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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 BCl3, 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 
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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 1.1×10-6 µm-1 for 

a ~3.5 µm thick film deposited at 410°C in 8 hours, with a worst-case variation across a 

150 mm-diameter wafer of 1.6×10-5 µm-1 and a worse-case variation across a load of 

twenty-five wafers of 7×10-5 µm-1. 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. 
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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’ iMEMS® 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 
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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 μm 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 μm 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 (AlN) 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, AlN 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 
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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. 

 

 

 

 

 

 

 

 

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

(courtesy of R. T. Howe and B. L. Bircumshaw) 
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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 520ºC, 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 450ºC, which is about 6× 

higher than that of the LPCVD process at the same temperature. On the other hand, 
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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 μm 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 H2O2 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 H2O2 etching. In 

order to have good electrical connection to the electronics, the desired resistivity is below 

10 mΩ-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 
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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 1×10-5 μm-1, which results in less than 5 μm 

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 (BCl3) has been successfully developed as a better p-type 

dopant gas to replace diborane (B2H6); disilane (Si2H6) is investigated as a silicon 

precursor; germyl silanes ((H3Ge)xSiH4-x) 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. 
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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 cm in diameter (Figure 2.1). 

This reactor is configured to accommodate various process conditions and hardware 

modifications in an academic research environment. The operating pressure range of the 

furnace is 100 mTorr – 2000 mTorr and the operating temperature range is 300°C – 

450°C. There are four channels for precursor gases and two channels for dopant gases 

with various flow ranges. Process gases can be introduced into the tube via the gas ring or 

the injector. Unreacted gases are pumped out to the exhaust. This furnace is capable of 

processing both 100 mm-diameter and 150 mm-diameter wafers. Wafers are placed 

vertically in wafer boats at the center of the reactor. There is a computer connected to the 

reactor for process control and recipe management. The furnace normally runs in an 

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

implemented in the software and the hardware.  

 

 

 

 

 

 

 

 

 

 

 

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 (Si2H6) and germane (GeH4) are available as the gaseous silicon and 

germanium precursor gases, respectively. Boron trichloride (BCl3), diborane (B2H6) 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 N2 bottle is hooked up to 

MFC MFCMFC MFC MFCMFCMFC

Heater

G
as R

ing

Gate
Valve

Thermocouple

N
2

Precursor
Heater

Feedback Control

25 1

Heat 
Baffles

D
oor

Injector

D
opant

Pressure
Gauge

Pressure Gauge

Pump

N2BKFLN2DOPE

N2VAC

MFC

MFC

MFM

Precursor

Precursor

Precursor

D
opant

MFC MFCMFC MFC MFCMFCMFC

Heater

G
as R

ing

Gate
Valve

Thermocouple

N
2

Precursor
Heater

Feedback Control

25 1

Heat 
Baffles

D
oor

Injector

D
opant

Pressure
Gauge

Pressure Gauge

Pump

N2BKFLN2DOPE

N2VAC

MFC

MFC

MFM

Precursor

Precursor

Precursor

D
opant



 16

three lines since it has three roles in the furnace: N2Dope – 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; N2BKFL – 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.) 

Hazards (NFPA rating) Gas Conc. Range 
(sccm) Function Route 

Health Fire Reactivity 
Status 

SiH4 100% 200 Silicon precursor Gas ring 2 4 3 Active 
Si2H6 100% 200  Silicon precursor Gas ring 1 4 2 Active 
GeH4 100% 200 Germanium precursor Gas ring 3 4 2 Active 
BCl3 1% in He 50 Boron dopant  Injector/gas ring 3 0 2 Active 
B2H6 10% in H2 100 Boron dopant Injector/gas ring 4 4 3 Inactive 
PH3 50% in H2 10 Phosphorous dopant Injector/gas ring 4 4 2 Inactive 
N2 100% 100 Injector maintenance Injector/gas ring 1 0 0 Active 
N2 100% 2000 Pressure control Pump 1 0 0 Active 
N2 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. B2H6 

can easily decompose into a solid polymer BxHy 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 

B2H6 doping process was terminated after the alternative boron dopant gas BCl3 was 

successfully demonstrated.   

The gas line for phosphine (PH3) 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 SiH4, Si2H6 and GeH4 introduced via the gas ring and BCl3 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 Si2H6 coating step at 450°C for conditioning purpose. After 

the coating step, the tube is flushed and held in N2 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 

a) b)
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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 µm 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 

of 1×1019 cm-3, compared to 1×1018 cm-3 in an industrial reactor with a N2 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 

N2Vac 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 (N2Vac 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 N2Vac flow used to 

reduce the pumping speed. A particular feedback setting can accommodate a range of 

pressure with a fixed total gas flow rate. With proper feedback setting, the usual settling 

time for the pressure is about 1 minute and the process is capable of pressure change 

during deposition.  

 

2.6.2 Temperature control 

The temperature control system includes a five-zone resistor coil heater and two 

sets of thermocouple tubes mounted inside and outside of the reactor. The two outer 

zones of the heater are called the guard zones. Since heat is lost faster at the door end and 

the pump end of the tube, the two guard-zone heaters run at higher powers than those in 
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the center flat zone. The center flat zone has three heaters, which makes temperature 

gradient control possible. The manufacturer’s nominal operating temperature of this 

particular furnace is 600°C for the best temperature control. However, the desired 

deposition temperature for poly-SiGe is in the range of 400°C – 450°C and even lower 

for pure poly-Ge. For the low temperature range, the heater is only running at 20 – 30% 

of its full power. The feedback control between the heater and the thermocouple is 

digitized, and small changes can vary the temperature significantly at the low temperature 

range. As a result, the temperature profile during deposition is approximately a sinusoidal 

function with a peak-to-peak amplitude of 6°C and a period of 25 minutes. A typical 

temperature profile of a 425 °C deposition is shown in Figure 2.3. The temperature 

profiles recorded by the five thermocouples are labeled in the plot. The pump side and the 

door side temperatures have the most fluctuations. It usually takes an hour for the 

temperature to settle within ± 5°C of the set point. 

Temperature calibration can help to stabilize the temperature faster. During the 

calibration session, the heater power for a particular temperature is stored in memory for 

future reference. This can significantly reduce the adjustment time during temperature 

stabilization. Since the heater condition changes over time, temperature calibration 

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

 

2.6.3 Gas flow rate control 

 The flow rate of each gas is controlled by individual mass flow controllers 

(MFC). The MFC range for each gas is showed in Table 2.1 in sccm. The manufacture’s 

specification is ±1% output error the for gas flow within 5% to 95% of the full range.  

Figure 2.4 shows the schematic of a mass flow controller. It can be separated into 

two main components: a mass flow meter (MFM) and a proportional controller. The mass 

flow meter divides the flow between a heated sensing tube, where the mass flow is 

actually measured, and a flow bypass, where the majority of flow passes. Mass flow 

meters use the thermal properties of a gas to directly measure the mass flow rate. The 
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resistors wrapped around the sensing tube serve as both the heating and sensing elements. 

As the gas flow through the heated sensing tube, it absorbs some heat, and creates a 

temperature difference along the stream. The temperature difference between the two 

resistors is measured by a Wheatstone bridge so that mass flow in the sensor tube can be 

determined. Since each gas molecule has a specific ability to pick up heat, each MFC is 

calibrated to a particular gas or gas mixture. The other main component, the proportional 

controller, consists of a variable displacement solenoid valve and the control electronics. 

The controller drives the valve to the correct position so that the measured flow equals 

the desired flow set point.  

 

 

 

 

 

 

 

 

 

 

 

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 B2H6 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 N2Dope line. Dopant gas is used during 

deposition and N2Dope 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: 

• The gas flow rate through the injector 

• The temperature of the tube 

• The pressure of the tube 

• 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 B2H6/H2 mixture or N2dope generates a pressure inside the 

injector; therefore the injector condition monitoring could be done during either 

deposition or standby. For the interest of reducing B2H6 usage, N2 is chosen as the 

monitoring gas. Since the N2Dope MFC has full range of 100 sccm, outputting 10 – 90 

sccm of N2 will be accurate. If 10 – 90 sccm of N2 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 33 × 2 full 

factorial design is summarized in Table 2.2. For each clogging condition, four 

replications were done at the center point where N2Dope 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 

N2Dope 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 

N2Dope flow rate and the clogging condition are the most statistically significant factors 

with large F ratio and small p-value. The interaction term of N2Dope 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 
Squares 

Mean 
Square F Ratio Prob. > F 

N2Dope 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 
N2Dope (sccm) × Tube pressure (mTorr) 1 0.0027 0.0027 0.0266 0.8711 
N2Dope (sccm) × Temperature (°C) 1 0.1432 0.1431 1.3956 0.2432 
Tube pressure (mTorr) × Temperature (°C) 1 0.0043 0.0043 0.0416 0.8392 
N2Dope (sccm) × Injector condition 1 7.5486 7.5486 73.594 < 0.0001 
Tube pressure (mTorr) × Injector condition 1 0.00004 0.00004 0.0004 0.9835 
Temperature (°C) × 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 N2Dope flow rate and the clogging condition. The parameter of the interaction 

term of the N2Dope flow rate and the clogging condition are also positive. Therefore, for 

the same clogging condition, high N2Dope 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 
N2Dope 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 
(N2Dope (sccm) - 45) × (Tube pressure (mTorr) - 500) -6.649e-7 0.0000 -0.16 0.8711 
(N2Dope (sccm) - 45) × (Temperature (°C) - 400) 0.0000 0.0000 1.18 0.2432 
(Tube pressure (mTorr) - 500) × (Temperature (°C) - 400) -6.667e-7 0.0000 -0.20 0.8392 
(N2Dope (sccm) - 45) × Injector condition 0.0114 0.0013 8.58 < 0.0001 
(Tube pressure (mTorr) - 500) × Injector condition -0.0000 0.0001 -0.02 0.9835 
(Temperature (°C) - 400) × 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: 

• N2Dope flow rate = 90 sccm 

• Tube pressure ≈ 110 mTorr 

• 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 



 30

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 N2 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.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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, B2H6 was the only boron dopant gas 

available. The data have a periodical pattern: injector pressure rises with B2H6 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.  

 

 

 

 

 

 

 

 

 

 

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.  

BCl3 doping was investigated since February 2004 [2.6]. Details of the BCl3 

doping process development will be presented in Chapter 3. The same technique has been 

used to monitor the injector pressure over time. Since BCl3 is more thermally stable 

compared to B2H6 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 B2H6 bottle was removed 

permanently from the reactor in March 2005 and a quartz injector was installed for the 

BCl3 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 GeH4. 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 

MFC 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 SiH4 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: 

CF
ntiposetAgastocalibratedMFCathroughflowN =2

   (2.1) 

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

 

TABLE 2.5 N2 equivalent correction factor (data from Unit Instruments application note)  

Gas Correction factor (CF) 

SiH4 0.603 
Si2H6 0.321 
GeH4 0.591 
1% BCl3 in He ≈ pure He 1.399 
N2 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 N2. In this case, the correction factor is used again to covert the actual gas 

flow: 
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CFoutputMFMNtocalibratedMFMathroughflowXgas ×=2  (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 N2, which accommodates most of the ranges of SiH4, 

Si2H6, GeH4 and N2Dope and N2BKFL as listed in Table 2.1. The BCl3/He MFC range is 

too small for the MFM to resolve. To get around this problem, 90 sccm of N2Dope 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 GeH4 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 Si2H6 MFC is slowly drifting higher. The Si2H6 

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 N2 MFCs are fairly 

constant. It can be seen that most of the data do not match the number calculated with 

Equation 2.2. The MFCs or the MFM might not be perfectly accurate, but consistency is 

more critical.  
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With the regular monitoring, it is possible to achieve run-to-run repeatability with 

drifting MFCs. The gas flow rate in the deposition recipe could be corrected to 

accommodate the change in the MFC output. For a more sophisticated system, feedback 

could be implemented for self-correction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 SiH4 MFC monitoring data 
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Figure 2.8 GeH4 MFC monitoring data 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Si2H6 MFC monitoring data 
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Figure 2.10 BCl3 MFC monitoring data 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 N2Dope and N2BKFL 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 (GeH4), diborane (B2H6) 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 (BCl3) as a dopant gas, disilane (Si2H6) as a 

silicon precursor and germyl silanes ((H3Ge)xSiH4-x) as single-source silicon and 

germanium precursors.  

 
3.1 Boron trichloride (BCl3) as the boron dopant gas 

 For MEMS applications, low resistivity is one of the requirements for the poly-

SiGe structural layer. Ion 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. B2H6 and PH3 are the conventional boron and phosphorous sources 

for in-situ doping. As mentioned in Section 2.2, dopant gas B2H6 clogs up the injector 

and makes the process difficult to control; PH3 doping retards the deposition rate and 

requires post-deposition annealing to improve dopant activation. Recently, a high-

throughput LPCVD process was developed using BCl3 as the dopant source for epitaxial 
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SiGe growth [3.1, 3.2]. Also, BCl3 is being studied for in-situ doping of poly-Si [3.3]. 

These results initiated the development of the BCl3 doping process for poly-SiGe [3.4].   

 

3.1.1 BCl3 mixture concentration 

To investigate the feasibility of using BCl3 for the poly-SiGe process, the BCl3 

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 BCl3 doped epi-SiGe process [3.1, 3.2] 
Temp. 
(°C) 

Pressure 
(mTorr) 

SiH4 
(mTorr) 

GeH4 
(mTorr) 

BCl3 
(mTorr) 

Doping 
(cm-3) 

Resistivity 
(mΩ-cm) 

Ge 
content 

Dep. Rate 
(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 1.5 × 10-4 4 × 1018 NA 26.7% NA 
470 228 39.5 2.7 1.7 × 10-3 8 × 1019 1 26.7% 0.6 
470 228 39.5 2.7 4.6 × 10-3 1 × 1020 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 BCl3 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 × 1019 cm-3, the gas flow rate of pure BCl3 can be calculated as: 
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sccm

sccm
mTorr

mTorr

reactorpolytheinrateflowSiH
reactorepitheinpressureSiH
reactorepitheinpressureBCl

reactorpolytheinrateflowBCl

0043.0

100
5.39

107.1 3

4
4

3

3

=

×
×

=

×=

−

  (3.1) 

The volume of epi-SiGe reactor is about 6× greater than the volume of the poly-SiGe 

reactor. Also, 1000 sccm of pure SiH4 and 42 sccm of 0.1% BCl3 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 BCl3 flow 

rate. The pure BCl3 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% BCl3 would be reasonable to control with a 10 sccm range MFC.  

As a comparison, 5% of BCl3 diluted in He is used in the epi-SiGe reactor. The 

gas is further diluted down to 0.1% in H2 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% BCl3 diluted in He was first used as the dopant gas. Preliminary 

results of the BCl3 doped process using the 0.1% concentration bottle are summarized in 

Table 3.2.  
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TABLE 3.2 Summary of the BCl3 doped poly-SiGe process with 0.1% concentration bottle 
Temp. 
(°C) 

Pressure 
(mTorr) 

SiH4 
(mTorr) 

GeH4 
(mTorr) 

BCl3 
(mTorr) 

Doping 
(cm-3) 

Resistivity 
(mΩ-cm) 

Ge 
content 

Dep. Rate 
(nm/min) 

425 400 247 148 5.0 × 10-3 1.4 × 1017 790 70% 8.6 
425 400 236 141 2.3 × 10-2 5.6 × 1017 264 70% 8.9 
425 400 227 136 4.1 × 10-2 5.4 × 1018 93.6 70% 8.8 
425 400 225 136 4.1 × 10-2 5.2 × 1018 100 70% 8.9 
425 400 165 99 1.4 × 10-1 2.2 × 1019 32 70% 3.1 

 

The resistivity of the poly-SiGe films deposited using the 0.1% concentration 

BCl3 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 GeH4 flow rates are scaled down by 5× so 

that the BCl3 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 10× faster than that of the epi-SiGe.  

Since the BCl3 doped epi-SiGe process was developed for the same reason that 

dopant gas B2H6 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 B2H6-doped poly-

SiGe process can lead to a more accurate calculation of the appropriate BCl3 bottle 
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concentration for the poly-SiGe process. Table 3.3 and Table 3.4 show the results of the 

B2H6 doped epi-SiGe and poly-SiGe processes, respectively.  

 
TABLE 3.3 Summary of the B2H6 doped epi-SiGe process [3.5] 

Temp. 
(°C) 

Pressure 
(mTorr) 

SiH4 
(mTorr) 

GeH4 
(mTorr) 

B2H6 
(mTorr) 

Doping 
(cm-3) 

Resistivity 
(mΩ-cm) 

Ge 
content 

Dep. Rate 
(nm/min) 

550 228 45.6 1.52 3.8 × 10-2 8.0 × 1019 2 22% 7 
550 228 45.6 15.2 2.0 × 10-3 1.5 × 1019 7 60% 60 

 

TABLE 3.4 Summary of the B2H6 doped poly-SiGe process 
Temp. 
(°C) 

Pressure 
(mTorr) 

SiH4 
(mTorr) 

GeH4 
(mTorr) 

B2H6 
(mTorr) 

Doping 
(cm-3) 

Resistivity 
(mΩ-cm) 

Ge 
content 

Dep. Rate 
(nm/min) 

450 600 275 160 16.4 1.2 × 1019 37 65% 15 
  

Comparing the results of the B2H6 doped epi-SiGe and poly-SiGe processes, there 

is also an offset in dopant incorporation for the two processes. To recalculate the 

appropriate BCl3 bottle concentration for the poly-SiGe process, one approach is to take 

the ratio of the BCl3 and B2H6 doped processes with the same boron concentration: 

.)102.1,400(49.0
.)102.1,600(73.0

4.16
108.3
107.1

319

319

2

3

62
62

3

3

concboroncmpressureprocessmTorrassumemTorror
concboroncmpressureprocessmTorrassumemTorr

mTorr
mTorr
mTorr

reactorpolytheinpressureHB
reactorepitheinpressureHB
reactorepitheinpressureBCl

reactorpolytheinpressureBCl

−

−

−

−

×

×=

×
×
×

=

×=

 (3.2) 

Assuming that the process pressure is 400 mTorr and the gas flow rates of SiH4, GeH4 

and BCl3 are 100 sccm, 60 sccm and 10 sccm, respectively; the BCl3 concentration can 

be calculated as: 

 
)102.1(%2

49.0400
1060100

10

319
3

344

33

ionconcentratboroncmforionconcentratBCl

mTorrmTorr
mixtureBClsccmGeHsccmSiHsccm

ionconcentratBClmixtureBClsccm

−×=⇒

=×
++

×
 (3.3) 

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 BCl3 bottle concentration is to 

extrapolate information from Table 3.2, where all the data are for the BCl3 doped poly-

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

ionconcentratboroncmyieldspressureBClmTorror

ionconcentratboroncmyieldspressureBClmTorr
eionconcentratboron pressureBCl

320
3

319
3

1.3417

100.1165.0

102.1099.0
105 3

−

−

×

×

×⇒

×=
  (3.4) 

Again, assuming 400 mTorr process pressure and the gas flow rates of SiH4, GeH4 and 

BCl3 mixture are 100 sccm, 60 sccm and 10 sccm, respectively, the BCl3 concentration 

can be calculated as: 

 

)100.1(%7.0

)102.1(%42.0

099.0400
1060100

10

320
3

319
3

344

33
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mTorrmTorr
mixtureBClsccmGeHsccmSiHsccm
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−

−

×=

×=⇒

=×
++

×

 (3.5) 

The two approaches above both yield numbers larger than 0.1% BCl3 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 mΩ-cm, the boron doping 

concentration should be in the range of 1.0 ×1020 cm-3. According to Equation 3.5, a 1% 

concentration would be appropriate. If the boron doping level is slightly off target with 

the 1% concentration BCl3 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 BCl3 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 BCl3 is diluted with a gas that liquifies at much higher pressure, the overall 

liquification pressure of the mixture is higher than that of pure BCl3. With lower BCl3 
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concentration in the mixture, liquification pressure of the overall mix is higher. The inert 

gas helium is used to dilute BCl3. The mixture of 0.1% or 1% BCl3 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 BCl3 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 BCl3 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 BCl3 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 µm thick low-temperature 
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(450°C) LPCVD SiO2. A ~5 nm thick undoped amorphous Si (a-Si) seeding layer was 

deposited first using 100 sccm of Si2H6 to promote adhesion of SiGe to SiO2. 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, BCl3 

partial pressure, and deposition time were varied. The SiH4 to GeH4 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 BCl3. 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 Si30Ge70 for H2O2 

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 BCl3 and B2H6 doped poly-SiGe 

processes are summarized in Table 3.5. Both B2H6 and BCl3 doped SiGe films have 

similar Cl concentration, all below 2×1016 cm-3, which indicates Cl incorporation is not a 

problem for the BCl3 doping process. 
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3.1.3.1 Deposition rate 

 Comparison of Runs T5, T1, T6, T19, T20, and T21 with BCl3 partial pressure as 

the only difference, the deposition rate does not depend strongly on the BCl3 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 SiH4, 60 

sccm GeH4 depositions at 400 mTorr for both BCl3 and B2H6 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 BCl3 and the B2H6 

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. 

B2H6 process has a much higher deposition rate at 400 °C. The resistivity of the 400 °C 

B2H6 recipe is very low, and boron incorporation for this film is estimated to be on the 

order of 1×1021 cm-3.  B2H6 is known to enhance deposition for poly-Si, but the 

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

 

3.1.3.2 Crystallinity 

Cross-sectional TEM images for films of different thicknesses are shown in 

Figure 3.2. These two films have exactly the same recipe except the deposition times are 

1 hour and 3 hours for the thin film and the thick film, respectively. Both films have 

vertically-oriented grain structure with finer grains at the bottom. The two TEM images 

are shown on the same scale. As the film gets thicker, the grains grow significantly 

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

film 

 

3.1.3.3 Dopant incorporation 

Figure 3.3 plots boron concentration vs. partial pressure for all 425°C poly-SiGe 

depositions. As a comparison, data for epi-SiGe deposited at 470°C [C.1, C.2] is also 

shown. As discussed previously, the difference in dopant incorporation of the two 

systems comes from several sources: the deposition temperature, the oxygen 

contamination level, the deposition substrate, the germanium content and the deposition 

rate. All of the above differences result in more than two orders of magnitude offset in 

boron incorporation between the films. 

A data point from the B2H6 process is also shown in Figure 3.3. A high B2H6 

partial pressure is required to achieve similar doping levels in the film while other 

deposition conditions are identical. The consumption of B2H6 is mainly due to the 
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decomposition inside injector rather than the disassociation on the wafer surface. 

Comparing the three B2H6 depositions (R3, R1 and R2) at various temperatures provides 

further evidence of the temperature instability of B2H6. Resistivity is found to be an order 

of magnitude higher for an increment in temperature of 25°C with the same B2H6 flow 

rate.  

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Boron concentration vs. dopant gas partial pressure 

 

Resistivity vs. boron concentration for the BCl3 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 10× 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 BCl3 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 
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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]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 a) Resistivity and b) Stress vs. Film thickness 
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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 B2H6 process shows that the average stress for B2H6 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 µm films are too thin for most MEMS 

applications, and the 1.7 µm thick BCl3 doped film with 6.0×1018 cm-3 doping yields 

reasonably low residual stress of -21 MPa.  

 

 

 

 

 

 

 

 

 

 

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 µm 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.  

 

 

 

 

 

 

 

 

 
 

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 B2H6 doped depositions done in 

the same LPCVD reactor are listed at the bottom of Table 3.5 for comparison. The dopant 

gas B2H6 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 B2H6 

doped process. As a comparison, the BCl3 process provides similar uniformity within a 

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
0.0

1.0x10-4

2.0x10-4

3.0x10-4

4.0x10-4

5.0x10-4

6.0x10-4

7.0x10-4

8.0x10-4

9.0x10-4

1.0x10-3

1.1x10-3

425 oC, 400 mTorr
100 sccm SiH4
60 sccm GeH4
16.5 sccm 0.1% BCl3

 

 

St
ra

in
 G

ra
di

en
t (
μm

-1
)

Thickness (μm)

 T14 - 2 hour Depo
 T12 - 3 hour Depo



 58

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 BCl3 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 BCl3 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 BCl3 could result in better cross-load uniformity. A 425 °C B2H6 

deposition is also shown in Figure 3.8 as a reference. Cross-load variation in deposition 

rate and resistivity is similar to the BCl3 process, despite the fact that B2H6 is introduced 

via a multi-pore injector. Cross-load resistivity of the B2H6 shows the opposite trend 

compared to the BCl3 process, because B2H6 was introduced from the pump side. 
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Figure 3.8 Deposition rate and resistivity across load 
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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 BCl3 mixture introduced via the gas ring 

together with SiH4 and GeH4 in order to match the configuration of the epi-SiGe system 

and to minimize conflict with the existing B2H6 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 BCl3 doped poly-

SiGe process could be further improved using an injector. A few BCl3-doped depositions 

were done to study the improvement in uniformity with the injector. Since B2H6 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 B2H6 injector from 

the rear (pump) side or opposite to the B2H6 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 B2H6 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 
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wafer uniformity. Figure 3.11 shows data for a deposition with 16.5 sccm of BCl3 flow 

rate and cross wafer uniformity in sheet resistance is significantly improved.   

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Cross wafer uniformity of sheet resistance with low BCl3 flow rate 

 

 

 

 

 

 

 

 

 

Figure 3.11 Cross wafer uniformity of sheet resistance with high BCl3 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 BCl3 doping process. 

However, it is a concern if both B2H6 and BCl3 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 N2 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 BCl3 as a new dopant gas, a comparison with 

B2H6 is made in Table 3.6 for the study of the deposition and properties of LPCVD poly-

Si30Ge70. The desired doping level for poly-Si30Ge70 is achieved with 1% BCl3 

concentration. The better uniformity and higher doping efficiency for the BCl3 process is 

clearly advantageous over the B2H6 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 BCl3 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 BCl3 

doped process shows better process uniformity and repeatability than the more mature 
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B2H6 doped process. Based on these results, the B2H6 process was abandoned. Further 

development with the BCl3 doped poly-SiGe process with the desired properties for 

MEMS applications will be discussed in Chapter 4.  

 
TABLE 3.6 Comparison of BCl3 and B2H6 as dopant gases for poly-SiGe process 

Comparison BCl3 doping B2H6 doping 

Deposition rate Similar Similar 
Crystallinity Similar similar 
Dopant incorporation + + + - - -  
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 GeH4 Negligible compared to GeH4 

 

 
3.2 Disilane (Si2H6) as the silicon precursor 

3.2.1 Literature review 

Disilane (Si2H6) 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 SiH2 in the gas phase. SiH3 and SiH2 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 Si2H6 over SiH4 is 

re-investigated to understand how much improvement can be gained with Si2H6 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 Si2H6 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 Si2H6 as the silicon precursor with 100 mm-diameter wafers, caged boat [3.12] 
Temp. 

(ºC) 
Press. 

(mTorr) 
Si2H6 

(sccm) 
GeH4 
(sccm) 

PH3 
(sccm) 

B2H6 
(sccm) 

Dep. Rate 
(nm/min) 

Resistivity 
(mΩ-cm) 

Stress 
(MPa) 

% Ge by 
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 Si2H6 and GeH4 is about 

2× higher than with SiH4 and GeH4 for the same total gas flow rate. The resistivity with 

PH3 doping is a lot higher than desired, but there is room for improvement in the B2H6 

doped process. The average residual stress is in a reasonable range. There is no 

information on process uniformity. Since Si2H6 is more reactive, more GeH4 flow is 

needed to achieve a similar germanium content as compared against the SiH4 and GeH4 

process. To obtain similar film thickness, the cost of using Si2H6 as the silicon source is 

slightly higher, mainly because more GeH4 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 Si2H6 

process by finding out the deposition rate and basic material properties. The experiments 

were done during the development of the BCl3 doped poly-SiGe process using SiH4 and 

GeH4 (Chapter 4). To make the comparison easier, the same furnace geometry was used 

with Si2H6 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 Si2H6 as the silicon precursor with 150 mm-diameter wafers, open boat 
Temp. 

(ºC) 
Press. 

(mTorr) 
Si2H6 

(sccm) 
GeH4 
(sccm) 

BCl3 
(sccm) 

Dep. Rate 
(nm/min) 

Resistivity  
(mΩ-cm) 

Stress 
(MPa) 

% Ge by 
SIMS 

B conc. 
(cm-3) 

425 600 25 175 12 12.7 Not uniform NA NA NA 
375 600 25 175 12 7.7 Amorphous -386 58 2.8×1019 
400 600 25 175 12 NA Not uniform NA 58 2.5×1019 
400 300 15 185 18 9.4 Amorphous -248 63 3.9×1019 
425 300 15 185 18 11.2 3.1 -163 62 4.9×1019 
425 350 25 175 18 NA Not uniform NA 55 3.1×1019 
425 350 15 150 18 NA Amorphous NA 59 3.9×1019 

 

Data in Table 3.8 show there is indeed an improvement in deposition rate with 

Si2H6 compared to data shown in Table 4.2 with SiH4 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 Si2H6 are not being 

maximized due to the effect on Ge content in the film. The Si2H6 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 Si2H6 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 SiH4 and 

GeH4 process.  

 

3.3 Germyl silanes ((H3Ge)x SiH4-x) 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 SiH4 and GeH4. As discussed in Chapter 2, mass flow 
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controllers are used to control the SiH4 and GeH4 gas flow rates. MFC drift has been an 

issue and it is a concern for run-to-run repeatability. Also, since SiH4 and GeH4 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-x) 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 GeH4. Because 

the optimal germanium content for MEMS applications is between 50% and 70%, 

H3GeSiH3 and (H3Ge)2SiH2 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 SiH4 and GeH4. Therefore, germyl silane precursors could 

facilitate further reductions in the thermal budget for fabrication of MEMS on CMOS, to 

minimize any detrimental impact on CMOS reliability. 
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Figure 3.12 Structures of the germyl-silanes [3.13] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.13 Temperature dependence of the first epitaxial layer growth rates for various 

precursors on Si (100) [3.14] 

 

3.3.2 Experimental plan 

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

collaborations are underway to test the deposition with these precursors with the LPCVD 

H3SiGeH3  (H3Ge)2SiH2 (H3Ge)3SiH (H3Ge)4Si 
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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 Si2H6 deposition.  

Most of the germyl silane precursors are liquids at room temperature, except that 

H3GeSiH3 is in gas phase. The vapor pressures at 22ºC for (H3Ge)2SiH2, (H3Ge)3SiH 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 H3GeSiH3 in the Berkeley Microlab’s LPCVD poly-SiGe reactor 
(Tystar20) 

Parameters Process space 

10 – 90% MFC range of H3GeSiH3 Gas flow rates 10 – 4500 sccm of N2 dilution 
300 – 450ºC Temperature Temperature ramping across the load 

Tube pressure 200 – 800 mTorr 
Wafers can be placed at every slot or further apart form each other Wafer placement 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 425ºC. A thin crystalline seeding layer generated with SiH4 and 

GeH4 can be used to help to form a fully crystalline seed for the H3GeSiH3 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 (BCl3) has been proven to be a better boron dopant source compared to 

diborane (B2H6), resulting in a more stable and better controlled process. Further 

development and characterization with the BCl3 doped process will be discussed in the 

next Chapter. As a silicon precursor, disilane (Si2H6) 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 Si2H6 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)xSiH4-x) 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 (H2O2) 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% BCl3 diluted in He was used as the 

dopant gas. SiH4 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 µm-thick LPCVD SiO2. A very thin (<5 nm) 
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amorphous-silicon seed layer was deposited first using Si2H6 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 see. 

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 μm 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 μm, 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]: 

θλ sin2d=          (4.1) 

222 lkh
ad

++
=         (4.2) 

where h, k and l are the Miller indices for the direction and a is the lattice constant for a 

cubic material. The lattice constant of Si, Ge and Si1-xGex are listed below: 

 Si: 
°

Α= 43.5a         (4.3) 

 Ge: 
°

Α= 66.5a         (4.4) 

 Si1-xGex: 
°

Α++= )()027.020.043.5()( 2xxxa  [4.3]   (4.5) 

 Si40Ge60: 
°

Α= 56.5a        (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. 



 80

 
TABLE 4.1 XRD 2θ angle calculation 

Material Direction d (Å) 2θ (º) 

Si <200> 2.72 33.96 
Si <400> 1.36 69.14 
Ge <200> 2.83 31.59 
Ge <400> 1.42 65.96 

Si40Ge60 <111> 3.21 27.77 
Si40Ge60 <220> 1.97 46.14 
Si40Ge60 <311> 1.68 54.71 
Si40Ge60 <222> 1.61 57.36 
Si40Ge60 <400> 1.39 67.31 
Si40Ge60 <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 1×10-5 µm-1 for inertial sensor applications, which would 

yield 1.25 µm tip deflection of a 500 µm 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]: 

2
21
L

zΔ
=

ρ
         (4.7) 

where ρ is the radius of curvature of the beam, Δz 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]:  

∫==
−

−

nH

n
dzzz

EHEWH
M )(12121

33 σ
ρ

      (4.8) 

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, σ(z) is the 

stress depth profile in the film and z is the distance from the neutral axis. Strain gradient 
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Stress after release, but before bending
Temp = 410 oC
SiH4 = 104 sccm
GeH4 = 70 sccm
1% BCl3 = 6 sccm
Pressure = 600 mTorr
Resistivity = 4.0 mΩ-cm
Avg. Stress = -73.9 MPa
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is related to stress gradient with the Young’s Modulus as a proportionality factor, 

assumed to be 140 GPa for poly-SiGe. 

Stress vs. depth profiles σ(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 µm 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 1st 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 1st 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 2nd 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 2nd 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 ≤ 1×10-4 µm-1 are highlighted in Table 4.2. Strain gradient 

uniformity study has focused on these highlighted recipes.  
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4.4 1st 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]. SiH4-

to-GeH4 gas flow ratio, BCl3 gas flow rate, and temperature are the input variables; 

deposition rate, resistivity, average residual stress, strain gradient and H2O2 etch rate are 

functions of the input variables.  

All depositions targeted a poly-SiGe film thickness of 2 µm. For the design of 

experiments, a face-centered central composite design was used. Deposition temperature 

(410°C, 425°C, or 440°C), SiH4 to GeH4 ratio (104/70, 112/60 or 120/50 sccm/sccm), 

and BCl3 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 SiH4 and GeH4 flow rates as a 

constant – 200 sccm. However, the SiH4 MFC experienced an electronic drift prior to this 

experiment, so that the actual SiH4 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/GeH4 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 BCl3 flow rate was 

set by resistivity considerations, while the upper value was set by the maximum flow rate 

of the mass flow controller (MFC). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 1st design of experiments input parameter values 

 

4.4.2 Results and interpretation 

The experimental data for the 1st 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 is desired for some applications.  The strain gradient is higher than desired for 

inertial sensor applications.   

BCl3 

6 sccm 

12 sccm 
120 sccm / 50 sccm

112 sccm / 60 sccm

104 sccm / 70 sccm

Temp.410 ºC 425 ºC 440 ºC

SiH4 / GeH4 

18 sccm 

Pressure = 600 mTorr 
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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 

GeH4, 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 BCl3 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 BCl3 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 JMPTM 

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/GeH4 ratio and shows no dependence on dopant gas flow rate. The 

film resistivity mainly depends on BCl3 flow rate. The average residual stress becomes 

less compressive with increasing temperature and decreasing SiH4/GeH4 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/GeH4 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 

D
ep

. R
at

e
(n

m
/m

in
) 12.5222

4.74737

7.877935
±0.4381

R
es

is
tiv

ity
(m

O
hm

-c
m

) 19.2091

-1.251

5.083816
±1.6239

A
vg

.
S

tre
ss

 (M
P

a) -53.225

-228.03

-126.819
±13.127

S
tra

in
G

ra
di

en
t (

um
-1

)

0.00086

0.00012

0.000595
±0.0001

H
2O

2 
E

tc
h

R
at

e 
(n

m
/m

in
)

18.2222

-3.6328

2.975073
±2.0638

Temp
(deg C)

41
0

44
0

425

SiH4/GeH4
(sccm/sccm)

1.
49 2.
4

1.945

BCl3 (sccm)

6 1812



 91

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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Figure 4.5 Stress profiles and TEM images for DOE1 recipes. 
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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; c) 440°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-µm-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 425oC or 440°C.  
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Figure 4.8 Strain gradient vs. resistivity for 2-µm thick films deposited at various 
temperatures: a) 410°C; b) 425°C; c) 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 DOE1-1 and DOE1-4, they are both 

deposited at 410°C but with different BCl3 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 DOE1-13 in Figure 4.5(c) and 

Figure 4.5(l), 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 1×10-5 µm-1 and 

lower.  
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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; c) 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 H2O2 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 µm 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 

1×10-5 µm-1 remains a challenge for single step deposition that is ~2 µm 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-SiH4) and 

temperature ramp-down recipe (Ramp-temp) as listed in Table 4.2. The SiH4-to-GeH4 

ratio is increased or the process temperature is decreased during the deposition in this 

experiment. All recipes have constant pressure, GeH4 and BCl3 flow rates. Higher BCl3 

flow rate 30 sccm was used to improve the resistivity uniformity. The reference recipe 

has constant temperature at 430°C and constant SiH4 flow rate at 140 sccm. The SiH4 

flow ramp-up recipe has a constant temperature at 430°C. It has a step time of 30 minutes 

and the SiH4 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 SiH4 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 SiH4 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) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.11 Process conditions of the SiH4 flow ramp-up deposition (Ramp-SiH4) 
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Figure 4.12 Process conditions of the temperature ramp-down deposition (Ramp-temp) 

 

4.5.2 Results and interpretation 
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uniformity is improved with high BCl3/He flow rate. Since the stress and strain gradient 

vary with film thickness, wafers with 2.3 μm thick film from these three runs are being 

compared for mechanical properties. The reference run (Ramp-ref), the SiH4 flow ramp-

up run (Ramp-SiH4) 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 μm thick film from each recipe have no significant 

differences; all are around 4.5×10-4 μm-1. 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 2nd design-of-experiments 

4.6.1 Experimental setup 

The 1st DOE shows that recipes utilizing low BCl3 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 BCl3 mass flow 

controller was re-calibrated from 20 sccm range to 50 sccm range after DOE1. Higher 

BCl3 gas flow rate of 15 sccm, 30 sccm and 45 sccm 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 2nd DOE with BCl3 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 DOE1. All depositions targeted 

film thickness of 2 μm. 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 BCl3 flow rate enhances the 

deposition rate. Higher BCl3 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 DOE1. 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 BCl3 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 mΩ-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 DOE2-3); 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 1st DOE, films with strain gradient below 1×10-4 µm-1 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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Figure 4.15 Strain gradient vs. film thickness for DOE2: a) 600 mTorr depositions 

(DOE2-1, DOE2-2 and DOE2-3); b) 350 mTorr depositions (DOE2-4, DOE2-5 and 

DOE2-6) 
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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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Figure 4.16 Stress profiles and cross-sectional TEM images for DOE2 
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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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Figure 4.17 TEM images for recipe 410 °C, 600 mTorr, 140 sccm SiH4, 60 sccm GeH4 

and 35 sccm BCl3: 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 μm) 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 μm in 

thickness. 

 a) b)
 c)
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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 2nd DOE confirms the low strain gradient result from the 1st DOE. The 

optimal recipe for low strain gradient film is found to be: 410 °C, 600 mTorr, 140 sccm 

SiH4, 60 sccm GeH4 and 35 sccm BCl3. 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 < 1×10-4 µm-1 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 Si2H6 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 µm, whereas all previous 

experiments targeted film thickness of 2 µm. 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 1×10-5 µm-1. 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. 

 

 

 

 

 

 

 

 

 

 

 

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 BCl3 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. 

 

 

 

 

 

 

 

 

Figure 4.21 Stress profile and cross sectional TEM image for recipe ThickDepo 

 

 

 

-200 -175 -150 -125 -100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
ThickDepo

 

 

Fi
lm

 T
hi

ck
ne

ss
 (μ

m
)

Local Stress (MPa)



 127

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 O2 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 ×10-4 µm-1. 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.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

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 Si2H6 seeding. For low strain 
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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 GeH4 flow rates are used to reduce the deposition rate. BCl3 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-t1) 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.  

 

 

 

 

 

 

 

 

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 
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and good uniformity, the amorphous region should be suppressed while keeping a 
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more uniform amorphous regions, with sparse crystal seeding. The next seeding 
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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 

μm 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 μm in thickness. The defect density within each grain is low.  

 

 

 

 

 

 

 

 

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. 

 

 

 

 

 

 

 

 

 

 

 

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 4.5×10-4 µm-1 

generally have conical grain structure with many twins and other defects (Figure 4.27); in 

contrast, films with positive strain gradient less than 1×10-5 µm-1 (Figure 4.28) generally 

have columnar grain structures with few defects within a single grain.  

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.27 X-TEM images of as-deposited poly-SiGe films with strain gradient 

>4.5×10-4 µm-1, deposited with: a) Recipe Ramp-ref; b) Recipe DOE2-5; c) Recipe 

SiGeSeed-1. (ref. Table 4.2.) 

 a) b) c)
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Figure 4.28 X-TEM images of as-deposited poly-SiGe films with positive strain gradient 

<1×10-5 µm-1, 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, 

 a) b)  c)
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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. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
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 69º. It should be noted 

that the absence of dual peaks indicates that the SiGe alloy is homogeneous.  

 

 

 

 

 

 

 

 

 

 

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 ≤ 1×10-4 µm-1. 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 
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The average film thickness is 3.8 µm for Recipe ThickDepo whereas it is approximately 

2 µm for the other recipes. Among the 2 µm deposition recipes, Recipe SiGeSeed-2 
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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 H2O2 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 1×10-5 µm-1 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 7×10-5 µm-1 across a load of twenty-five 150mm-diameter wafers, 

with less than 1.6×10-5 µm-1 variation within a single wafer for certain slots within the 

load and a best case of only 1.1×10-6 µm-1. This result is for ~3.8 μm-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 1×10-5 µm-1. 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 (mΩ-cm) Stress (MPa) Strain Gradient (µm-1 ) 

As-deposited NA NA 0.6 -150 4.7 × 10-5 
FA-a 430 30 0.6 -147 2.7 × 10-5 
FA-b 430 180 0.6 -144 -1.52 × 10-4 
FA-c 600 30 0.6 -115 -4.4 × 10-4 

 

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 × 1021 cm-3. 

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) 

 
 

 

 

 

 

 

 

 

 

 

 
Figure 5.2 Stress profile and cross-sectional TEM image for FA-a (film deposited by 
Recipe ThickDepo)  
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Figure 5.3 Cross-sectional TEM image for FA-b (film deposited by Recipe ThickDepo) 

 

 

 

 

 

 

 

 

 

 

 

 

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

Recipe ThickDepo) 
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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 (mΩ-cm) Stress (MPa) Strain Gradient (µm-1 ) 

As-deposited NA NA 0.6 -150 4.7 × 10-5 
RTA-a 410 1 0.6 -112 -4.6 × 10-4 
RTA-b 430 1 0.6 -110 -3.3 × 10-4 
RTA-c 470 1 0.5 -118 -3.5 × 10-4 
RTA-d 510 1 0.5 -102 -3.6 × 10-4 
RTA-e 550 1 0.6 -115 -4.4 × 10-4 

 
  

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) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 (mΩ-cm) Stress (MPa) Strain Gradient (µm-1 ) 

As-deposited NA NA 2.6 -168 5.8 × 10-4 
FLA-a 500 1  2.8 NA 5.9 × 10-4 
FLA-b 600 1 2.3 NA 5.8 × 10-4 
FLA-c 700 1 2.3 NA -2.92 × 10-5 

 
 

TABLE 5.3b Summary of post-deposition flash lamp annealing (FLA) for deposition DOE1-13. 
Recipe Temp. (°C) Time (ms.)  Resistivity (mΩ-cm) Stress (MPa) Strain Gradient (µm-1 ) 

As-deposited NA NA 6.1 -100 3.8 × 10-4 
FLA-d 500 1  6.8 NA 3.8 × 10-4 
FLA-e 600 1 5.4 NA 3.2 × 10-4 
FLA-f 700 1 5.0 NA 5.8 × 10-5 

 

 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 DOE1-13 depositions result in 

conical textures with amorphous starting layers and the compressive stress gradually 

decreases along the film thickness. Since DOE1-13 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 

deposited by Recipe DOE1-3) 

 

 

 

 

 

 

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) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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/cm2. 
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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 μm.  

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/cm2) Resistivity (mΩ-cm) Stress (MPa) Strain Gradient (µm-1 ) 

As-deposited NA 1.4 -7 -1.23 × 10-4 
ELA-a 200 1.4 7 -2.05 × 10-5 
ELA-b 400 1.4 40 5.90 × 10-4 
ELA-c 600 1.4 72 1.07 × 10-3 

 

The melted depth is about 250 nm for 600 mJ/cm2 fluence. The tensile stress of 

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



 164

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 5.12 Cross-sectional TEM image for the as-deposited film in the ELA experiment 

 

 

 

 

 

 

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. 

melted region 
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5.5 Argon implantation 

Ion implantation and machining have each been used to modify the stress in thin 

films [5.14], [5.15]. Argon implantation is a low-cost and high-throughput process that is 

readily available in the IC industry. Therefore, the effect of argon implantation (AI) on 

the strain gradient was studied in this work, for different doses and acceleration energies. 

Multiple-layered poly-SiGe films deposited by Recipe LayerStack (ref. Table 4.2) were 

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

 
TABLE 5.5 Summary of post-deposition argon implantation (AI) for deposition LayerStack. 

Recipe Energy (keV) Dose  (cm-2) Resistivity (mΩ-cm) Stress (MPa) Strain Gradient (µm-1 ) 
As-deposited NA NA 3.1 -229 -1.17 × 10-4 

AI-a 30 1 × 1014  4.7 -201 -4.97 × 10-5 
AI-b 65 1 × 1014 5.9 -198 1.25 × 10-5 
AI-c 100 1 × 1014 5.7 -189 1.32 × 10-4 
AI-d 100 1 × 1013 3.4 -207 -1.97 × 10-4 
AI-e 100 1 × 1012 3.1 -203 -1.44 × 10-4 
AI-f 180 1 × 1016 1.9 -162 6.25 × 10-4 

 

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 1×1016 cm-2 Ar+ at 

180 keV. The implantation amorphizes the top portion (~ 0.3 µm) 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 6.25×10-4 

µm-1, whereas the as-deposited film has a strain gradient of -1.2×10-4 µm-1.  
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Figure 5.14 Stress profile and cross-sectional TEM image for the as-deposited film (film 

deposited by Recipe LayerStack) 

 

 

 

 

 

 

 

 

 

Figure 5.15 Stress profile and cross-sectional TEM image for AI-f (film deposited by 

Recipe LayerStack) 
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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 ≤ 1×1013 cm-2 at 100 keV. The lowest strain 

gradient is achieved with 1×1014 cm-2 dose and 65 keV acceleration energy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

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 mΩ-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 H2O2 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 μm gate-length CMOS circuitry made 

in the UC Berkeley Microfabrication Laboratory [5.3]. Witvrouw et al. demonstrated a 

SiGe MEMS gyroscope over 0.35 μm foundry CMOS circuitry [5.16]. Takeuchi et al. 

studied the thermal budget limits of 0.25 μm foundry CMOS circuitry by rapid thermal 

annealing and furnace annealing [5.5]. In this work, 0.13 μm and 0.25 μm 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 μm and 0.25 μm 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 μm of oxide was deposited as the sacrificial 

layer. Lastly, 2 μm 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. 

 

 

 

 

 

 

 

 

 

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% H2O2 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; c) 

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. 

 

a) b)

c) d)
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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; c) 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. 

 

a) b)

c) d)
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Figure 5.20 CMOS metal contacts: a) without depositions and etched in 30% H2O2 

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 H2O2 solution [5.18]. 

 

5.6.3 Film delamination after RTA 

Figure 5.19(a) shows that the film delaminates after the 430 ºC 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 

a) b)
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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, SiO2 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 
SiO2 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, SiO2 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 
SiO2 on Si substrate No 
Ge and SiO2 on Si substrate No 
SiGe and SiO2 on Si substrate No 
SiGe, SiO2 and Ge on Si substrate Yes 
SiGe, SiO2 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 µm technology. Previous results show that the an 

increase in via resistance limits the thermal budget for 0.25 µm CMOS technology [5.5]. 

In this study, none of the 0.25 µm via structures were measurable before the processing. 

Only the transistor was tested for the 0.25 µm 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  MOS1 PMOS Yes  
NMOS Yes/No Large gate leakage MOS2 PMOS No Punch through 
via1 Yes  
via2 Yes  
via3 Yes  
via4 No Damaged metal line 
via5 Yes  
via6 No Damaged metal line 

Kel1 

via7 No Damaged metal line 
via1 Yes  
via2 Yes  
via3 No Damaged metal line 
via4 No Damaged metal line 
via5 No Damaged metal line 
via6 No Damaged metal line 

Kel2 

via7 No Damaged metal line 
m1 Yes  
m2 Yes  
m3 Yes  
m4 Yes  
m5 No Bad contact 
m6 Yes  
m7 Yes  

Met1 

m8 Yes  
m1 No Bad contact 
m2 No Bad contact 
m3 No Bad contact 
m4 No Bad contact 
m5 No Bad contact 
m6 No Bad contact 
m7 No Bad contact 

0.13 µm 

Met2 

m8 No Bad contact 
NMOS Yes  Die1 PMOS Yes  
NMOS Yes  Die2 PMOS Yes  
NMOS No  

Depositions 
 
FLA @ 700 ºC 
for 1 ms 
 
Film removals 

0.25 µm 

Die3 PMOS Yes  
NMOS No No gate control MOS3 PMOS Yes  
via1 Yes  
via2 Yes  
via3 No Damaged metal line 
via4 Yes  
via5 No Damaged metal line 
via6 No Damaged metal line 

Kel3 

via7 No Damaged metal line 
m1 No Bad contact 
m2 No Bad contact 
m3 No Bad contact 
m4 No Bad contact 
m5 No Bad contact 
m6 No Bad contact 
m7 No Bad contact 

0.13 µm 

Met3 

m8 No Bad contact 
NMOS No  

Depositions 
 
RTA @ 430 ºC 
for 1 min 
 
Film removals 

0.25 µm Die4 PMOS No  
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NMOS Yes  MOS4 PMOS Yes  
via1 Yes  
via2 Yes  
via3 Yes  
via4 Yes  
via5 No Damaged metal line 
via6 No Damaged metal line 

Kel4 

via7 No Damaged metal line 
m1 Yes  
m2 Yes  
m3 Yes  
m4 Yes  
m5 No Bad contact 
m6 No Bad contact 
m7 No Bad contact 

0.13 µm 

Met4 

m8 No Bad contact 
NMOS Yes  

Depositions 
 
Film removals 

0.25 µm 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 μm 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 Ion change is 

smaller compared to the change in Vt, but the Ioff change is consistent with the change in 

Vt. 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 

μm 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 μm technology transistor performance before and after post-processing. 
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Figure 5.22 0.13 μm technology Kelvin via resistance before and after post-processing. 

500

520

540

560

580

600

620

640

 pre-process
 post-process

Kelvin Via1

As-depo.
   Kel4

RTA
Kel3

FLA
Kel2

FLA
Kel1

 

 

Vi
a 

Re
si

st
an

ce
 (Ω

)

500

520

540

560

580

600

620

640

As-depo.
   Kel4

RTA
Kel3

FLA
Kel2

FLA
Kel1

 pre-process
 post-process

Kelvin Via2

 

 

Vi
a 

Re
si

st
an

ce
 (Ω

)

560

580

600

620

640

660

FLA
Kel1

 pre-process
 post-process

Kelvin Via3

As-depo.
   Kel4

RTA
Kel3

FLA
Kel2

 

 

Vi
a 

Re
si

st
an

ce
 (Ω

)

560

580

600

620

640

660

680

FLA
Kel1

 pre-process
 post-processKelvin Via4

As-depo.
   Kel4

RTA
Kel3

FLA
Kel2

 

 

Vi
a 

Re
si

st
an

ce
 (Ω

)

460

480

500

520

540

560

580

600

FLA
Kel1

 pre-process
 post-process

Kelvin Via5

As-depo.
   Kel4

RTA
Kel3

FLA
Kel2

 

 

Vi
a 

Re
si

st
an

ce
 (Ω

)



 181

  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.23 0.13 μm technology metal electromigration test structure resistance before 

and after post-processing 

 

The performance of the 0.25 μm 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 μm technology transistor performance before and after post-processing. 
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5.7 Summary 

A variety of post-deposition processes are discussed in this chapter. Annealing the 

poly-SiGe film at elevated temperature can crystallize the bottom amorphous region. The 

top polycrystalline region can be melted and re-crystallized with an excimer laser. High 

dose and high energy argon ion implantation can be used to amorphize the top crystalline 

region. All of these post-processes can alter the film mechanical properties. With the 

appropriate combination of deposition and post-processing, the desired film properties 

can be achieved. However, the as-deposited film can also have the desired mechanical 

properties, as described in Chapter 4. Post-deposition processing of poly-SiGe is not 

recommended for tuning the mechanical properties, because of additional sources of 

variability. Also, caution is advised for back-end processes such as anti-stiction coating 

and encapsulation at elevated temperature.  

 The CMOS thermal budget limit study with the film depositions and removals 

was inconclusive. Without a Ti/TiN barrier layer, inter-diffusion between the aluminum 

and the germanium passivation layer damages most of the electrical contacts. Thus, the 

cause of the apparent degradation in device performance cannot be definitively attributed 

to the thermal post-processing. Another experiment conducted with equivalent thermal 

budget furnace annealing is needed to eliminate apparent degradation due to metal 

contact damage. A full process with film depositions and removals can then be repeated 

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

 

6.1 Contributions of this work 

The development of LPCVD poly-SiGe for MEMS applications started in UC 

Berkeley about a decade ago. A few generations of researchers have contributed to the 

fundamental understanding of the technology. As the technology has matured, interest for 

commercialization has grown. Most of the work done in this thesis is driven by industrial 

interests.  

Reducing the thermal budget is an important consideration for post-CMOS 

integration. However, meeting both specifications for thermal budget and materials 

properties is challenging, especially for the strict strain gradient requirement for inertial 

sensor applications. There have been some efforts to improve strain gradient with post-

deposition annealing. It is found that the post-deposition annealing adds extra variables to 

the process in addition to the extra thermal budget in most cases. Developing as-

deposited films with the desired materials properties is preferred. Since temperature has 

an exponential effect on thermal budget, reducing the deposition temperature is an on-

going effort for poly-SiGe development. Table 6.1 summarizes the materials 

development of as-deposited LPCVD poly-SiGe films to date. The latest results of 

PECVD film are also listed for comparison. Stress balancing with multiple-layer 

depositions was used by Bhave [6.2], Lin [6.3] and Mehta [6.4] for strain gradient 

optimization. Comparing the results for LPCVD films, a recipe with the lowest thermal 

budget and the lowest strain gradient is developed in this thesis work. Comparing the best 

recipes for the LPCVD and the PECVD systems, the mechanical properties of the films 
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are comparable. Although the deposition rate of the best LPCVD recipe is an order of 

magnitude lower than that of the best PECVD recipe, a lower deposition temperature of 

410°C was used in the LPCVD recipe. Microcrystalline SiGe deposited at 400°C or 

lower is under development using the PECVD system, but the desired materials 

properties have not been achieved yet [6.4]. Excimer laser annealing of PECVD SiGe 

deposited at 210°C is another low thermal budget approach for controlling mechanical 

properties [6.5]. Excimer laser annealing does not increase the thermal budget of the 

underlying CMOS since the thermal treatment is localized to the topmost MEMS layer. 

However, the excimer laser annealing step adds extra variables to the process. Also, 

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

  

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

Method Leading 
researcher Date Temp. 

(°C) 
Time 
(min) 

Thn. 
(μm) 

Ge cont. 
(%) 

Res. 
(mΩ-cm) 

Stress 
(MPa) 

Best strain 
gradient (μm-1) 

LPCVD Franke [6.1] 2000 450 180 3.1 67 1.8 10 1.9 × 10-4 
LPCVD Bhave [6.2] 2002 425  3 68/65/62   1.8 × 10-4 
LPCVD Lin [6.3] 2003 425  3.9 69/65 0.55 -36 1.1 × 10-5 
LPCVD Low 2006 410 480 3.5 60 0.65 -157 1.1 × 10-6 
PECVD Mehta [6.4] 2005 450 40 4 65/56 1.0 20 3.5 × 10-6 

 

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 SiH4 to GeH4 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 SiGe2H8 and SiGeH6. 

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 PH3 or O2 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 SiH3CH3 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. N2 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(CH2)17SiCl3] and alkene-based 

monolayer 1-octdecene [CH3(CH2)15CH=CH2] were studied in this experiment. Both 

precursor molecules contain a straight 18-carbon chain and a hydrophobic CH3 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(CH2)15CH=CH2] 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. 
DI wafer rinse 5 min. 
UVO light* 5 min. 

Cleaning 

HF etch 5 min. 
Oxidation UVO light* 5 min. 

IPA rinse 5 min. SAM coating OTS mixture 60 min. 
IPA rinse 5 min. Cleaning 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. 
IPA rinse 5 min. Cleaning 
DI wafer rinse 5 min. 

H termination HF rinse and dry 5 min. 
IPA rinse 5 min. SAM coating 1-octadecene mixture @ 180ºC with N2 purge 30 min. 
Petroleum ether rinse 5 min. 
IPA rinse 5 min. Cleaning 
DI water rinse 5 min. 
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The thermal stability of the coatings in N2 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 

MΩ) according to the sessile droplet method. Droplet size was approximately 4 µl.  

 

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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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 71.3º 60.5º 54.7º 
OTS 116.4º 114.3º 112.3º 
1-octadecene 108.8º 100.9º 93.5º 

 

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 

Si – no coating SiGe – no coating Ge – no coating 

Si – OTS SiGe – OTS Ge – OTS 

Si – 1-Octadecene SiGe – 1-Octadecene Ge – 1-Octadecene 
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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 N2 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 N2 ambient. 

 

 

 

 

 

 

 

 

 

 

Figure A.3 Water contact angle measurements on 1-octadadecene SAM-coated Si, SiGe 

and Ge to assess thermal stability in N2 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 β-hydride elimination. At higher temperatures, the entire chain 

decomposed with SiC vibrational modes evident.  
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From Figure A.3, we can see the SAM coating on poly-SiGe follows the trend of 

poly-Si, but break down starts at a lower temperature. On the other hand, poly-Ge breaks 

down at a significantly lower temperature compared to poly-Si. As discussed before, the 

germanium oxide could not be eliminated before the 1-octadecene coating. The head 

group of the SAM might not be able to bond to the germanium surface with the Ge-C 

bond. Upon heating, the SAM molecules become disordered due to the lack of chemical 

bonding at the head group. For the case of coating on poly-SiGe, there should exist some 

Si-C bonds. However, the packing density of the monolayer should be lower compared to 

that of poly-Si surface, which results in smaller water contact angle and worse thermal 

stability.   

 

A.4 Summary 

Water contact angle measurement shows that self-assembled monolayer coatings 

on unpatterned poly-SiGe surfaces have hydrophobic properties and reasonable thermal 

stability. The existence of germanium oxide at the surface degrades the packing density 

and thermal stability of the SAM coating. Comparing OTS and 1-octadecene coatings, 

OTS monolayer gives higher water contact angle and better thermal stability on poly-

SiGe surface. Due to the existence of germanium oxide at the poly-SiGe surface, 

alkyltrichlorosilane-based monolayer is believed to be a better coating material for poly-

SiGe than alkene-based monolayer.  

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

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

the desorption mechanism. 
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Appendix B: Stress Stability of LPCVD Poly-SiGe and SiO2 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.1a & 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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Figure B.1 Layer stacks for stress monitoring 

 

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

Film Deposition method Removal method 

Poly-Si (0.6 µm) LPCVD @ 620ºC RIE @ 60ºC 
Poly-SiGe (0.2 – 1 µm) LPCVD @ 400 – 450ºC RIE @ 60ºC 
Poly-Ge (0.4 µm) LPCVD @ 350ºC RIE @ 60ºC 
Dry thermal oxide (1200 Å) Thermally growth @ 1050ºC HF solution @ 21ºC 
Wet thermal oxide (1600 Å) Thermally growth @ 1050ºC HF solution @ 21ºC 
LPCVD oxide (2 µm) LPCVD @ 450ºC HF solution @ 21ºC 
PECVD oxide (0.5 µm) LPCVD @ 390ºC 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 µm 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.  

c) Poly-Si, SiGe or Ge on oxide a) Poly-Si, SiGe or Ge on silicon b) Oxide on silicon

Si SubstrateSi Substrate Si Substrate

Poly-Si, poly-SiGe or poly-Ge Various Oxides 
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Figure B.2 Stress stability of poly-Si, SiGe and Ge on various substrates. 
 
 

Further experimentation was done with the poly-SiGe on LPCVD oxide wafers 

(Figure B.3). If the backside poly-SiGe films of two similar wafers are removed at 

different times, the drift profiles and absolute stresses of the wafers are nearly identical, 

with an offset in the x-axis. When the backside poly-SiGe and LPCVD oxide films are 

both removed, the stresses of the topside poly-SiGe and LPCVD oxide films become 

stable. This suggests that the stress drift reported in Ref. [B.1] is due solely to the 

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

 

Low-temperature (450°C) LPCVD oxide films are known to be porous and of 

poor quality [B.4]. In this investigation, different experiments were done with LPCVD 

oxide wafers to characterize its stability (Figure B.4). The residual stress of the as-

deposited LPCVD oxide wafer becomes more compressive over time. The “drift” rate 

slows over time. The backside oxide removal date does not affect the measurement. 

Putting the LPCVD oxide films in a desiccated environment slows down the stress drift. 

Annealing the films at 615ºC 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 N2 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 N2 at 

425ºC for an hour, the resultant stress was approximately that of a fresh oxide film. The 
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stress drift of this 425 ºC annealed wafer is faster than a monitor wafer with the backside 

also etched on day 136. Since the 425ºC anneal is lower than the deposition temperature 

of 450ºC, 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 

425ºC annealed wafer is faster than that of the control wafer on day 136 due to a larger 

moisture gradient.  

 

 

 

 

 

 

 

 

Figure B.4 Stress stability of LPCVD oxide 

 

Returning to the data for poly-SiGe on LPCVD oxide wafers in Figure B.3, as the 

backside oxide films became more compressive, the poly-SiGe film appeared to become 

more tensile. Data in Figure B.3 also indicates that poly-SiGe is an effective barrier to 

moisture. The backside LPCVD oxide did not drift until it was exposed to the ambient 

after the poly-SiGe layer was removed. Finally, the stress of the frontside LPCVD oxide 

did not drift under the poly-SiGe cap. 
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Figure B.5 shows the stress stability of different oxide films. The stress of the 

450ºC LPCVD oxide becomes more compressive while the stresses of the 1050ºC dry 

and wet thermal oxides are nearly stable. The stresses of TEOS-based PECVD oxides 

deposited at 390ºC 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). 

 

 

 

 

 

 

 

 

Figure B.5 Stress stability of various oxides 

 
 

B.3 Modeling thin film stress 
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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 b1 … Film bm 

Young’s Modulus Es Ef1 … Efn Eb1 … Ebm 
Thickness H hf1 … hfn hb1 … hbm 
Residual Stress σs = 0 σf1 … σfn σb1 … σbm 

 

 

 

 

 

 

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, σ, to 

strain, ε, is:  

 εε
υ

σ '
1

EE
=

−
=  (B.1) 

where E’ and υ 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, Mar, must equal the net moment before release, 

Mbr. Before release, the moments are due only to the thin films: 
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After release, the substrate develops a balancing moment via pure bending, Mar: 
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where R is the radius of curvature of the wafer. Recall that, for static equilibrium after 

release, we require Mar = Mbr. Hence, equating (B.2) and (B.3): 
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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): 
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which is appropriate for single layer thin films as shown in Fig. 1a & b.  

For the bi-layer stacks shown in Fig. 1c, Eq. (4) can be simplified to: 
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If the stresses of the frontside oxide and the backside oxides are cancelled out, Eq. (B.6) 

would be equivalent to Eq. (B.5) and the measured stress would be the true SiGe film 

stress. However, the backside oxide absorbs moisture and becomes more compressive; 

whereas the stress of the frontside oxide is constant under the SiGe cap. Therefore, the 

measured stress is not the true stress of SiGe film once the backside oxide starts to absorb 

moisture. An apparent stress drift of the SiGe film is observed and qualitative agreement 

with the oxide stress change is found. 

 

B.4 Summary 

The average residual stresses of poly-Si, poly-SiGe, poly-Ge, and thermal oxide 

are stable in ambient conditions. Poly-SiGe remains a promising material for modular 

MEMS integration. LPCVD and TEOS-based PECVD oxides absorb moisture and 

become more compressive in a humid environment. Due to their high deposition rates, 

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

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

The process logbook was created to monitor the LPCVD reactor (Tystar20) and 

sustain the process. This logbook is a more comprehensive summary of the reactor than 

the Microlab wand system record, as it includes the process conditions, fault reports, and 

maintenance comments. Users are required to enter pre-deposition standby conditions, 

deposition recipe, and process comments in the Wand system. Standby information 

including temperature, process pressure (PRCPR), N2dope flow rate, and injector 

pressure, are recorded at the standby mode to track the injector condition. Deposition 

information includes temperature, pressure, gas flow rates, and deposition time. Users 

can also enter observations in the comment log. When there is a problem with the reactor, 

users enter a fault report in the Wand system and equipment staff will diagnose the 

problem and enter a maintenance comment. Failure analysis, design improvement and 

new process qualification have been studied based on the historical information of the 

reactor recorded in the logbook. 

It should be noted that process conditions entered by users are sometimes 

incomplete and contradictory. Some of the process conditions can be retrieved in the 

furnace condition recording computer inside the Microlab. However, the computer does 

not have a record of the injector pressure, and the injector condition has to be monitored 

manually.  
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