BrOOLs AL JETLAL J00 PRE ] OVMTED T PATR BJEp AmjaaTo0 10U §TWRWPTOD T0f " HN Md O d AL, eFessew 1ore im aauw) pepoqe edfwarfqums| COT/DTE A0

COOEFIIE o

SOFa L0 £91 %0¢  (emds Ae) oOF FHeD
{oragt L0 tre %007 (emds.sed) pOF FHD
E16 L50 091 AL (aoa) OOE PHD
T8I L50 1}33 pAUI ﬂnﬁﬁm-ﬂ
£ 70 L %0g 00Z ¥HIS
g6l 70 0ge %4001 (a0T) O0Z PHIS SOoCIRe Ao
sL o0 Ll %0C (aroleq) 007 YEHIS
1.9} o0 0{E % 001 (aroleq) 007 YEHIS
(U2 ) UoRI AAmO 2 I0}0%] LOTIALI0D (woos)jndno gy ndim smonoeqy M

IO A 7N LA 180 DA VIOFI0]

238



"D 0S¥ 0 0F WOYRIqIEa ey |
(odlep Jo.n[ [£F) WL/ T SyeL {EOT eWIE 15%] MOy elsazirenb teyjo pesn el ‘equy mreb pelueyn
eddroer Sqpuels Supoims weq ¥ 06W2 FBe] PO[TRF eqr e, “WOmel Ged TEwTeq Py
“Tai0 0 IAA0T0.UB 0 PUR 10338l jeaye A1 Aau s Som ‘e aq po2aeysy
waop 51 pERsh, 11 22uey 0 o gws dmbs A7) 0f v UINIORIE ST AP YRS AL, TIMOovA SUIPTOY [TS ST 20n} AL, Weorq seb 9] ovnb o Haﬂ_sm
"ML
ANOLT ™0 a0} Af 3] ] SBUmy ]} sprsur arapanirans sa0and wano S} Jo Sof a4 araf], U oiq sea 0N} Af IR PaXTRat | SIafem w1 pRo| of soEmmy A pacado [ UM
T (7 “PHETS 00T "1™ 00£ *0 Ok wonespany] 009 o g 0zl oIr 1:34 L50 663 En e 0cE
T 7 “PHETS 00T "L 00£ 0 ST wonesiny]  00p o el el (ad 18 ] ¢4 663 e o 123
"BUTUMILT PATE Gl 8T (] ALOU 10 TRALLTS 1 Odn pa[[esuT a0 L YA sdTys Prauiemsylal Jo 148 B IS Of POALSYS aamy Tek |
1 S{IQF A7 PUP AV £i0eF 99 O pRAsT[aq 3rw pant wqo suopdwds s, rerogwedo st i pee swdtow moy pepro] R [ossms s e
‘9FR0 AR I PS008 90 [L4 S Iopeq map] “vorndnooes sdisos 20y pmosoe
3o sy r Buryse s st] o 0 s [[Ea ¥ S04 fr 2aA0 A TS atam Yanpm §Sa1 o URl Taso] 1B S{OARY £ Panoqs 071, 0F-L 110 pajss) aran saBuos Lrapeq doyaeq aqy,
"SLAI0SEIP IeAN] IQ] Teja4 T, 1 08I0 ) PIOYE 1768 Iemd by - o) Cf 0 Sresndar
emyetedure e L 40w edper Sqpwes Swpmni of Qpaeiat [ -sedoe Jo TequmT a1 PEFTAT Y OM4 UONOWIITEU o0 AW BT 60 S ST BUT04 JOU ST ([S2F JO WRE ey e pejoadmg
"0 7ear o 1 eadfiaat £ 240G o1 ATH0 am a1ag mop] “papadar BrmArase pum 'wme Ee part], “padnaies papeopraop Agnorasd sadmar ai T/ Me ‘amre; 1aaod zof paem Qe
o uq Bediar sronr PRCTLLCR O PALLL " (T83F 83 W £laqeBme e ‘mgeslte ‘gnoyo papeo a0 pednuod atan sadroar o [[oPum oy 0 Fus )1 “swonem IO squ) o payseys
‘B UIa]D [9AT 98 1L [EWLION 0f ¥oBq JT 193 jouwes “epow | 1S, 93unne v oy ol smmmy o]
atggeq o aasoddo ‘g op; o wogdo o
Burrsed, er0my 0 proys emssexd 1ojoelm rwnb grog Ay Bupes mou st mBne? smesadd 1qosbnn 9 1 wogosvmoo 92me8 amssard xojoshn e Ajmaa o (9 a0 o3 Peaen p
audraar eepdy) (9
e[| MOTFep (18] W 00 O91) £S04 *p aepdy) (C
“aep o3 du e111 0 Sgeos TS0 aepd)) G
" He "GHES ‘HIS JO B2 MOTHOLH ML 0§ WIW 690 POV (f
"WI08 O0E-0 G W06 0 1-0 WOKF i XETp g a3wegn) (g
W08 5[ 0F W28 070 WO 3 241 SIOEH 2w (1
FP SILJ B IR JU0p 99 0],
" (WRTIGLNOD OgHr) TSI THAT 3 U0 J[K WOUNDAP 31 S90p S HI0F90 ° WU (0] SO 94 10 9E UoRD SgIon #[,
"Wa0s ()% SUTeWar fI)ErEH If Pest JJw &y [ “{f [He3sA} 10 S[qERAR surmmar GH7 ) 0S4} 10) samos worng Ao Sl mow ST 4] SOEAH ML
*agn ut rafuo] on pue Jraqs seB mar aiy je paddes uaaq sey 3um =8 <- predop 1oy pesn aspes o (£
aqn} aug w0 o pa Blujd woneman s pue pascurar veaq seqropetr og g (7
10 28y Zrenh e} 0} PETLCY Weeq SEY JHYH I3 peen SRenmay ey Ioyse(ur e (|
‘0Felat) O} epeETI Teer eARY SIONEITIPORL SULLOTOF e} ‘SIS enr OE]J0 Puewoarse ot M
n.s._ﬁ.s [[A% "oua SOg3 ® PAmOj 90 wea wiapqoal o pue oy svd pajssy Aqenuepy -Eumon -15d £7 5t 07, o amssad £arep FEIS
“ureygonc A
PHIS smoys AI0JSTH "odep oL TN § I T 28y Esmm 009 o el el (4 (18 ¥H 663 m 18] [1'%.3
ss930L] WBR ()T “PHEIS 00T "1™ 0D ) STk wogea[m,

*Yorqpeey ammssard ov) 103 enfEA X Y30 e payy of Bumes NI o 1Spe s Sy
0TV OOE 0} Jurodles eHrwy
Aj[enwep] II0] BL (F 18 P eS8 oG JOUNED E__Em OEMSCE  OfT 21 0 OHTISET Siv 08 £D
"W 07 ‘007 HETS “LW 00 *D ST wonveiin
"9EE1-000Z ‘BL6-00€T ‘TTL-0001 2 T-00¢ 1 12-00€ “127-007 omasend puw sop 3rrprodsenos o] ' pi ik mdqdnong demd pasey
pifavga yoq pHAP

668 (431 616 L 42

CO0E/SHF
CO0ESTiF

SO0EFTIE
CETLFE
SOOZILrE

CODEIWE
CODENE

CODEIErE

CETE

CODEITFE

CODEITFE
SOETWE

avSvom [
oo [

oo [
wmnok apy

Tuyeyeq
Tuyeyeq

oSk [

ags
s

909

%9

%9

L2y

i

239



WM g ‘001 SHEIS LW 00 °D 01 TORRe[ILY]
WA 0T “001 SHEYS “LW 00€ 0 <Th WORSS[L]
oW Of]

oW Of]

W O “001 GHEYS “LW 00E D STk WORILy]
W O “001 GHEYS “LW 00E D STk WORILy]

ssa30l 1akeEyg woR MU OF]| OH00F  090L

WM 0T 001 SHETS "L 00€ D ST YORRe[IL
OB of]
OB of]

oog 19 Bl

oog 19 14
11} oot gl
ooe oot el
oog 159 14
oog 118 or
14178
oog 1.9 ot
11} oot I
ooe oot el

1741 ot e FLE o AR 54" ;e
1741 i o ;e
0 0SE 91 XE
0 1193 91 Z 611 9 43
11 oy 09 EI1 9 43
(1131 i 001 zoe 668 Al &Y e

OTWOTT STRISTF SEIS8F VMRS T| <68 Al Pl e

“paBuega ag1oq FHD
1141 [t 1153 668 11 9 ('8
0 0cE A ;e
0 0SE ¥r EI1 9 ;e

deare jura apqon] w pae yauss dip s ) %ey - 2o 198 s YOLns w0 puno, “seEiLas dp 0PSB 1 39 P (1 SO0 PRTMAO pus 1enidae el ] o P

“pareapy sturapqoad

SO} TRV WALOP ST 7E1SA], © X1] B U0 aepme 10f Iesi] O (B2 & S4B [ 1113541 JOUMED 3, “aI0jaq 013 SOf) Waes Jou aneq I (I TULHIMO T 10ua we Smard st {zaqpoapoo
05t} 1-S:M 0FTe1a5) a1, ‘Pepeo secl sex Aqpwels eyl pe o peum) sdumd e *peiregser wee ) ey 38 q ST, 000U ZT- “edeno tencd Jorq e J0 esnesaq WAOMINS CURGTEAk],

MOTee{InU Of]

W 07 °001 SHETS LW 00E 0 ST Wonue[Iny]
TOURATOU 0N

TOURATOU 0N

MOTRSI0U O]

W (T ‘007 PHETS "L™ 00E ) ST TOGRa[In)]

W 07 ‘0071 SHETS LW 00E D ST WORRA[ILE]

W 07 ‘001 SHETS LW 00E D ST WORRA[ILE]

ALOTF }OUUR ) WO O] }96 EB SUL £03 aOUTE PajIoqD)
adoo W 1001 OHEIS LW 0DE 0 CT LORRepLy]
o) paclopun. Y[ sy

Ts T (9 “D0 1 9HETS (L™ 00E D 00 Toyss[ony]
urE(] ‘00T JHETS "L™ 00E 0 Ot TOGBa[Inp]

W 07 ‘001 SHETS LW 00E 0 00F WOTEA[ILE]

"[B9 DI 10J AOTF PHIS Pewnlpe yia 11 ederoex
FOI Ww 07 "9HETS 00T “L™ 00E %D Ok WORRa[InE]
w01 001 SHETS "L™ 00E 0 00F WousA[np]

'[P DI 10 HOTF PHIS PrisTlpe yiLh ¢ T daraat
HOO w1 01 *GHTIS 00T L™ 00E 0 O woues[np]
"UOOEICEEED DA 10 WX 158 opar °g edroat

HOT "W 07 *PHITS 00T LW 00E D ST WoRee[oup]
2B~ MITy

tume 07 "9HELS 007 LW 00£ D 0 TS uonee[onp]
W 07 ‘GHETS 00T L™ 00E %D STk WoRve[ony]

WM 2 ‘OHETS 00T LW 00E D 0T Wonw[onp]

11} oot I
oog 1.9 114
ooe 081 el
11} oot 4!
11} oot 4!
oog 199 14
oog 199 14

oog 1.5} gl
oog w el

oos 11} 0
oog 1.9 eI
11} 081 1]
oog 19 g
ooz 11} 0

oog 118 )

oog o [4)

00009 OLO0L  9PUBED

oog 11 (4}
oog 1.9 Bl

()6

1] 113 113 1.4
1] Se¥ £3E 1.4
] 0cE  0DHOE 668 43! £ 4" 153
1] 12 08 Ty 1.3
1] 12 oL

1 4 SE1 (5 4 1.4

1 4 SE1 e

ol stk kT £Te

ol stk < 668 ZIl 19 1.4
1] oo o1 1.8

oct o o1 662 431 torg 1.4
1] 111 5 9 1.4

a1l (15 09 4| 062 ZIl 4] ¥Ise
0 oo o1

£01 o 09 LST 663 13! sy SISy

(114 L4 09 o0e 663 4! Fi'e YESE

DLTAOET OT/CEF SBEXTI WNIEDE| o668 43! Ery 1.4
112§ STy 113 N 662 41 B9 1.4
119§ 111 09 (g9 | (el 41 9 1.4

wrede wWop Swprodat 61 OESO NAL #g 18T
"UISISS WO | JONS WOIR NUTRUTIOS [) 0L, ®%p FumpIoaarjon st wewprop) wop

CODESBTIS

SODTILTIC
SODTILTIC
SOOERTIS
SODTISTIS
SOOTPTIS
CO0ESES
CO0ERIS

CODEFSTY
CODEFETY

CoDEiETiY
SOOI T
SoOZi01Re

SoOZi01Re

CO0EI LAY

CO0TiLr

B [

ok apay
o Siom [

e
e
e

ayeyeq

b b
() mumg
e

240



" eATRARE] {60 6T 0F e
TEE re 58 el Woo Jou SB4 6160} PRLOY AW "AHOLF10vRea (EN[)FHED P (4 oDpHeD g “enreaindur o puodset [T 27 AZN PIE YdoMd 6109 YHIS Y euwew sop 35 190,

“Tagwod ameead

103 puodsst LUDIP ‘0 S84 Sy AT " () S04 POl eR o WO BET SR Y IO "0 Sui Indies Jng "0 Ol SR MOfF pHEE "SI aTam ACTE CTOE PUR FHTS aaoqe ramdmos proseg
mopw 009 0 29p 01k ZI=E104 ‘Sh=FHD DET=FHES Sl 1oy

paoge adtaay 009
RowRHIWA OF] 009

94
o

(A
(A

0el
SET

1114
1114

"worpsod 9p oYL SRPTUIR ¢ P O SRl 0T 5, e

I ge Ca8 91 PED 1.4
fn 8T QF At [ SME D S WeaG SATI] A T W WE J0 U OQIppE

e 10f 9eeed qoi 0} A JO RFOVne e £] eI & I g patoqe spdnzare vt snotaed o/ S MOU 10U OP ek RO ey pepepdinoo sey ecrepy puefpoartos Surperedn a1 grreal,
momeaaa off| 009 s Zl <ol (11 (i 41 A
RO LIId nﬂ 009 1’4 A el (11 (iT41 A
“Bwgsy
Ao £q anar Supued surerAw w papgRre ST F} INSST AN 90 0} WIS JOU S0P PUR PaY A0 usaq vy [oquos se3 prm amssexd ssaoord e ] -sedoar a0 1g Sunaoge s1 praegshy
oo
OEZIS ‘L 005 O 0 [p wogespey svmr smeenog] 09 B T sol O 08 ECT
. . TEEWN g g <1 oW 00F  EET
SHETS "LW 00£ *D 0 Tl UOBEe[o0.p{ ‘SULI OCKIIUO
W €001
0@ x A el (11 (141

GHETS "LW 00£ D 0 T VOURI[NN EWLE N ORI
UM ¢ 00T 9HEYS "LW 00 "D Sk TOWRIInN] 009 o (A sl %4 e SEE 68 sTI SE9 KE

£pasiIo B o 9 Of SNe9S [ SLOF [HRA9F 1% PRIS9 So FHOD MOT L 9 MRIIMD pHD Sunmopag

-asm o3 pes st peAwst ], peovidar weeq =y (zrqst} 2oy preogie AL,

“su.1g dn = of

TEIAL (11995 S VI T QT MILE[R 413 [[& A E[6P [La 1 ' ecl1ael 1ewpo AWR WNI 10 SIefRa aaouTer jou op eseeld “emng ewp ut -nrsfqomd ey} 1eeder jow pTROa Jurod 193 e Of STNTW T UPEILA

sy Jorpod amssand uratgord jn oy Ly wonrsodap OPIT SOWTM ¢ PUE WOTERA[T0U WOf (wan ssaaoad 1o aurered ssaaoad ap pn ssaoond s wma-ar pajqesIp swm aI6wWm] g e 5G|

PMoa uose any mop] 56l ssaoond jom mons ad gEsap ey Y] TR TOME [E 18 paieys samasan] pue sanurm ¢ pasoy gHrTS dags woneatanu ) 1a))® papus ssa00xd s peq pumog

-Bunoms pue dn gaeq & (Fress] w0

T IO oW & Epeanbal aUegy “Paroqe adia st s Aia W[ of 9GN] STV 10J aN) AIMETY S 44 3LAST O} ERaau Suenf) AWOMT[ BI9J0AL 191] AACTIAT [TL4L STUO(A PATD ] 08AI Waaq o (FAmed |

" GOVWILF AT} [0 A 6L e ARy YATH amerstd efvedae [YOTY 99 ‘WeTqead a7 ino puy o} LI0jen af Sun{oaa way wonieoddp Jo NRIST IR PAOGY JNWL] X)) Do) |
"paRI0q]

S ———————— ot I SR 0zl 0 ST LT T 1Y oE
WA 01 ‘00T SHETS LWO0S D STHUOWPULE] 009 0 OF 0El W 0BT e
womEgUIoN) 00E 001 El 0 0E OE gg 81 TY %

WA 7 00T SHETS ‘LW 00 ‘D 0ETOWWSPUK] 008 9 I bl ST ObT c68 TNl 9 O

*pomzrny o1 0 2otad eseooad Brveara jam Jeaq 4 P o] Buin [me we [ \pRTRPM AU #4015 PW] | 90U INWA-FT PR 1O AS PO ] eseo0d 3umresps sowomy-and v og
g 5,1 9GRS O S37% (UL ST ], SIaFRe pewioyed wou WY AZIR GIOUI GIAe SIRFRA DRGSR 'SP0q 91900 jnoyBnog pan qosTp sIgpee 159 7005 { pus stepes pexaged ¢ pey |

~mo djard sen WL & JO SOURISTST JAE

CODZIRTFTL

& DOESETTT
& DOESSTIOT

& DOEETIOT

& D0C/B 0L
& DOEETIOT

SODZILT

SOOZITTIL

SODTITTFL

SODEFTTIL

SOOZIoRL

SODZIGL

SODTITEM
CODZMRIM

SORIET

@y ], onss1 sseoond » .10 weTqoxd eowuNg © of snp ST SAQ APt of Botin vre S STATA 9IS J0% TR | WIOFTIn-oT PuR.ATR] ATaA 90 Of N0 PANLTY SIaTwe AN W0 W OIS AL

SORSITY

L2y

oSk [

Qoq
ook A7

ok ey

Xambao
Xambao
ok a4y

wrnok gy

wrnok gy

241



L8 511 cE9 S obE

FHIS WM 0T ‘007 9HETS "1W 00E D 05 WoRRa[on
WA O ‘001 9HELS "LW 00% D Ofl SoRea[on 009 1.2 11 ot 1125 =z L8 191 iy GokE

*MOW 0] patea[d st wajqond sy -wagoad oLy pasnary 11 pure adioar (K oqpues) Bmeoa a1 |IR]5AT - 6S0ED BT A0 N

PIR0a ‘paskrs atam 528855501 TITE(E A1) % 4015 N A5 [LA WITE(E A ‘SPA0X6S MAT % Taa0 “awr) Buof 20] 1954t 5|1 71 amrey Jan ol seq O[5, A UaLL T $S6T00: WeTe Qe O

Teers

e} wo Aoy Avdatp Jowres) - ey enIoa 1] e peoqe ng “peesoad o] p e ess 936001 ] “TemdnI0D jesal PUE ALIETE 6 SIS “YIBG M7 T MIEME , One ou, “eclter Aqpares SemmnI epps

{swoen mmAar of IOMOT QAN MV ANCIA (womreodap rate-Z[) TTIAN ‘(RoTeefmu ofs wonteod 2p) NNONTOIS eedio dn jag

‘HonEoda
Ez:.nﬂb_ﬁﬁam?:ﬁﬁuﬂﬁmiﬁnw ane 0o 0 061-0rT O 1.0

W O] ‘001 YHETS ‘LW 00E °O DE wowwspny|  pog9 1] og orl 13 09 | 8 11 L9  BEFE
.Huﬂ_”H.u._m .Hm .__nﬂ.—u .H-Hn mo m“_.d.un— ._”._.d HHd.“—. .m“_.dn_n.—ﬂu..c._._.r u._h_“_. uo Mu._um ._.uﬁn ﬁnﬂ.ﬁ&ﬁ#ﬂ.ﬁbﬁ? n...—.n._h_ muu.mﬂlhgm-.m_u u.-ﬂ_um
“ATTEn TR RO )P o
"OT[Ra[TOU nm ane o A (1131 ot el TE
WA 01 ‘007 PHETS L™ 005 0 ST Tome[onp] 009 o El 1] i e TE i8 €1 9 XE
U £ 0071 PHELS "LW 00€ %0 ST wonee[ony] 009 o gl ot [ ®1 1z
“ATTERAT YTION 2P T

Ajradond dn s oqe epammegs e03 A0p QSO W1 WORRMETN0D 9 2y

‘0 Sep ¢'g o poo? em amymxadnrey sauoz Tepuer) “serdep 419 whio 1j0 9 ampradue seox pry

"0 00 - 0SEJ0 sBrer s 1og uoqEqED sy P afaas ST} IaA0 ) O 1B S CE}S JOWWED aropenedwe L,

"0 0S¥ - 00g o a¥uwer ag 1of woreges awpedne Fo g

Epaedoad aoys 10W 0p 08 YHED ET0E TN ' Sof TS o (RENEHED {(40)iHeD ‘EHd %01 4090 & «loqE ¢1qR) UORNAIEP G TR 100 Op £SO W 0261 N

MWL “00T SHELS LW 00E 2 05t wone ooy *edroe
TN SOy 2435 © 208 35070 dax 100p - JCLMOW Yo oog (1.1 113 0FI (113 o1 YH
AR e ToyonE 0 JpA T

a10aq AT Uaclo 100p - 100U R _ LB ST we .23
10730 73N wao 100p - 100N YE i8 94 (24 9y

"0 e q T £104 “pelwego epiog fE D

‘gaciiaex of deya TomIowT Fee] UTH-¢ & PPy ecl sex worpreodep pPue AGPWES ApH aTRI} 10V PR wOmeIGgEeD arnperedwe T

“Frar0id 1 6T wonMerRo amutsde ], - 9EUMD O.A] 9% I U] £104 9 ¥ Enony 1 Brwao Smnma gt 7 “Adw erqem pHD

‘Tomquod amysraiuzeg 1oy Jurpas I ARPOPY

“zosznoaad pre yaed op 4o 107 S[ERTWR A YOIXE PO [NIHE S900W 2 0H7d P £H (oDrH0 oy

+alfwez [y w225 (5 o O woxy paepdn waaq sy QM S10M

“RoTpRI Oea AT 103 doof LA #3 vEnan; T wea (rosmaad pus predop) sesed e w0 - Surgsen wagy

“din payoory 1 dooy Y
" eoRwm euf) eyepdn pite e[| MOUTIEP o) BRTEYD Of re] 5100 TRISAL, JO XopATEE]] ATTeE
moree[u off  00P & A 0st 0tk 01E  EEE
UMW ¢ 001 SHETS "1V 00E D STy wouwspmyy 009 o gl 91)1 STy 1113 g o 1l £9 (1's2
moree[my o] 009 & gl 0st 0Tk 01z EZE o 1l 99 123

“gen,
103 dn st prmEs] sqol Sunpsoay 1 e aaqea agp wo wmy eseeqd Jy9s dmbe -nreyqovd mog e sopy s o) PR GA[RA Y} MO PIUIN} 170 PAWM] St GENIGRD Se¥ ) UI aATRA ® JOq) pUMOF

COOE/GTITT  A0s

COOTISTTI  Aops
COOTIED 1T avdmomn(

CODERETIT] aos

CODERETITL Ao
COIITIL Ao
CONEITTTL  Aops
CONEITTTL  Aops
CODEIRTITT Wnokepy
CODEIRTITT Wnokepy
CODESLTITT wmolay
CODZIOLTL Ao

COREIUTL Ao
CODTIOTFTT awdimmm(

CODTAFTFTT awdiumm(
CODEATTT ovdivmml

CODEFSFTT  AOpA
CODEFSFTT AOs
SOOLIGFTT  Aga
SOOLIGFTT  Aga
CODTIGFTT Aga
CODEFSFTT  q0q
CODEFSFTT AOs
CODEIRTT  AOps
SODTIRFTT sy

CODTIESTT  wmokepy
CODTIESTT Wk
CO0TITY1T  wmodsm

CO0E/ 15y owiiom|

242



"MODNOK sdroar s sy 14 wrg
W T 007 9HETS “LW 005 %0 Ofp wonesonp]  0cE 1] €1 oFI ot vE 68 611 €9 LISE
W QT ‘007 HETS “LW 00 *0 Ol UoRwaony]  05E w 0g ovl otk 713 68 611 ¥9 e
W QT ‘007 HETS “LW 00£ *0 Ol Yonwsony] 009 m g1 orl 1)( 1944 68 121 &9  TOSE
W 07 “001 9HELS "L 00 0 Olp Toneaony]  OgE 1] Sk ovl 1)1 E1E iB 911 &9  66FE
“papeau sed 1ot ss9000d Y R PROL WAO(T PAIRIT WIRER A} PRSIV OVE
0] PRWHRTR T4 OGP SAIN "0SSO WoTF #[1 uonem3Te s pro] ualo] "PRERnNe so Buwsn 01 50,] o) jesay adroar «q) Bumenra socuiet el B wagm wonemBmros ag els0] (EARSAT,
*MODNO sdroar s aoymowe 2,47 Ty
"W 01 007 PHETS "L 00§ °0 Of womes[ong] 009 1] ok orl ot .24 i3 611 WL ek
"TRAR[-10 JO T2AR] FO02S WO AT O] 009 o 1 osl ot 001
U ¢ ‘001 PHEIS LW 00€ %0 STrwoneeiny]] 009 "2 £l Zor I ®1 LB 611 ] (123
W 01 007 9HELS “L™ 00 D OiF Yone3[ony]  0o9 1] il orI oI E LB 611 L69  LGkb
W 01 007 9HELS “L™ 005 D i wonesony)  0SE 09 oF oF1 ot 09 i8 611 o e

-ssanoad ayy e wrapqord jou HyEnwen aowo pre adrosr s aoun) sdrarfqpueys sl wey “OHFIS O PEAST GO 7 Sei MOQE I0] Woskar S). R puno]
wma (] ‘0071 PHETS L= 00€ %D 0Tl woneapom 0og w 13 okl otk oe
"W QT 007 9HELS LW 00E 50 Off wonee[on, 0oL 1.9 13 o<t otk i} L3 911 =9 113
“vasTqord AWE ses | MPM.0D PURATTETNTRNT AT QHETS o) Peael ] degs Sumeod oHeTS e Jo SurnrrBeq e e pewedidey afene 1 “seuy £ pepoqe edier Aqpre g
" odi10a AL} PROLT] “IMBTEP O} 198 ok SuRIa(0) o padnos ensn adrow Lopuwe af ‘Hep SMrlos[[od PR OZTIes) s SuriTe A0 GESNT "ML 98T
WA 0T ‘007 9HELS L™ 00E 0 0IF :nmuuﬁuﬂzﬂ 006 1.5 0E 119} oir 0% _ L8 11 | LA C0sE
"MODNON *Hroar yyus Jywmw 05 Ty
"}0a1100 ST SJWEII] O] S P MO WE UNILA TGRS
-5 = U wu_m_ H__”.W nnuﬂnh&._ﬂm__. l1as .ﬁ.E ﬂgngm mﬁmunn ._Hn__n—HﬂHHuﬁ B UBL H ~10x8 HH:.._m.m.u _H_u.___..mu._HH_.._H__HDu ._.u.—U.H. m.ﬂ_. Héu _H&.nm.ﬂn_” 0] SjIE]s H...FH "SalnE ﬂﬂn Hﬂﬁ H— ma H_._” EHE
Imed ev) 103 5 Sep ¢ a1 edioar ey v eowEIED} o], * A Sep T UN[iLe 03 pooS aq of a9y cmierediwe ev ], 1eAsr) dexE (O Sep o) edioer Aqpuela ey 10] wonRERqEa ampredvan eyl
"WDM 07 ‘D01 HETS LW 00E 2 0Tk wonee(ny] 0O0ZT 1.9 13 0gr 0Tk 0g |
"opEp smided ) ouweo OESO g ‘feoyasado
ST JUMY A, ", AN[TF WOYR MU 03 [] L, 1019 53A12 QE ST X9 - 9[H Watf} FIRWL0ISTD - UONRJAVNDIAION Tt il Winop-Troc] ) wo wogass (1] A PAIMITp |
P2 %] 9oWE 3uuoee pepes it pres 9o jog
‘Suop 9q PROYS WorRIqR smpradue], (0 2ep ¢ 0 wrpLe) D 3P Ok @ dwsg FopoRpue O 39p e ® paod dwa punoy - D 299 0oi0CE A0 Evprasal uogRIgRD D1 PAEMS
"0 06k - 00£.J0 aBwer A Jof MoTyeIqEs amperadura 1rgg
* L WIOKE S0 eII0a SITTPe el AOW sIYEISTIe] TUE X% a8-a1 HOI SN0, YI0(q DL FUE RIe0q 1.1 @10 Y100 T& SUoniamos peg
"ge8 [ Tee I0] SONTRA 163 GOI} 476 GIAT], “IOMMOW JIA] 10§ WO ediser pepearsy
wrapqoad op sp. pexy e dmba [owL waop 61 QFees ] - warqord amorjos)s v aARY A IO ) PO pug|
v S YA0[q 27} 91 ot poadens of 1] Baos st 57} 3N WL PUNOA 9/ SWOZ IARO L4 o) SN0Z raqus0 o paddum g Bunpom 10U swa 1L 41 1O PARapE 1] 100 jnopear duray
a7} of JTAL TOGRIAS |, © SR 3TAL], PACYN] SR ROPe T dnra) awor 18qwa s Y], ' AUOT Tg9a A da0xe Tenrton prax armyrwduza [ 107, 1954y dn payoo[ s (0] G R pUnOg
"D 091~ 51 ampmaadoreg ey 2w PR ) 5t =1 AmgRradnIg g UOGRIGE o smpuradury wwox ramag

“ATTELITETR IO TRIOWE 0N T
T4 WS 0D0S SR 197 SATORI ST ] [ALIA] o) v 05 JF0 o} B seB1es pre admoar 10OLTAXPOY

woreet o] 009 ¥ el DET otk 0p Vi ¥H ¥H YH

U ¢ 007 PHELS "LW 00€ %0 STHwonreIny] 009 o A ol £ 08 i3 931 &9 ('8
“A[Ten e IqONE O Ty

"uomeodep ZSAR 1]
‘{rafny 2ad 5y Bop ¢-) ‘provaredze Surhum ﬂzﬂ&ﬁL ooe m 0g 0PI DEE-OEF TI.0E YN WM N YH
wmi 01 007 HETS L™ 00 D DEl woges[m

CONT/STT] Ao
CONT/STT] Ao
CONTILTT] Ao
CODEIOUTL Bops
CODEIELTL  Bops
CONTIEDTT Jvadinmm|
COOTISTITI Ao
CODTRTTI Ao
CODEIETEl wmokay
COREEl wnokay
COCRLTI Ao
CONEIITT] Aops

CONTAIDTT swdiumn(

CODTAOTIT] aops
CODTAOTIT] aops
CODEFGTIE] aops

CODEISTIET avEimmm|

COICIENE] Ao
SOOCIETITT Aos
COOEETIET Ao
COOEFLTIET A0s
COOEFLLED Ao
COOEMITET Ao
cooeonel  Tased
COOEISTIET Aos

CONZTITl miimm|

CODCAOITT aops
CODLIEET Aga
SOOLTEl  Aga

COOTITTT  wmokep
COOTITT]  wmokep
CODTIOETL  Aopa

SOOCMOEITT  Aops

243



"NOQNOW adraar yymes aoymon Jqpy oy
' jf T emasead me ) -eSumyo ep0q FH 6D

"HOONOW #roal s SROW DAL T
w0z .
SO ———— o B S o1 O 092 68 LIT £9  TOSE
Yoo e aod Tof 204385 £ apes asvarmy “sedroar e of ssofy s arroy L sdegs aof YoOPEPE M LLNH HRAGIV
IE -
OIpOOSIDISISAL WSS g g g 3 S 68 0E1 €9 G66KE

€109 0 PHED "I FHTS "1™ 00E D 0TI Touwe(on,

TWONEE[IINT 58 GAIES B) 6q 0f sey amperedore mq ‘eygeres are vonaodep uren o) w amssenxd poe
SO[EL MO S0y A[apeipewTwr omEe[:ma anofiqy worscdep ure] des Toneejme ur sequres e are amasand poe amyeredwe) GHETS €10 FHeD YHIS Peesents edisa pepary
"HOAKOWK edroar 1T pymow 1 Jpf Ty
woqreod op ammp Aoy 7] JO W0 7 WOrRI] T 0

WE s 0 0 oE 8 68 0E1 B9 L6W
o op Y 00 LHJ0 WISL] WORAERON e oy 0 0 ®E <l 68 0E1 By I
Lonuod e MELP A00 ENJO W08 ¢ WARAAT OFf o o g 0 00% g 68 021 €9 &
30 AN PP AT[OUTEN 66000X! 97} PAINERN] 10K
YO IO sk AOT E10 260239 ORI wE om 0 oE St 68 0ET %9 URKE

g yo Berartioq &g e PATOGE SSE00L] WOGRE[T O

0 $8p NGO 050y TOqEIQEED 1] FRS
"MODNOM] edoer T Jymow Jp Ty

1.3 51
1)1 0 68 02T 69 &

dn 51 (st
"7 Y Yo pae wogrsod ap amerand sop poe g2y qoqis 3 sraen xadng g 1esgy0 S LRpEP YOE 19541 [ AR SORA 5 250 aqng A3 Samproase sjevered jorproo amssand g paguipe

*sassaaoml Jo 1s0mr 10y dn s S1 i)

-srapevaered o 1o fpe of 4 0q 2eerrce dmbe soqs pre asory #&3 eqy moqe 1o Jedns ey o qre) [ra “urede paSueya eq of Speen Iapenrered (o100 e “emssard Ao 10

(E10 W8 ] =) AXO[F B A0 W O 2930 UT “{ BADQE PAE Z0pa (0] amssead g pue (0 w2oen(y-) A0 o3y S aof pezramdo are arejevrered [oqwos amssand evemmy mgad)

"EIOF V96 Cir-C [ YHADWEK (9 YHIS WX (] 205 160d 23 U1 ALK S0t WOV O “ XKUY B E6F

nNoNes Adwar 0TI

0 NEGO(] W PO 51 UEP AL W 7 ‘TOLW O0F FLOE W% OF YHAD WS 07 YHIS WS [ ) 2ap g1ip -admar Swnsorpoy 205 topw gES - 0ST WaRyn sduml amerarg
S J0U amsTaL] WONRAIN O]  00E ® <t i o [I'd | 68 FA Y ¥9 X

~osm. 205 din. = pzresh L, “Bupoepder oy Furyoo] renq O 09 SIAL B

w0 {(SCOONT) T8 I0STuEn rojepos wedo peq o eop ATeyr 150w RoymmyTep] Prows[os Samsed eqy spormoo S[oamos s G[A Jeeneaslal & fiLs preoq O/ 00154 Mo pedess

"AL00 0] WAOD ST ZrRsh,], “sweodu 00 preoq Oy DRt T Bagoogs epguon

s dfeq 1qp repak ] g1 DO ESRM IR0 TR, " (04~ SAJ S W S:N01] 96 6} I WOr KN J[ET % 60 ATEqT] 0f JL0 SWm] TODEmI 00 PRG SR ® 6q ) FETO e ey

0 Y A0 0f F 193 0 330 AR S} 1 S0 4] © [0 [RE 00

- 200 3, A YATAS 0 PO [ ToAr Ap wo frod) e s esofoy Jum ol o 30 s (a0 AT Supear LA A0 P 22002 amesaad 101000 A wo Swpear A QLA PRTOT Sus

o], Tod LT o T oo ed aoysofien g q2nong) peas eu2 predop 9] WOM29TN00 POQ 0 SV AT Surx o YT 0o DAL A[sas vt 0f odraar NOONICIT S pam I

"MODNOIAL *droar e Jopmoom 1 Jpq Tof

14 43 i
WRaIOE O] 00% 14 43 i

QOOEOTIE
DO0EIGE

YOOETSE
POOCILIT
POOEILIT

Q00ZILIE
QOOEFOEST
SOOEI9TIT

QOOEPEIT

Q00T

QOOEFSTIT

QOOEOEST
QOOEOEST
QOOEETIT
QOOEETIT

S00ZIETIT

QOOEFETIT

00LiTIn

S00LITI
S00LITI

Q00T

S00Z0TI

QOOTIOTIT

FY.
®q
FY. ™

L
L
L2

ags
s
s

FY.

L2y

o

FY.
FY.
aga
aga

B [

o Siom [

aops

L2

L2y

agm

244



"NOONOA] adtaar vy zoynroms ), qpa wg
WER 01 ‘LW OO 007 GHEIS 0 OGP UoRweuy] 009 0L OF 0gk O iS
POQPIEN ,p PI6I 6% MO U100
RS 10 W0 Bauren oz S womaam o 0! O 0 g ok O 68 01 W9 L%
W § LW 0 00T 9HELS 0 Oy 009 09 SE oFl  0F  OOE 1’23
Weanaq ur wogdnzrgur ou o
e 07 ‘L 0o 001 HZIS 0 oy wonsapny] OH0SE @ <€ Ol Ol (ETOZ 68 01 K9 8K
W ] ‘LW 00C 00T SEZIS 0 SThuomespuyy 009 0 09 81 oVl S SE 68 0ET L9 IE

69T 107 o] CEIRAR ST (ZTHAL L, PROYE T e U0y
A0 16pROFEOT "L A% 1 T[E 6 IGPOROY WA Pes0Td L4 - qne eup deey] of Sep 1mur-wr pejan fpy “pescya Jjex Tod o pepesit T AT} 0} JeFRORE00 oy s gapus
uT-0je S} 980T WA} PO Mo £es s wo ‘Seyy o ‘wedo o] PIPWRIM 00 SR IPTOTROG M WATM [HILME UT-0(0% #f Bueo[o w3vof on _WI, 18] 00 FUnof Se IWIj ISpROgeog
‘|0 100P 99} 193 o peoiq Ay s} wo no jeoq, ssud pue toop s} wo d o} 2.%y | edos gojoq yiue A[eogvwome oop wedo pooren
"SOID 19402 oy worsod op 3
aImg W 7 * L% O0E 00T SHEIS ) 0OE YORATn 00g oot (A} 0 12 o 68 0zt ¥o ¥LsE
‘suorsodap weamjag 100p wado ‘syae)
P S——— uﬁmﬂﬁ Emp.u nﬂw EME KE w0 0f Ol Ol bacB 68 L1t T9  Sose
"6dm. 10f SpEer a1 pure i op Andumd ype] weeq I8 (FIEEAL W] SUTHOM ST I9PROTE0C PUE P BIISAT Ta6q MY SaTqATass
"mo paqmd ATeorewon® 1o A[eniEw 2uteq w0 19pRORR0q SENTAIT 2nea b pue 100p s} earLamd yyo padine pey A{qe) NS 9PRONEOQ PGS PR SGN] PATAL
wonEeaa oNf  0DE oot (A 0 113 oL 1.4
Wi €70 ‘00T HETS LW 00% D STk woneIony) 009 o 112 oor 944 (11 1.4
*REpT JO My "IepRO[jR0q ay) Bunasarfn os[y YI0u J0U Sa0p I00p ap) uo [ud poe apge:
a1 Burzasooy - paquas jou st agn a1 T sursss 3] doo] K] 9 PLa mofy TN a9 Ayas osTy Aeplsp sy} o jaam0a e s (JSLYOE P HILHO 1LNG “8d08d “IIaeH
-ed1o8t Moy e0q WiLA 200p e wedo LouTey
“ean xqy dn o1 pure edioet. S qprreys SunmumT o DETAt - J0Ck-00E SWOR WoreIGITED tereayydie, “Suneoo peqany
PAIAIIO0N W90 SU] WOPERLE0 10302 fay
“UOQEIGE 0 Amyetadnrag S - BMors 6T Wonuu aMo 8 1maali] -duy se uITAIOD 0f 163 A0T] 95 pan ALy
"NODNOA 9oa Wi IyRO ), JiA] T
"STE)S a1 945 0] FUTIONT MOITOREO) ¥ 3N LM “{0s ~) Mo TEs 5s1dus) (3ugeod) alpar Aqpoes pargs
o5 ssa000d £ g woTRIgIES P Bune0a 10] ApRat aon [, MO STE SIajRA] o9 Tea[ passed swy aqn) “paj[esur waan sey apfnosooraag ]
“Arpoeqpes e[qEreAR 6q A7 el 9OW L4 (FAMAl “eoW MIRIOD WeD WONEIGTED
arngered e} PUE PEN2EYD YEA] B0 Wed aqT] “Re[[RIaul 6q Wed WERea ey} [RALLEe wodn jeuy) 0a peowder weaq S8y (Fieat) wo amssrenh Ieqyo
A3 [[V 200 W0} JAIY 0 Pajaadx 2 910 PUR BEVTE) £ VIGA) PRLFPLO ILE W0, AT & A [ "EW0AE )L U0 TI0NE JO IR0 914 i AT oax Sunmey smszonb aquy apdnmow of 2np)
"womseclap Jo smoy R 1 19O, PAIRF a2 AR pure aclraal fopueis way puadurnd ) & YIR0 ¥ SR JAIRI 1 J0 JUQ) * BEIRod ANTS TS
£xz18 oq pmos 10702 AT Y XR|G/ [q PAULY I00F A} OF ds0[ aRaTamb punoy pue aqng ) wado (Sqnunm 7 W o7 g JO 9511 J0 AR PR TIOL W () Jo Anseaal aseq v ey grrasi ]
ML © ) "SHOUL ¢ wT 2Bweyo ou - 35T 70 A4y [ 19 ‘rasod oy Berome dernd pue sopp o2 ow g s9 smesand seg Enmor w1y 2ng 3o v amesaxd £qpua g

68 11 EE9  YICE
TR efanR E_ 0o0g o 43 i ot 14 _ 68 A g &9  OsE
*MODNOA edtoat JiTs M0yom 1), Jp Ty
*HOQMOIAL ool 1L Ioyreoms £,Jp] Ty
LY B BADYIATA
TP WL A - odep Burmp peusddmp eyenb ﬁ.m ang 0 23 okl otk st 68 1141 BE9  L'6bE
Uy WA 01 ‘007 SEEIS LW 00% 0 0Tk wonvaom

“wrapqad apoyred ou pumoy pus soeumy oedsey ‘smoy e noge.10j 2 8emo Tamng

QOOEAOT
QOOEAOT

Q00T
LAY
P00Ciav

900! LI

el
00TiL

[LLId d}D

Q00ZILTE

QOOTILTE
Q00ZfSTIE
900T/0T/E
POOEITFE

00ZITFE

FY.

aos
£Lasnba

aops

s
o

L2

Kambo
Kaanha

A0
oo [
FL

i
B [

L2
L2y

L2y
LY

L2y

agm

245



"PeTl
Weaq Jou aey Teyy we] qoad plo we 81 SNy SeU0Z g Pue Aque uo dn pasogs g, o ey POy Pue aTqe]s e Iojruow -adwre) evy w0 Sels TeIeAres ales sreq “rendarod pEgo
WO §28 0 J10GE JO 8SNED SV} Ses SYNEY odwre ey} AI0)sTy SWLIE[R i} WO JIOYS SSJOMTW ¢ IMOGE PEO0E TG “00:0F: [ S84L SUN 168 @ “PeysTalf Jov a5+ uonrsodep ey paq pungy
“PA[ORETP SOULITY P UL 1J9] 6130, Pasoe e wayqord [m exapes peomwn jovwwey d e dwmd jadmd vogreodspeod Supnp paqroqe saemm g

"Foqs WhA ¢ Juooe papoqe sdtong woreeranw o] pOE 0 < gHEISOOL DGk 06 | 68 74 V9 EESE
Jwanmedxs LN SHATRY Y 10§ TINETN JO W28 (OS] Wl 0 TW QOZ Yo%t UR3 JMssaL] ‘J[quue » s LOIEZN PP “adDango2mis mpd
" SO(EST. T[S ST (ZABISA] "4 O AG0] ) APTSNO
aquls avp Fursn 57 [axqroa dure) 21y "Payaa]d a6 of 57 AN RO IAITOD AT} 10,JT3RT ) A1) TaW1 @ WO AR 51 2] Ao aq swesur jr Burpear dunay e 1aye , , PAAOGs I FTaI A

WML ¢ LW 008 00T $HELS °D Ol woneepmp 0P w ¥ or1 0t me [1's2
WA 07 “1W 00F 007 GHELS *D Sfy woumepony] 009 o gl okl 9y (141 68 0zt EE9 (1's 2
"NOANCA 2raar s Ipmome i Ty
TOgRIU O 00 00T A ] 0SE (4 1.5
waqom 1, a1 paxy o)) wsiL, J0 19pRrgey Lmag
‘praurmad xa ammoue)] woENaMI ONf  (0F 0 ot OHZISO0T  OSk 08 68 14 89  TOSE

“Kepsan ] Apuavennad paxyy aq s wonaamaod
AL ATy ST, Tl eys LenI WONRANOHS smyeredore) ‘HE)s Sip UL pean eqwed ZEBAL " DAL teea dn qovq, eyl esm of O 6107 Of 2], Iepred epqesm paSdupdun
“Butpeer amyerednrg eargy e 0} puoder o prey Swpiom a1 terea] ey, 0 Sep go¢ o O Sep of wogy sdwnl emieredimay ‘wonomnico peq vy edn olomD e MI0E Iepen)
WA O *1W O0E 00T GHELS *0 0CF wouseronyy]  00f oot £l 0 13 =T | 68 0ZT 147 1.4
"HOINOIA acfroar [Ts Jopmone O p Ty
" 91 107 FIOPRAR ST 7 Msk ], pue wiod 5T, g, A ‘wow 1o (e peud
Toassod)y yaas suy) awn awos
dn semoayaa], repsd [ sy wapm awop ag [La S0Y [, "I0J2SUMOa aif) Jo prmogat ajaqdurc v op of am anp s, yuny) | ‘sund areds arowr ou are aray) se 3ursss jng Tojseumod S ur suel
areds Jutsn suonaawen peq ey XLy of Ao Se0 | ) €] *[17)] A Jo Y60 &) J0 0o Irwo mjaammna [f af W Eogaanuna A ney e Aq pasnea st ursjqoor sTg) ‘s jsey ey jsuy
"9y1 3 X 03 e dmba Qf 105 TR 1340 61 1 g IR BT [ZIeky
o wado AWD 61 aTawy P10 PULE 0] W01 W00 PUR 3} A} yoags s poe dmba
J29459 OF “UOTANI0D ) A Sunm.es pa
Joame ou ‘01504 pue ‘AL Supsa pag
duie} o TEqWs of 192007 S99 11 U oW sepETgong o wypds g ous
"praysur dny3eq B 5B Pas 51 o} sMcds A Buryoan jow 5T acp av wt Apdn0a EURATY S j8y) sweat Bmipear dura Sn o jTaT g, A
"2 0% s ywodies e areqa

A 00~ 1B 1% S 0% 1630 [Ty "emyeiedurey Tenjoe a1y 01 JTa , |, © JOY SUOZ Tejued @] TS ¥ enns Sugeoo Aqpure)s ey} 10f WOMRETo e eamjerade Suop peqels (ereas |
ORI O  0DE 0 £ OHEISO0T Ok 51 6B 0zl 1£9 GokE
(peaomran Yy
aruowss sipges By o tgLied psodep qfq ospy) 002 0 o1 QHE'S 00T 0S¥ 5T 68 ozt Ty TOsE
sil[eyen 39 fa armaouen sor o £17, worE IR O

*MODNOAT dftoar [iTs M0PRo 2, Jp4 vy
W g7 “LW 00F 007 $EEIS 5 0fF Youssony 0oy o A ozl ot o631 68 A £9 e
W g7 “LW 00F 007 $EEIS 5D O wonse[onyy 009 o g1 O£l Ok 14 68 0z1 L9 o
“peerdar foq Tepus Doy org
"weyorq o sfeoquedo g aq Jo su
JRAMISS 1] Ja STLACURY A0LE of AT] MOTRS[ont off 009 0 0 oot ock 1 68 141 ¥T9 (143
wm g1 “I™ O0E 007 $HEIS 0 $TP ToRe[ony]  Oo9 m 81 orI Ty oL 06 0z w9 123
wma g1 “I% O0E 007 $HEIS 0 TP Topwe[onyy] 009 o Al gl Ty 11 06 0z A (123

QOOTIETIC ovakvm(
OOOT/ETIC Rammia

OOOZIGTIC A0
QOOTIRTIC ovaidvom[

P00TIPTC  Aasbe
ODDZHY TS TS
ODDTITTIS  ops
onnzyTIe  Lambe
MEIGS b

PENS  Tased
00ERC aos

PMENE  Agqe

o00EZiTrs Tesad

onOZyEzfy vidiurm[

SOOTIET Ao
oO0Z/oTy  Rammsa

00T/ necede

SO00TICTF  TV9YEq
SOOT Ay VErRATETE

SODTIETRY B3l
SODTIETRY B3l
0TTIN TOETeY
Q00TTIN TVIETEY

246



WONRIGRd & A0T FPI NN} Y Taeq Aeagms sTAges Sampear amuraduray 2aoga preoq A1 1959

"WORRIIED P OS{R A g, Mol are soyEls r sos o) QURNI0D O IPGA BT5 o P [ aqng rvog O] o peddeag

"marqoud preoq (10 ¥ 10 “WeIqaa WONRIIININOD B NG ST AAX[Aq I saywn saypds A g0 amper pp) Pareaddesipiou aamy mo 1a3eq waRo? aney samperadurg Suopds
"0gresh T, 205 Samsh qeq AT0TC O] " BATIIEUT INOIE (RTOTNAY

Pe0q ] Horseqegaw

BT Burreep exe a1 10 1A [0 €y} ST WOR0eww00 ST{1J ewcayep of I Sor xean s Borpeex ermwredwe Jo Spaes Sanpaem I ger Sjejerivioo weeq seq 10j06TH00 SULNCEDS o],
wepqoal

dwae; ge [oe oFreed) waop pue dn Srodnml eme adwre pae odwe mq “yo exe sadwrey “aydwe ‘e oSapeer eyxis dwo sep e e sras ezeq 1eg pagg pae od ST o ey 28]
"HODNO odroer qirss J0ymeom i Tiog

s Aque am ewon WI0a AT T %€ O WIS ¥ NI gee essooad

ey Yojue wreon, Surddme £0 ne saour o Suiin s I TREs T PRAIOY 9 0 T9PR0R0n ) PeRIeD g 11 xyy o0} Suweq Beg Jing-ut 1epeopeeq £q pesea meyqond Jepeo) wog
eI} ‘OS[Y WOTI0MIMOD T 9g © 9220f o swrl pueq snqd prer wrens swos palopde “aow 30, <ijam oes 200w oo pymgar of gxed 192 of Borpoy ey qoad 1oy sewo0 Ley R

SOOTIIEC  Tweed
oooTigrs  Tasd

QOOEATIC avaiivann|
O00Z/ETIC  Aopa

oIOEfETiS  Tased

247



