ABSTRACT

HARDIMAN, CHRISTOPHER MICHAEL. Characterization of the Effect of Radiation
Damage on the Thin-Film Stress Behavior of Nanocrystalline 3C SiC. (Under the direction of
Dr. Steve Shannon.)

Silicon carbide has attracted a great deal of interest in the field of microelectronics
and MEMS due to the enhanced material properties compared to silicon especially for
operation in harsh environments. In particular, SiC is well known for its mechanical
hardness, chemical inertness, high thermal conductivity, and electrical stability in high
temperature and high radiation environments. The degradation of the mechanical properties
of SiC due to radiation damage is of particular importance to the fuel performance in next
generation high-temperature gas-cooled (HTGC) nuclear reactors which employ SiC as a
structural support in response to the high pressures generated due to the release of fission
gases. In particular the evolution of the stress characteristics is of particular importance for
MEMS and fuel particle applications of thin-film SiC. For all MEMS applications,
characterizing the stress behavior of a material is crucial in order to eliminate stress effects
such as film cracking and delamination which results from excessively high tensile stress and
buckling of structural features which results from excessively high compressive residual
stress.

In this project, (111) textured, nanocrystalline 3C-SiC was grown using low-pressure
chemical vapor deposition (LPCVD) at a wide range of residual film stresses in order to
characterize how the stress gradient evolved with increasing radiation dose. In order to vary

the residual film stress the growth pressure was varied while maintaining constant gas flows
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and temperature. The film stresses investigated ranged from 673 MPa to -208.667 MPa and
were measured after film growth using profilometry to measure wafer curvature.

In order to quantify the stress characteristics on the same dimensional scale as the
film, 1 cm x 1 cm dies with four sets of microcantilevers were fabricated and the deflection
measured using SEM in order to correlate the deflection to the stress gradient over the
thickness of the 3C SiC film. The change in the stress gradient could then be used to monitor
macroscopic changes in the 3C film as a result of microstructural changes due to radiation
damage. Due to the amorphization of the silicon substrate during irradiation, a second
plasma-based process flow needed to be developed and characterized in order to ensure
proper release of irradiated microcantilever devices. Pre-irradiation cantilever deflection
measurements were made for the film stress values listed above and it was found that the
films which had the most compressive residual film stresses exhibited the greatest deflection
due to a larger positive stress gradient.

Independent radiation experiments were carried out up to doses of 0.54 dpa using
silicon self-ion irradiation at energies of 3 MeV Si*ions and fluences up to 5.5 x 10™°
ions/cm?. Based on the inverse peak width of the characteristic (111) 3C SiC peak
characterized, the dose required for complete amorphization of the engineered,
nanocrystalline 3C SiC occurred at around 3 dpa. This was based on GIXRD scans of
several different tensile and compressive stressed samples and correlated to high-resolution
TEM images. Overall it was found that the radiation tolerance of the engineered
nanocrystalline 3C SiC films was an order of magnitude greater than that observed in single

crystal 3C SiC.
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CHAPTER 1: Introduction & Motivation

Silicon carbide has attracted a great deal of interest in the field of microelectronics
and MEMS due to the enhanced material properties compared to silicon especially for
operation in harsh environments. In particular, SiC is well known for its mechanical
hardness, chemical inertness, high thermal conductivity, and electrical stability in high
temperature and high radiation environments. [MEH1] The degradation of the mechanical
properties of SiC due to radiation damage is of particular importance to the fuel performance
in next generation high-temperature gas-cooled (HTGC) nuclear reactors which employ SiC
as a structural support in response to the high pressures generated due to the release of fission
gases. The TRISO fuel particle utilizes the SiC layer due to its high density and high tensile

strength as shown below in Figure 1.1.

Fuel kernel
High density (300 o
PyC (.04mm) ; "
SiC
(.035mm)

0.920mm

Low density
PyC (.095mm)

Coated fuel patrticle

Figure 1.1: Hlustration of TRISO Fuel Particle. [PET]
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Microcracking due to radiation-induced stress changes of thin film SiC is of particular
importance to the fuel efficiency of next generation nuclear reactors. David Petti of the
Advanced Gas Reactor (AGR) Program reported stress values ranging from -700 MPa to 450
MPa with a more concentrated tensile stress distribution for fuel particles that had undergone
cracking of the porous PyC layer during neutron irradiation and a more uniform compressive
stress distribution for uncracked particles. [PET] The uncracked particles showed a stress
distribution that ranged from -700 MPa to -600 MPa as a function of SiC layer thickness.

These two stress distributions are shown below in Figure 1.2.

Particle with cracked Intact Particle
IPyC layer (uncracked)

- 700 MPa ‘700 MPa
450 l =GN
Uneracked -
Cracked - uniform
conceniraled compressive
fensile slresses
slresses

Figure 1.2: Difference in stress distribution of SiC structural layer of cracked and uncracked
fuel particles. [PET]
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From Figure 1.2 that the TRISO particle with the cracked PyC layer has a more concentrated
tensile stress gradient in the structural SiC layer at the apex, whereas for the particle with the
intact PyC exhibits a more uniform change in stress over the SiC film thickness and is purely
compressive in nature.

The stress behavior of thin-film polycrystalline 3C SiC as a result of radiation
damage is also of great importance in the area of harsh environment MEMS such as
instrumentation applications in the aerospace industry which requires a stable, high-
temperature, and radiation resistant material for solid-state sensors and satellite systems.

For all MEMS applications, characterizing the stress behavior of a material is crucial in order
to eliminate stress effects such as film cracking and delamination which results from
excessively high tensile stress and buckling of structural features which results from
excessively high compressive residual stress. [FU3]

The aim of this project is to characterize the effects of displacive radiation,
specifically ion bombardment, on the microstructural and residual film stress behavior of
LPCVD-deposited, thin-film, polycrystalline 3C SiC. Damage formation, defect clustering,
and lattice disordering caused by the ionizing radiation results in a degradation of the
crystallinity and thus changes properties such as electrical performance, thermal
conductivity, and mechanical properties as a result. In addition irradiation-produced defects
can exceed a critical strain level above which the crystal becomes amorphous. The
crystalline-to-amorphous (c-a) transition of single-crystal 3C SiC has been shown to be a
strong function of temperature and radiation dose. This project focuses on the 3C SiC

polytype in polycrystalline form.
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In this project a methodology was developed for varying the residual stress in thin-
film polycrystalline 3C SiC by varying the pressure of the LPCVD growth process. A stress
matrix was created in order to observe if the stress response to radiation damage had any
dependence on the initial stress state over a range of stress states. The residual stress states
grown fall within the range simulated for the TRISO fuel particle by Petti et al. and serve as a
suitable range to continue the investigation of SiC as a radiation tolerant structural material.
A method of fabricating arrays of microcantilevers was developed in order to measure the
stress gradient of the thin-film SiC pre- and post-irradiation. By measuring the deflection of
the microcantilevers before and after the introduction of microstructural damage as a result of
ion bombardment, the stress behavior could be quantified based on direct measurement.

Advances in growth techniques of SiC and the compatibility with well known silicon
processing techniques has generated new opportunities for replacing silicon as the material of
choice especially in microelectromechanical systems (MEMS). The desire for this
replacement is due to the superior mechanical and electrical properties of SiC. One of the
most promising polytypes of SiC, especially for use in harsh environment
microelectromechanical systems (MEMS) applications is the cubic-structured,
polycrystalline 3C SiC. Several methods have been researched for growing 3C SiC including
plasma-enhanced chemical vapor deposition (PECVD), ion-beam assisted deposition
(IBAD), and atmospheric pressure chemical vapor deposition (APCVD), and low-pressure
chemical vapor deposition (LPCVD).

Silicon carbide can exist is several types of crystal orientations exhibiting a one-

dimensional polymorphism called polytypism. Each of the polytypes, of which more than
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250 exist, are distinguished by different stacking arrangements of the identical, closed-
packed planes of bonded Si and C atoms, referred to as Si-C double layers.[SNE, MEHZ2]
These Si-C layers can be visualized as a plane of Si atoms coupled with a plane of C atoms
and the stacking of the successive Si-C double layers occurs along the basal plane with a
direction along the c-axis and normal to the Si-C double layer plane. [SNE, MEH2]
Although there is such a large number of polytypes, SiC can only exist as three different
crystal systems: cubic, hexagonal, and rhombohedral.[CHE1] The stacking order of the
covalently bonded Si-C double layers and the crystal structure uniquely describes the SiC
polytype. The most commonly used and manufactured SiC polytypes are 3C, 4H, and 6H.
The number corresponds to the number of non-repeating Si-C stacking sequences in the unit
cell and the adjacent letter describes the crystal structure of the polytype. A schematic
representation of the 3C SiC or B-SiC unit cell and stacking sequence is shown below in

Figure 1.3.

Figure 1.3: Crystal structure and stacking sequence of 3C SiC [SNE]
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3C SiC has the only cubic symmetry out of all the known polytypes of SiC. Although so

many SiC polytypes exist, the stability of them is dependent on temperature primarily, but

impurities which can cause a deviation in the Si:C stoichiometry has been shown to have a

part in SiC polytype instability.[SNE,MEH2] The phase diagram shown below in Figure 1.4

illustrates the various states of SiC in general as function of both temperature & atomic ratio

of Si:C.
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Figure 1.4: Phase diagram of SiC depicting temperature as a function of atomic ratio of Si:C.
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It is apparent from Figure 1.4 that the thermal stability of SiC decreases with decreasing
carbon atomic percent. For stoichiometric SiC, the material is stable up to a temperature of
approximately 2500 °C.

The accepted material properties of the 3C SiC polytype grown in this project is

shown below in Table 1.1.

Table 1.1: List of representative 3C SiC material properties.

Property Value
Maximum Operating Temperature (°C) ~2500
Thermal Conductivity (W/cm-K) 3.6 @ 300 K
Thermal Expansion Coefficient (10 °C) 4.2
Young’s Modulus (GPa) 448
Band Gap (eV) 2.4
Breakdown Field (MV/cm) 4

Poisson Ratio!>""! 0.21

The most important of these for the purpose of stress characterization is the Young’s
modulus and Poisson ratio in determining the biaxial modulus and residual film stress based
on wafer curvature methods as discussed later in this report. For instance, the relation
between the biaxial stress and strain for an isotropic thin film can be represented in terms of

Young’s Modulus and the Poisson ratio by the following equation:

o =i5 Eq.l
1-v

Through this relation the stress characteristics can be directly related to the dimensional

changes caused by strain in the microstructure.
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CHAPTER 2: 3C SiC Growth

2.1 Introduction to CVD & Thin Film Growth

Chemical vapor deposition (CVD) involves the process of chemically reacting
volatile compounds which contain the desired constituents that make up the film with other
gases in order to produce a nonvolatile solid which deposits atomistically on a substrate. One
thing that makes CVD so unique is that the controllable growth of films with varying
stoichiometry is possible. [OHR] The governing mechanisms of any CVD process can be
divided into the following stages: introduction of chemically reactive gaseous species into
the reactor, diffusion of the reactants to the substrate, adsorption of the reactants on the
substrate, chemical reaction of the reactant and the substrate, and the desorption and gaseous
transport of any reaction by-products out of the reactor. This process is shown graphically in

Figure 2.1 below.

Main Gas Flow Region

.

F o
@ Gas Phase Reactions Desorption of
Na @ Volatile Surface
@ Redesorption of | Reaction Products
Transport to Surface Film Precursor
Surface Diffusion

| &—s & OO0 Ol

Adsarption of Film Precursor Nucleation Step Growth
and Island

Growth

Figure 2.1: Graphical representation of the processes involved in CVD film growth. [MAD]
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The most important consideration of any CVD process is the thermodynamic feasibility of
the chemical reaction between the reactants and the substrate. This is determined by the
Gibbs free energy as shown below in Eq.1,

AG = AH —TAS Eq.1
where AH is the difference in enthalpy between the products and the reactants including
desorbed by-products, T is the process temperature, and AS is the difference in entrophy
between the products and reactants. For a given reaction, the individual change in free
energy of a particular molecular species is given in terms of the change in enthalpy and
entropy at STP and at the process pressure and temperature conditions. For the reaction
specific to the experimental growth method used in this project the reactants consisted of
dichlorosilane (SiH,Cl,) and acetylene (C,H,) with hydrogen acting as the carrier gas. Based
on Eq.1, using the Shomate Equation and AH and AS values from the NIST chemical
database, the overall Gibbs free energy for the reaction of the experimental LPCVD process
is -64.6891 kJ/mol. This implies that the SiC formation is thermodynamically feasible and
spontaneous.

The manner in which a thin-film grows depends on several growth process factors
such as pressure, substrate temperature, the ratio of the individual reactants introduced, and
the substrate on which the thin-film is grown. Regardless of the material being grown, the
progression of thin-film formation involves stages of nucleation and growth. The beginning
stages of film growth occur when a sufficient number of the reactant vapor atoms/molecules
condense on the substrate. This is known as nucleation and after enough atoms have bonded

together, small clusters or islands are formed. [OHR] These islands are highly mobile and
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as adatoms impinge on the small clusters, the islands grow in size and the density of islands
on the substrate increases rapidly. The collection of smaller clusters and subsequent merging
of the islands occurs by a process of coalescence, which ultimately decreases the island
density by forming a connected network of larger islands between which denuded zones
exist. The isolated denuded zones are free of condensed reactant atoms and thus further
nucleation can occur. With further deposition, these denuded zones fill in and shrink due to
coalescence and the process proceeds until a continuous layer exists.

There are three accepted modes regarding thin-film nucleation and growth for CVD
processes: Volmer-Weber, Frank-Van der Merwe, and Stranski-Krastanov. In the Volmer-
Weber model nucleation of the film occurs in the form of discrete 3D nuclei on the surface of
the substrate. The film growth progresses by an increase in both the number and size of the
present nuclei. This increases until the nuclei intergrow with each other to form a continuous
film. In the Frank and VVan der Merwe model, film growth tends to proceed in a layer-by-
layer growth. This is due to the fact that adatoms are more likely to attach to the substrate
surface than to other film material surfaces [FRE]. Once small islands are formed, additional
adatoms form on the periphery of the islands where they can bond directly to both the
substrate and film atoms. This process proceeds by subsequent epitaxial growth. The
Stransky-Krastanov model combines features of the two previous models. Nucleation and
growth occurs in a layer-by-layer manner until a finite number of monolayers are produced.
Subsequent film formation occurs by the formation of discrete nuclei as described by the
Volmer-Weber model. [HAR, FRE] A pictorial representation of these different modes is

shown below in Figure 2.2.

10
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Figure 2.2: Modes of Thin-Film Growth. [HAR]

2.2 Review of Common SiC Growth Techniques

Silicon carbide is only just beginning to become a widespread substitute for Si as the
semiconductor material of choice due in no small part to issues regarding the deposition of
SiC films. For most MEMS applications Si/polysilicon films can be grown on a mass
production scale using relatively low temperatures and simple resistive heating furnaces. SiC
presents a greater challenge due to its structure. When heteroepitaxially growing SiC on Si
the resulting thermal mismatch results in residual stresses of the SiC film [2,6] as is the case
when growing any thin-film material heteroepitaxially. One material property of SiC that is
very promising for applications to MEMS also poses a considerable problem for deposition

of SiC, with that being the thermodynamic stability of SiC at very high temperatures. This
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makes the use of an annealing process to eliminate the residual stresses impractical. [CHE1]
The only practical method in reducing the film stress of the SiC film is to adjust certain
parameters in the furnace process being used to grow thin-film material.

Considering doping of SiC for use in semiconductor devices, the diffusion constants
are all very low making solid source diffusion impossible so doping of SiC is typically
achieved using ion implantation or the more commonly used in-situ doping. [CHE1]
However, despite these issues several techniques have been developed for growing the three
most relevant polytypes: 3C, 4H, and 6H. 3C SiC has emerged as the polytype of choice in
MEMS applications because it can be heteroepitaxially grown on Si which is readily
available. The two hexagonal polytypes form at temperatures above the melting point of Si
making synthesis on Si wafers impossible. [CHE1] However, 6H SiC pressure and
acceleration sensors have been fabricated by growing epitaxial 6H films on commercially
available 6H SiC wafers using CVD furnace processes similar to those commonly used in the
fabrication of Si devices. [CHE1] Due to the preference of 3C SiC in MEMS applications
the following discussion of various deposition techniques is geared toward the 3C polytype.

Atmospheric Pressure Chemical Vapor Deposition (APCVD) was one of the first
techniques used to grow epitaxial 3C and 6H SiC films mainly because this method has
fewer components that are sensitive to temperature than low-pressure systems. This is
advantageous for SiC epitaxy since typical temperatures range from approximately 900 to
1300 °C for the growth of 3C films on Si substrates to over 1700 °C for 6H growth on 6H
SiC substrates. [CHE1] In general, APCVD reaction chambers consist of a double walled

fused silica tube which has chilled water running between the walls. Maintaining a low
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temperature on the chamber walls acts to minimize deposition, as well as any particulate
formation. [CHE1] These systems can be either orientated horizontally or vertically, with the
latter being useful for larger wafer sizes and can also serve to minimize particulate deposition
on the substrate due to the vertical orientation of the wafer. A schematic of a typical
horizontal APCVD system is shown below in Figure 2.3. To achieve the high temperatures
for deposition needed in order for epitaxial growth, the substrates are loaded onto a susceptor
which is coated with SiC. This SiC coated, graphite piece is placed central in the chamber
with respect to the RF-driven induction coils wound around the chamber. This susceptor is
heated by the RF coils through induction to the elevated temperatures required for SiC CVD

growth.

Cold Wall Chamber

Exhaust

RF Induction Coils

Figure 2.3: Schematic of Typical APCVD Chamber Used for SiC Epitaxy [CHEL].

The most common APCVD process for growing 3C SiC on Si involves exposing the Si wafer
to a hydrocarbon gas mixed with an H; carrier gas and heating the susceptor to roughly 1300
°C. The most common of the hydrocarbon gases used in this type of process is propane

(C3sHg). Over about a 90 second period, the gas flow and temperature control is held constant
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during which a process known as carbonization occurs. The carbonization process consists
of the propane gas flowing over the heated sample where it is decomposed into reactive
hydrocarbon radicals. These radicals readily react with the free Si atoms to form a thin layer
of SiC. [ROY2] This process alone is not the sole means of growing the 3C SiC films
because the growth rates tend to be nonlinear, dropping off with time. [CHE1, ROY2] To
produce the several micron thicknesses used in MEMS applications, the growth rate is
increased by the addition of a gas containing Si, typically silane (SiH,) into the carrier gas.
[CHEZL, ROY2] This process is not limited to epitaxial growth of SiC and a similar process
has been created to grow polycrystalline, 3C SiC films. [ROY2] Poly-SiC films have been
shown to be more versatile in MEMS applications because they can be grown on several
different substrates i.e. SiO5, polysilicon, and SisN4. [CHEL] The process for growing Poly-
SiC varies with the substrate, but if the substrate is amorphous then a carbonization stage is
not very effective and the susceptor is heated to a temperature slightly lower than that for
heteroepitaxial 3C SiC growth and the precursor gases are injected [CHE1].

Another important growth technique used in SiC MEMS fabrication is plasma-
enhanced chemical vapor deposition (PECVD). PECVD enables SiC films to be formed at
much lower temperatures than APCVD in the range of just 200-400 °C. Typically the
microstructure of as-deposited PECVD SiC films is amorphous but crystalline SiC films can
be achieved by a post-growth anneal [CHE1]. PECVD SiC is particularly useful because it
can be deposited using commercially available PECVD systems due to its amorphous nature.
Typical precursor gases used in PECVD processes include SiH4, CHy4, and CgH1gSio. With

the latter, hexamethyldislane, being a single precursor feed gas. The low operating
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temperature is due to the process being controlled by the electron temperature, T, of the
plasma.

Perhaps the most widely used method of SiC film growth, however, is low pressure
chemical vapor deposition (LPCVD). This process allows for a wide range of precursors to
be used and due to the low processing pressure film thicknesses tend to be more uniform than
the previously mentioned APCVD method [CHE1]. For epitaxial 3C SiC growth, several
processes exist using both single and dual precursors. Processes involving single precursors
can be used for epitaxial 3C growth without a need for a carbonization stage and at lower
temperatures than APCVD and dual precursor LPCVD processes. [CHE1] One such process
which is useful in the development of free-standing 3C SiC membranes for sensors involves
the use of mono-methylsilane (H3Si-CH3) which yielded 3C SiC films on Si substrates at
temperatures as low as 1000 °C. [CHE1] An example of dual precursors used in the epitaxial
growth of 3C SiC involved the use of dichlorosilane or DCS (SiH,Cl,) and acetylene (C,H,)
over a much lower temperature range of 750-1050 °C with the maximum temperature
corresponding to the film growth steps. Using a multiple step process which involved an
initial carbonization stage, the DCS and acetylene flows were alternated such that the first
step involved the deposition of a thin Si epitaxial layer and the second carbon-based
precursor carbonized the Si layer producing a SiC epitaxial film [CHEL].

LPCVD is also widely used to deposit polycrystalline 3C SiC films, which is quickly
becoming the dominant crystalline phase in SiC MEMS. Since the growth of poly-SiC films
does not require an initial carbonization step prior to film growth, LPCVD growth of

polycrystalline 3C SiC only requires that the precursors dissociate and react at a specified
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substrate temperature. Both single and dual precursors can be used for the growth of poly-3C
SiC. An example of a LPCVD system designed for high volume production of poly-3C SiC
is shown on the following page in Figure 2.4. This process involves the use of the dual
precursors DCS and acetylene and can deposit MEMS quality poly-3C SiC films at

temperatures ranging from 750-900 °C and pressures from 460 mTorr to 5 Torr [CHEL].

Vacuum Gauge

Resistive Heater Elements

Throttle Valve
&
Resistive Heater Elements
a Vacuum Pump
N2 2H2
SiHlCl2

Figure 2.4: Schematic of LPCVD System Used for High-Volume Production of 3C SiC.
[CHEL]

A wide variety of deposition techniques have been developed for MEMS grade SiC
films, with the most widely used and well characterized being CVD. The most commonly
characterized polytype for deposition is 3C SiC since it is the only polytype which can be
grown on Si. This makes it the most widely used for MEMS applications. Processes exist

using the previous CVD techniques discussed that can deposit single crystalline,
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polycrystalline, and amorphous SiC films which are of the quality suitable for MEMS and
micromachining.
2.3 Experimental 3C SiC Growth Process

Advances in growth techniques of SiC and the compatibility with well known silicon
processing techniques has generated new opportunities for replacing silicon as the material of
choice especially in microelectromechanical systems (MEMS). The desire to do so is due to
the superior mechanical and electrical properties of SiC. One of the most promising
polytypes of SiC for use in MEMS is the cubic-structured, polycrystalline 3C SiC. Several
methods have been researched for growing 3C SiC including plasma-enhanced chemical
vapor deposition (PECVD), ion-beam assisted deposition (IBAD), and atmospheric pressure
chemical vapor deposition (APCVD) but the most well characterized method is low-pressure
chemical vapor deposition (LPCVD). The process used to grow the 3C SiC is similar to
already reported LPCVD processes discussed previously. The poly-SiC films were deposited
on 100 mm diameter (100) silicon wafers in a high-throughput, hot-wall, horizontal furnace
using the dual precursor gases dicholorsilane (SiH,Cl,) and acetylene (C,H,) as the supply of
silicon and carbon. In order to produce semiconductor-grade poly-SiC films, ammonia was
incorporated to introduce nitrogen as an in-situ n-type dopant in order to study the effects of
radiation on electrical performance. In most of the runs made, the ammonia gas flow was
minimal in order to grow thin-films for mechanical characterization. However, since the
characterization involved an already established baseline process, the gas flow parameters

were held constant and a 7 sccm NH; flow was present for each undoped run.
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The dual-precursor gases were introduced into the cylindrical reaction chamber
simultaneously following an initial carbonization stage in which an ultra-thin carbon film
was deposited on the silicon substrate. The purpose of the initial carbon film is to promote
stoichiometry and to improve the uniformity of the SiC films. [MAD, SER] The gas flow
rates during the main deposition step of the process were held constant for the duration. The
temperature of the LPCVD process was also constant and was maintained along the length of
the quartz tube at 900 °C. Figure 2.5 shown below depicts the LPCVD process used with

temperature as a function of time.

Temperature (°C) 900

400

Time (minutes)

Figure 2.5: Visual summary of LPCVD process steps used in poly-SiC growth.

As shown in Figure 2.5 the LPCVD process used to grow our poly-SiC thin-films was

achieved at a constant temperature of 900 °C. The initial step of the LPCVD process (I)

represents a ramp-up stage for the heating coils in the furnace tube for which the ambient
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temperature varied between 400 and 424 °C. Step Il involved a temperature stabilization to

eliminate any deviation and nonuniformity of the temperature measured at the back, center,

and front of the quartz tube. In addition, this step included an N, purge where a maximum

nitrogen flow was introduced in order to automatically adjust the throttle valve position to the

predetermined growth process pressure. The carbonization of the silicon substrate was

conducted in step 111 and involved a two-minute flow of C,H, mixed with a hydrogen carrier

gas. Step IV in Figure 2.5 represents the bulk growth step of the 3C SiC thin-film. The time

of the main deposition stage depends exclusively on the deposition pressure and the desired

thickness. This is due to the fact that the process pressure was found to directly affect the

deposition rate as is shown below in Figure 2.6.
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Figure 2.6: Experimentally measured SiC growth rate as a function of LPCVD process

pressure for undoped 3C SiC.
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All deposition rates were determined for the wafer that corresponded to the middle position
with respect to the other wafers in the run. Typically each run consisted of 3-4 wafers in all.
The deposition rates were found to be consistent across the small section of the quartz boat.

It is important to note that the undoped 3C SiC thin-films grown using this process included a
small amount of ammonia since the undoped films were run with the baseline process on the
LPCVD furnace. From Figure 8 above, it is apparent that a nearly linear increase in the
deposition rate occurs around the transition from tensile to compressive residual stress. This
coincides with the transition from lower to higher process pressure which occurs around 400

mTorr.
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CHAPTER 3: Stress Characterization & Analysis

3.1 Residual Stress in Thin-Films

A common concern for materials used in the fabrication of MEMS structures is
residual stress and stress gradient in thin-films. It has been reported in literature that poly-
SiC films deposited on silicon substrates generally exhibit high residual stress and stress
gradients. [FU3] For MEMS applications, the residual stress and stress gradients can be
highly detrimental to the performance of MEM devices. For instance, highly tensile stresses
can result in deformation of the active structures and highly compressive stresses can lead to
buckling of clamped structures. Residual stress gradients can also result in deflection of
cantilever structures that is out-of-plane. While the effects of high residual stress are
undesirable in MEMS application, they are the basis of this report as an effective method of
determining the change in the stress characteristics of the thin-film SiC as a result of
radiation damage.

Stress in thin films is divided into two categories: intrinsic and extrinsic stresses.
Intrinsic or growth stresses are strongly dependent on the mobility of adatoms on the growth
surface and the mobility of the grain boundaries during growth [FRE1], as well as the
homologous temperature (Tsus/ Tmeir). The main source of extrinsic stress for the growth of
nanocrystalline 3C-SiC on Si is the difference in the thermal expansion coefficient (~8%)
which results in the external loading as a result of the post-growth temperature change. This

effect is constant and repeatable provided the substrate and film thicknesses are consistent.
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Therefore understanding the development of the intrinsic stress is an important aspect since it
can be directly controlled through adjustment of the growth parameters.

It is first important to understand the nature of the measureable effect of residual
stresses present in film-substrate systems. The initial assumptions are that the film and
substrate are represented as two thin plates, each of which have different lateral dimensions,
and that the thickness of the film is much smaller than that of the substrate. [OHR]
Following the adhesion of the film to the substrate, the film seeks to recover its previous
lateral dimensions and this in turn causes the substrate to deform to reach a new equilibrium
state. The actual bending occurs due to the presence of bending moments at the edges of the
film-substrate stack. The induced strain on the substrate caused by the thin-film seeking to
return to its original geometry is due to several stress mechanisms which for polycrystalline
films are thermal and intrinsic in nature. A pictorial representation of this is shown below in

Figure 3.1.
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Figure 3.1: Sequential Stages of deposition of thin-film on substrate. (a) Initially the
substrate is unstrained (b) deposited film is strained to match substrate and (c) film-substrate
stack is deformed until equilibrium is reached. [CAR]

The cause of the strain induced matching of the thin-film to the substrate is predominantly
caused by lattice mismatching for single-crystal SiC. This is caused by the ~22% difference
in the lattice constants of SiC and Si. In poly-SiC this is due to the mismatch (~8%) of the
thermal expansion coefficients as well as intrinsic, microstructure strain as a result of defects
such as stacking faults and twins and the nature of the grain growth and the evolution of the
grain structure. [YUN] Regardless of the cause the measureable response of residual stress is
general, a film which is stretched to match the surface area of the substrate will generate
uncompensated bending moments at the edges which will bend the substrate upwards and
result in a residual tensile stress state in the thin-film and vice versa for a film which has a

compressive stress state. [OHR] The bending is ultimately the result of counterbalancing the
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bending moments that are generated as a result of the deformation induced. These thermal
and intrinsic strain mechanisms are superimposed as a total residual stress in the film which
was measured using mechanical profilometry and quantified using the Stoney relation. This

approximation of film stress is given below in Eq. 2,

1 E.d?
Gf =

6R (1-v,)d, =42

where R is the radius of curvature of the thin-film/substrate, Es is Young’s modulus of the
substrate, d; is the thickness of the substrate, d; is the thickness of the film, and vs is the
Poisson ratio of the substrate. A more accurate model, especially for the 3C SiC films
discussed in this report includes the contribution of thermally induced strain on the extent of

bowing and is shown below in Eq. 3.

1 6E,(1-v,)d,

RTEG rla e AT Eq3
s f s

In the above equation, as and os are the thermal expansion coefficients of the substrate and
film, respectively and AT is the difference between the temperature of the growth process and
room temperature. [OHR] This deflection is based on a thermal stress addition to the Stoney

relation which is shown below in Eq. 4,
E
af(T):(as—af)AT(l_—fv) Eq.4
f

There are some assumptions in determining residual film stress by using the Stoney formula
which affects the accuracy of this model. This method assumes that substrate deflections are

initially small for all dimensions, which is a reasonable assumption since the initial silicon
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wafers are relatively flat. This is evident by the pre-deposition scans taken for a typical run
made while creating the stress matrix and is shown below in Figure 3.2. All curvature
measurements were made at three standard angles and the stress is determined using a built
in algorithm based on Eq. 2. It is apparent that the curvature of the wafer depicted in Figure
10 from the change in the curvature after the heteroepitaxial growth of the SiC, the internal
stress of the silicon wafer is low. A second assumption made by the Stoney relation is that
both the film and substrate material properties are homogeneous and isotropic. [CAR] This
IS not quite accurate as the difference in the maximum and the average stress in some runs

was found to be over 100 MPa.
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Figure 3.2: Sample Pre- and Post-deposition profilometry scan of a compressive stress run.
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3.2 Residual Stress & Film Analysis

In order to control the residual stress state of the thin films, the deposition pressure
was adjusted between 210 and 475 mTorr. Adjusting pressure as a means of controlling film
stress was previously reported by Fu, et al. [FU3] Fu and his colleagues presented a general
trend of increasing compressive thin film stress state with increasing deposition pressure,
however further increases in deposition pressure resulted in a saturation at -98 MPa. That
same observation was made in this work as well, albeit at a much lower pressure.

The method used in the analysis of the residual film stress consisted of using a stylus-
type profilometer to measure the wafer curvature at three angles relative to the major flat of
the (100) Si wafer. Of these three scan angles one was perpendicular to the main flat and one
parallel to the main flat. The curvature of the silicon wafers were measured before and after
deposition and a stress was determined based on Eq. 2. The stress values from the three scan
angles were then averaged in order to get a single value for the residual stress. Shown below
in Figure 3.3, is the experimental data of residual film stress as a function of process pressure
for wafers located in the center of the range of slots used in the furnace boat. The purpose of
using a small range of slots was due to the observed stress variation with respect to wafer

position along the length of the furnace tube.
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Figure 3.3: Film stress behavior as a function of LPCVD process pressure.

A possible explanation of this behavior involves the difference in the grain sizes
observed at low and high pressure states. [FU3] These are directly impacted by the LPCVD
process parameters and general geometry of the reactor chamber. In addition, the residual
stress has also been attributed to the grain formation at the film-substrate interface. It has
been observed that for highly compressive 3C SiC films the grains are more aligned
suggesting that the lateral growth of grains is limited during the initial stages of nucleation.
[FU3] This observation has been attributed to the high density of nuclei present at the surface
due to the higher process pressure. The high deposition pressures result in non-preferential

grain growth and grain crowding. The opposite is observed for tensile films grown at lower

pressures.
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For most film-substrate combinations, with a high growth flux and moderate
homologous temperature (Tsu,/ Tmeit) polycrystalline films are grown by the Volmer-Weber
(VW) mode. [FRE1] The adatoms form clusters on the substrate which increase in size until
they impinge on adjacent clusters to ultimately form a continuous film. Stress changes in the
polycrystalline film correlate with the sequential steps in the film growth process. This is

represented below in Figure 3.4.

Mean Film Thickness

Volume-averaged Film Stress

Figure 3.4: Qualitative volume averaged residual film stress behavior as a function of
sequential growth steps for polycrystalline thin film growth. [FRE]

The initial compressive film stress observed in the growth of many polycrystalline
thin films corresponds to the early stage of island growth. During the island growth process,

the crystallites forming on the growth surface become “attached” to the substrate such that
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upon further growth of the islands an internal elastic strain is generated. Normally this strain
would relax as the radius of the island increased but due to the constraint of the substrate this
internal relaxation does not occur. [FRE1] As a result of the increasing strain due to the
increase in the size of island a volume-averaged compressive stress results in the individual
crystallites. A second contributing factor is the importance of the density of the islands
present on the growth surface. The stress field of an isolated island has no resultant force on
the substrate and the magnitude of the field tails off within a short distance from the island.
For a distribution of islands to result in a non-negligible stress field, the density of the islands
must such that the fields of the islands interact. [FRE1]

This small overall compressive film stress is active until the islands establish large
area contiguity or island-to-island coalescence across the substrate. As mentioned
previously, this stage of the growth process adatoms continue to impinge on the islands and
as a result the surface area of the islands expand until they begin to merge together. During
this process the volume-averaged film stress becomes highly tensile. The most widely
accepted explanation of this compressive to tensile transition during the initial stages of
polycrystalline film growth is based on work performed by Hoffman and Doljack and later
by Nix. [CAP, FRE1] They hypothesized that the small gaps between impinging islands can
be closed by forming grain boundaries. As the islands begin to make contact they still have a
relatively high surface area and therefore a high surface energy. As the islands continue to
coalesce and the grain boundary is formed, the decrease in the surface area and therefore the
high surface energy is replaced by the relatively low interfacial energy of the grain boundary.

In lowering the net total energy of the system of islands and the corresponding reduction in
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surface area of the film, the participating islands become elastically strained with a tensile
state. [FRE1] The critical island size at which coalescence occurs is generally influenced by
a combination of process parameters such as the growth flux (function of pressure), substrate
temperature, and surface diffusivity of the impinging adatoms. [FRE1]

The final evolution in the stress behavior shown in Figure 3.4 occurs with continued
film growth and is represented by a transition from tensile to a steady-state compressive
stress state for a fixed growth flux and substrate temperature. [FRE1] The compressive stress
that arises in polycrystalline films has been attributed to the excess number of atoms in the
film due to the deposition flux and the presence of grain boundaries. [CHA, FRE1] The
supersaturated distribution of adatoms on the growing film provided by the growth flux have
free energies greater than the surface atoms of the growing film, which have free energies
higher than atoms in the interior of the film. The free energy of the surface atoms may not be
sufficient to drive the incoming adatoms into interstitial sites in the lattice, but the surface
atoms can lower their free energies by migrating into the grain boundaries. [FRE1] This
incorporation of excess atoms into the grain boundaries results in a compressive stress in the
film. In addition the driving force for adding additional atoms into the grain boundaries
decreases with increasing magnitude of the compressive stress, which leads to the steady-
state value observed in the experimental data shown in Figure 3.3.

The high tensile stress states at lower process pressures can potentially be explained
by the reduction of grain boundary area and corresponding grain growth. This coincides with
the larger grain sizes observed in the 3C SiC films. This effect is a result of the fact that the

material inside the grain boundaries is less dense than inside the grain due to the relative

30

www.manaraa.com



atomic disorder inside the grain boundaries. Therefore a reduction in the grain boundary area
leads to a densification of the film and tensile stresses in it. [FRE] An energy per unit area is
associated with each grain boundary surface which is representative of the amount of excess
energy of the grain boundary above that of the lattice structure within the grains. [FRE1] This
excess energy can be reduced by decreasing the total area of the grain boundary surface,
which is equivalent to a reduction of the net length of the grain boundary surface as measured
parallel to the film-substrate interface. For a representative material sample with several
interior grain boundaries, the material undergoes a stress-free isotropic contractive strain
when the grain boundary surface area is reduced. [FRE1] However, since the material is
constrained against normal displacement due to the surrounding bulk material an elastic
extensional strain is induced. This elastic strain corresponds to an elastic energy with
increases parabolically with increasing grain boundary area reduction. [FRE1] The degree
with which the elastic energy changes with respect to grain boundary area reduction is based
on the amount and nature of the initial stress state of the material. [FRE1] If it is assumed
that an initial compressive stress state exists, then the critical grain size at which the free
energy of the system is at a minimum increases, thereby promoting a greater degree of grain
growth and a larger resulting tensile stress. [FRE1]

Is it has been observed that the columnar grains present in the 3C SiC films exhibit
highly textured (111) orientation observed by transmission electron microscopy (TEM) and
X-ray diffraction (XRD) analysis. Columnar grains are formed if one crystal orientation is
preferred during film growth. The initial distribution of grain orientations is random, but

those grains with their preferred growth orientation parallel to the film normal dominate over
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the inclined grains during growth competition. Once the columnar microstructure has
evolved, adatoms can immediately add to the fast-growing crystalline planes without
inducing any compression. The preferred crystal orientations with the fastest growth rates are
the {111} directions as is evident by the highly textured <111> grain orientation. As a
consequence of the preferred growth direction, any new incoming adatom may deposit itself
in the grain boundary region between two grains. Even though this will cause an increase in
the strain energy, it may be the lowest overall energy state for the adatom. [GAO1] The
crystallinity of the 3C SiC films does not exhibit a large difference when analyzed at

different residual stress conditions, as is shown below in Figure 3.5.
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Figure 3.5: 0-20 scan results for highly tensile and compressive stressed 3C SiC films.
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Shown below in Figure 3.6 is a glancing incident angle XRD (GIXRD) scan made of the
compressive stress sample B2_W16 shown in Figure 3.5. By changing the tilt angle, ®, with
respect to the exact 20 angle location of the characteristic (111) 3C peak the primary silicon
peak and reflection peaks which tends to obscure lower intensity SiC peaks can be
eliminated. GIXRD essentially tilts the sample stage such that the x-rays interact with the
thin-film only. Such scans were performed on a variety of stress states in collaboration with
colleagues at the University of Tennessee-Knoxville in order to determine critical irradiation

dose which is discussed later in this report.
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Figure 3.6: GIXRD of 3C SiC thin-film deposited at approximately 300 mTorr.
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The peak at around 35° is the characteristic (111) 3C peak and there is some indication of
another orientation perhaps either (311) located at around 71.7° or (222) located at around
75°.

The following TEM images, shown in Figure 3.7, exhibit the qualitative observation
mentioned above showing that the films grown at higher pressures exhibit smaller grain

widths than those films grown at lower pressures.
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Figure 3.7: TEM images depicting smaller lateral growth of grain boundaries and higher
degree of uniform orientation of left image (highly compressive film) compared to the right
image (highly tensile film).

In order to characterize the change in the residual stress-strain characteristics of the
varied stressed 3C SiC films due to the onset of radiation-induced lattice damage it was

necessary to develop a platform which provided a means to quantify changes in the stress
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characteristics and in the crystallinity and microstructure of the film. This was achieved by
using arrays of dies containing adjacent microcantilevers and open areas of 3C SiC which
were utilized for focused ion beam (FIB) material removal for transmission electron
microscopy (TEM) and XRD. TEM and XRD were used to analyze the microstructure of the
film which is discussed below.

The polycrystalline 3C SiC films grown experimentally contain large densities of
stacking faults (SFs) within the individual grains. Stacking faults are defects in which the
proper order of stacking planes is interrupted by the addition of an extra plane due to
misoriented islands in the LPCVD growth. [SER] These errors in stacking sequences occur
along the (111) and are the result of the island growth method common to heteroepitaxy.
[YUN] The formation of these SFs is believed to be dominated by atomic deposition errors
on the {111} planes of individual crystallites and mismatches of lattice sites during the
coalescence of islands during film growth. [YUN] It has been proposed that these SFs
attribute to higher radiation tolerance observed in the nanocrystalline SiC. [ZHAZ2] In order
to attempt to control the SF density, the carbonization pressure was changed with respect to
the main growth pressure. This idea was based on previous research conducted on single-
crystal epitaxial growth of 3C SiC conducted by A. Severino, et al. where the pressure
difference between carbonization processes using LPCVD and APCVD systems was
investigated. Although the temperatures they used were much higher than 900°C, controlling
the growth pressure of the initial carbon seed layer seemed to be a logical first attempt.

Shown below in Table 3.1 are the run conditions used in these initial test runs.
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Table 3.1: Summary of growth pressures for LPCVD runs to control SF densities

Experiment | Carbonization Pressure Main Growth Pressure
# (mTorr) (mTorr)
1 231 264
2 418 434
3 330 330
4 248 444
5 434 225

The two runs investigated using high-resolution TEM are samples from the last two entries in
Table 3.1. The approximate SF densities were determined to range from 0.058-0.288 nm™
for the run where the carbonization pressure was 248 mT compared to the growth pressure of
444 mT and 0.3891-0.6159 nm™ for the carbonization pressure of 434 mT compared to the
growth pressure of 225 mT. Shown below in Figure 3.8 are high-resolution TEM images of

the samples used to estimate the SF densities.
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Figure 3.8: High-resolution TEM images of samples from experiments 4 and 5, discussed
above, illustrating the difference in microstructure. (Top) Images correspond to 248 mT
carbonization/444 mT growth; (Bottom) images correspond to 434 mT carbonization/225 mT
growth.

In the images shown in Figure 3.8, an apparent lamellar structure within the grains is

consistent in the 3C films grown, regardless of growth process parameters. Also apparent in
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Figure 3.8 is the mixing of SFs with those of adjacent grains. This is evident by the
interference in the images known as Moire fringes.
3.3 Microcantilever Design Process

The cantilever is an ideal structure to characterize the internal stress of the 3C SiC
since if a cantilever under fixed-free conditions and made of a homogenous material would
have no intrinsic stress-induced bending if the intrinsic stress is uniformly distributed
throughout the film thickness. As a result any nonuniformity in the stress distribution
throughout the thickness of the film would cause a gradient in the stress. The gradient in the
stress gives rise to bending of the cantilever after release from the substrate and is a direct
indication of the intrinsic stress gradient of the 3C SiC film.

Two process designs were developed to fabricate the microcantilever devices with the
difference between the two approaches being based on the method used to release the SiC
cantilever beams from the silicon substrate. The initial approach involved etching the silicon
substrate using a potassium-hydroxide (KOH) anisotropic chemical etch but due to etch
difficulties with post-irradiated samples and stress-induced delamination a purely plasma-
based approach was needed. The need for a plasma-based process flow was also due to an
oversight in the initial photolithographic mask design as discussed at the end of this section.

The mask design was based on a design used by Liudi Jiang et al. who used this
design in order to analyze the resonance characteristics of 3C-SiC for microsensor
applications. [JIA1] The anchors serve to eliminate any torsional component of beam
deflection. Inthe mask design process it was important to incorporate microcantilever

devices across the entire wafer to account for spatial film thickness and stress variations.
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Shown below in Figure 3.9 is a schematic of the photolithography mask used for pattern
transfer of the cantilever design onto the wafer. Each die consists of two sets of four
cantilevers with open areas adjacent to each set. This is enables a direct comparison of

adjacent sets of cantilevers for pre- and post-irradiation.

Figure 3.9: 1% level photolithography mask layout.

At various points in both design processes, plasma etching was employed using two common
industrial plasma sources: capacitively-coupled and inductively-coupled. A typical
capacitively-coupled plasma (CCP) source consists of two electrodes (cathode and anode)
with the plasma acting as the dielectric. A schematic representing a typical CCP system is

shown below in Figure 3.10.
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Figure 3.10: Typical capacitively-coupled plasma (CCP) source. [SHU]

Typical CCP systems involve an RF-powered cathode, on which the substrate sits, that is
operated at the standard RF frequency of 13.56 MHz. These systems produce low density
plasmas (~10"® m™) and use high voltages on the powered electrode necessary to achieve dc
bias voltages to yield fast etching through energetic ion bombardment. [COB]

In inductively-coupled plasma (ICP) systems the plasma is formed by coupling the
applied RF current delivered by way of RF coils wound parallel to a dielectric wall through
induction. The dielectric wall also serves to reduce the need of capacitive coupling allowing
low accelerating DC-bias voltages across the sheaths. [LIE] A diagram of a typical ICP

plasma source is shown below in Figure 3.11.
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Figure 3.11: Typical inductively-coupled plasma (ICP) source. [SHU]

The RF current induce opposing RF current in the plasma concentrated within a skin depth of

the plasma surface. The induced current is carried primarily by thermal electrons through

ohmic heating by rapidly transferring power by electron-electron and electron-neutral

collisions. Power is also transferred by a collisionless heating process in which free electrons

in the bulk plasma interact with the oscillating inductive electric fields within the skin depth

layer. [LIE] The inductive RF coils are commonly driven at the standard 13.56 MHz using a

50-Q supply matched using a L-shaped matching network which uses variable series and

shunt capacitors. In order to control the ion energies striking the substrate, the substrate is

typically placed on a second powered electrode (RF bias supply).
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The preliminary analysis prior to the first step of the cantilever fabrication process
involves the use of profilometry to measure wafer curvature after SiC growth and determine
the residual film stress. Following the determination of the stress, a 200 nm aluminum thin
film is deposited on the SiC to serve as a hard mask for subsequent plasma etching and the
structural layer for the first level photolithography. The deposition of the aluminum film was
achieved by the thermal evaporation of 99.99% pure aluminum pellets placed on a tantalum
crucible which is placed in physical contact with two separate electrodes. The largest
concern during the evaporation process is the flow of the molten aluminum from the center
of the crucible to the opposing edges. This results in the need to continuously increase the
output voltage of the transformer in order to maintain a constant current and therefore a
constant deposition rate in order to ensure film quality and uniformity. The aluminum
thickness was measured with a monitor wafer using profilometry. This thickness was
consistently on the order of 200 nm, taking into account nonuniformities during the
evaporation process.

Following deposition of the aluminum hard mask, the first lithography step is used to
transfer the cantilever pattern onto the hard mask. The configuration after the first

lithography step is shown in the quarter-dye illustration below in Figure 3.12.

W 1813 Photoresist
Ahmminum
B 3C-SiC

Figure 3.12: Quarter-dye schematic after 1% lithography step

42

www.manaraa.com



The next step in the process involves a chemical wet etching of the exposed aluminum for
which the 1813 photoresist acts as a mask. The chemical is a pre-mixed Transene — Type A
solution which is heated to a temperature of 40 °C to achieve an approximate etch rate of 80
AJsecond. In order to ensure a complete etch, the standard time for an aluminum thickness of
200 nm is three minutes which includes a 50% overetch. Immediately after etching the
wafers are thoroughly rinsed, placed in a spin dryer, and optically inspected to ensure the
quality of the etching process. The quarter-die view of the cantilevers at this point in the

process is shown below in Figure 3.13.

B 1813 Photoresist
Alpmimim
B 3C-5:C

Figure 3.13: Quarter-die cross-section of process flow after aluminum etch.

The next part of the process involves plasma etching through the exposed 3C SiC
down to the silicon substrate. For this part of the fabrication process an inductively-coupled
plasma system was used to anisotropically etch the SiC. The ICP system used was the
Alcatel AMS-100 deep reactive-ion etcher. A schematic of this system is shown below in
Figure 3.14. The process parameters used to etch the 3C SiC films are shown below in Table

3.2.
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Figure 3.14: Illustration of Alcatel AMS-100 DRIE used in microcantilever fabrication.

Table 3.2: Plasma process used in DRIE etching of 3C SiC films.

Etching Process Parameter

Nominal Value

Pressure (mTorr)
SFs Flow (sccm)
O, Flow (sccm)

Applied RF Source Power (W)
Applied RF Substrate Power (W)
Resulting V¢ bias (V)

Helium Cooling Pressure (Torr)/Flow (sccm)

4.125-4.725
80
20
1500
80
~19
7.5/0.1

The next steps of the process flow involved the removal of the aluminum hard mask

and the deposition of thin nitride and polysilicon films in order to perform the 2" level

lithography. The 2" level lithography was necessary to isolate adjacent areas of each die in

order to perform pre- and post-irradiation analysis. The SizN4 film is ultimately used as a

perfectly selective mask for the final KOH silicon etch and was deposited with a standard

LPCVD process using ammonia (NH3) and DCS (SiH,Cl,) as feed gases at a constant

temperature of 775 °C.
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Following the nitride deposition, a thin (~150 nm) polysilicon film was deposited in
order to serve the dual purpose of providing the pattern transfer layer for the 2" layer
lithography and as an etch mask for the chemical etching of the SisN4. The polysilicon
deposition uses disilane (Si;Hg) as the feed gas at a setpoint temperature of 630°C. The

quarter-dye view of the cantilever process flow at this point is shown below in Figure 3.15.

. Polysilicon
B  silicon Nitride

EEeea— W SsiiconCatbice

Figure 3.15: Quarter-dye cross sectional view of the process flow following silicon nitride &
polysilicon deposition.

As is evident in Figure 3.15, the deposition of the silicon nitride and polysilicon was
conformal with respect to the features. This was necessary in order to account for lateral
etching of both films. At this point in the process flow, the 2" level lithography mentioned

previously is performed. The photolithography mask used for this is shown below in Figure

3.16.
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Figure 3.16: Second-level photolithography mask used in order to isolate adjacent sets of
cantilevers on each die.

The 2"-level lithography step forms a trench which is later transferred into the polysilicon
layer by plasma etching. The quarter-die of the process flow after the final deposition step is

shown below in Figure 3.17.
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Figure 3.17: Quarter-die view of cantilevers following 2™ level photolithography.

The next step involves etching the trench pattern into the polysilicon film using the
photoresist as the etch mask. The reactive-ion etch of the polysilicon was conducted in a
CCP plasma system as discussed above. The plasma etching system used to etch the
polysilicon was the Semigroup RIE 1000 TP. The process parameters used in the anisotropic

polysilicon etch is shown below in Table 3.3.

Table 3.3: Plasma process used to etch polysilicon in KOH-based design process.

Etching Process Parameter Nominal Value
Pressure (mTorr) 30
SF¢ Flow (sccm) 15
O, Flow (sccm) 7.5
Applied RF Power (W) 80
Resulting Vg bias (V) ~ 132
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By plasma etching the polysilicon, the material will only be removed from the top of the
wafer unlike chemical etching which would remove polysilicon from the top and bottom of
the wafer. This is important because the polysilicon film serves as the etch mask for the
subsequent silicon nitride chemical etch and by only removing it from exposed areas on the
top of the wafer, the polysilicon on the bottom of the wafer will prevent backside etching of
the underlying silicon nitride. With the polysilicon being removed only from the trenches,
the remaining photoresist is stripped from the wafer using a solution bath known as Nano-
Strip™ which is roughly 90% sulfuric acid. Following the removal of the photoresist, the
wafers are rinsed and placed in a spin dryer. The quarter-die progression of the process after

the polysilicon plasma etch is shown below in Figure 3.18.

. Polysilicon
[  siticon Nitride

[ siicon Carbide

Figure 3.18: Quarter-die representation of the process flow following the plasma etching of
polysilicon.
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Following the polysilicon etching, the SisN4 film is exposed only in the trenches
where the cantilevers are released for pre-irradiation analysis. The next step of the
fabrication process involves a hot phosphoric acid chemical etch in order to remove the
silicon nitride to expose the silicon substrate. Only the silicon nitride not masked by the
polysilicon will be etched in the hot phosphoric acid solution heated to 180 °C. The solution
is pre-mixed and produced by Transene. The predicted etch rate was 12.5 nm/min and with
an added overetch, the overall time of the silicon nitride chemical etch for an approximate
thickness of 200 nm was 30 minutes. The progression of the wafer can be seen below in

Figure 3.19 in the quarter-die illustration.

Figure 3.19: Quarter-die view following the silicon nitride etch

At this point in the fabrication process, the cantilevers are ready to be released using

KOH chemical etching. It is important to mention that in order to use a specific wafer holder
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for the KOH etch, which protects the sides from etching, it was necessary to use 300 um
thick silicon wafers. The cantilevers adjacent to the one shown in Figure 3.19 above remain
covered by the polysilicon and silicon nitride and therefore remain unreleased. The KOH
solution was heated to 80 °C and consisted of a KOH/deionized water ratio of 40%. The
characteristic etching of KOH for (100) silicon occurs along the (110) planes as shown below

in Figure 3.20.

Figure 3.20: Progression of KOH chemical etch of (100) silicon. [L1U2]

For chemical etching of (100) silicon, the etch proceeds most quickly along the <100> and
<110> directions, with the <110> coming out of the page when referring to Figure 3.20
above. Etching also occurs in the <111> direction but at a much slower rate than the others
mentioned, however it is the etch rate in the <111> which ultimately allows for the

termination of the etch at a point resulting in an inverse pyramidal structure. [LIU2] Based
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on the size of the initial opening in the mask, the termination of the etch can be directly
controlled.

The opening of the mask shown in Figure 3.20 was designed for a etch depth of 200
pm with the size of the opening being 583.2 um. This opening was determined based on the
longest cantilever beam (250 um) plus the length of the anchor (50 um). This mask design
introduced the inaccuracy of releasing the entire anchor of the cantilever beam which
dampens the true deflection of the cantilever beam based on the size of the anchor. The

original mask design is shown below in Figure 3.21,

54.7°

141.6 microns 300 microns 141.6 microns

Figure 3.21: Original dimensions used to determine mask design for 1 level lithography

In order to correct this oversight, the open area of the mask shown in Figure 3.21 can be
reduced by a total of 50 microns in order for the release point to occur at a point half the
length of the anchor. Due to the cost and time constraints of making a new mask, a plasma-
based work around was developed by using a low-bias, high pressure plasma etch which

isotropically etched the silicon substrate underneath the thin-film SiC, while incurring

51

www.manaraa.com



negligible lateral etching of the SiC cantilever beams. This etch was done using the

previously mentioned DRIE system for which the process is shown below in Table 3.4,

Table 3.4: DRIE process parameters used in isotropic etching of silicon substrate in alternate
design process flow.

Etching Process Parameter Nominal Value
Pressure (mTorr) 5.6-5.85
SF¢ Flow (sccm) 80
O, Flow (sccm) 20
Applied RF Source Power (W) 1500
Applied RF Substrate Power (W) 9
Resulting DC Bias Voltage (V) 12-12.5
Helium Cooling Pressure (Torr)/Flow 7.5/0.1
(sccm)

By using an isotropic plasma etch, the release point can be controlled by the duration of the
etch. Based on initial characterization of the lateral etch rate of the process, the optimal time
was determined to be 18.664 minutes. One issue with the initial characterization of the
silicon etching process was filaments of silicon adhering to the SiC cantilever beams after
release. This can be seen below in Figure 3.22 and was corrected by closing the throttle
valve between the plasma chamber and the turbomolecular pump to the point where it was
only 25% open. This increased the pressure in the chamber to value given in Table 3.4 above
and reduced the mean-free path of the ions. Reducing the mean-free path of the molecular
species in the chamber results in an increase in the local density of chemically reactive

species and thus improves the isotropic etch characteristics.
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Figure 3.22: SEM image showing silicon attached to the SiC cantilevers after releasing from
the bulk silicon substrate

The difference in the method of silicon etching on the release endpoint of the cantilevers is

shown in the representative SEM images below in Figure 3.23.
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Figure 3.23: SEM Images of (a) cantilevers released using KOH and (b) cantilevers released
by DRIE plasma etching.

These are images from wafers with (a) -201.333 MPa and (b) -159.333 MPa residual stress
values. From Figure 3.23 (a) it is can be seen that with the photolithography mask as is, the
release endpoint of the cantilevers extends through the full length of the anchor such that the
entire anchor is entirely released and therefore contributes to the overall deflection of the
beam. However, with the plasma-based process the release endpoint is directly controllable
and is dependent on the duration of the etch alone. In Figure 3.23 (b) the ridges of silicon
directly beneath the cantilever beams are a result of mutual repulsion of the fluorine ions and
the non-zero RF current applied to the substrate holder of the DRIE system. The lateral
endpoint of the isotropic silicon etch can be observed in greater detail in the SEM image

shown below in Figure 3.24.
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Figure 3.24: High magnification image of release point of microcantilevers using plasma-
based fabrication process.

The additional need for a plasma-based cantilever release method was due in
combination to the high residual stresses of the thin-film SiC and the evolution of crystalline
changes as a result of radiation damage since the peak damage of all radiation experiments
described later occurred in the silicon substrate. The change in the crystal structure of the
silicon substrate is evident by the evolution of the (311) silicon peak in Figure 3.25 shown

below.
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Figure 3.25: Evolution of prominent 3C SiC peaks after irradiation [ZHAZ2]

The evolution of the (311) Si peak and to a lesser degree the (422) Si peak as a result of
increasing radiation dose is due to the amorphization of the Si substrate which changes the
anisotropic KOH etching to the point that the stress effects at the edges of the features
become problematic and the cantilever devices are destroyed. The destruction of the
microcantilever devices as a result of the change in etching characteristics of the KOH

chemical etch is shown below in Figure 3.26.
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Figure 3.26: Stress-induced delamination due to altered KOH etch characteristics as a result
of c-a transition of silicon substrate post-irradiation.
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It was for this reason that an approach utilizing high density plasma etching was used both to
etch the cantilever pattern into the SiC and to subsequently release the cantilevers from the
silicon substrate.

The plasma-based process utilizes sputtered titanium and aluminum to act as hard
masks for the etching process, since the polysilicon and silicon nitride used in the KOH
process do not yield the selectivity necessary to conduct the plasma etching. As a result, ion
irradiation needs to be done through the thin titanium hard mask in order to do post
irradiation release. The first step in this process flow involves the DC sputtering of a 200 nm
titanium film on the 3C SiC thin-film followed by the identical 1% level lithography as shown

in Figure 3.27 below.

Figure 3.27: 1% level lithography for plasma-based process flow.

The titanium is then etched using a buffered oxide etch (BOE) solution which is essentially
diluted hydrofluoric acid. The cross sectional view of the microcantilever following the

titanium chemical etching is shown below in Figure 3.28 below.
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Figure 3.28: View of microcantilever following chemical etching of the titanium layer.

This now provides the cantilever pattern that can be etched into the SiC film. The next step
in the process flow involves the DRIE plasma etching of the exposed SiC using the process
described in Table 3.3. Following this etch, the deposition of a thin, 100 nm aluminum layer
is conducted to serve as a sacrificial layer to do the 2™ level lithography which involves
isolating two adjacent sets of cantilevers in each die. After deposition of the aluminum film,
the 2" level photolithography is performed and the exposed aluminum is chemically etched
using the same solution as described in the KOH-based process flow the process progression

is represented below in Figure 3.29.
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Figure 3.29: Progression following 2" level photolithography and aluminum chemical
etching.

The next step in the process flow involves the DRIE isotropic etch of the exposed silicon
substrate in order to release the cantilevers. This process is shown above in Table 3.4 and
has a high selectivity with respect to both the aluminum and titanium hard masks. Following
this, the remaining exposed titanium is removed by BOE and the remaining aluminum is
stripped by chemical etching and since the Transene solution described previously is
selective with respect to titanium, the unetched titanium hard mask will not be removed.
This process flow is still a work in progress due to the need to perform an additional 2" level

photolithography step after irradiation of the die.
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CHAPTER 4: Analysis of Radiation-Induced Damage & Microstructural

Effects

4.1 Radiation Damage in SiC

Investigating the applicability of SiC as a material for use in high-radiation
environments requires understanding the effects of the damage formation and defect
accumulation due to ion and neutron irradiation [GAO]. An example of the application of
SiC in such environments is as a structural layer in fuel coatings for next-generation nuclear
reactors such as the TRISO fuel design previously discussed. For use as a structural layer, it
is important to consider how the film stress changes due to microstructural changes in the
lattice structure as a result of defect production due to ionizing radiation. This is due to the
fact that at radiation temperatures less than approximately 423 K, accumulation of strain due
to defect production can exceed a critical level where amorphization occurs.[SNE] The low
temperature amorphization implies that the most dramatic microstructural changes occur
during radiation exposure at low temperatures. [SNE] The microstructural effects of both
neutron and ion irradiation of 3C SiC indicates the formation of small clusters of self-
interstitial atoms or dislocation loops which even at temperatures below several hundred
Kelvin can lead to an accumulation of film strain which can directly lead to crystalline-to-
amorphous transition (c-a transition).[SNE] This film strain is a result of the swelling effect
observed in the SiC crystal structure. The figure shown below summarizes some of the
experimental work and mechanisms associated with microstructural development of 3C SiC

for a wide range of irradiation temperatures and fluences.[SNE]
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Figure 4.1 - Microstructural effects of neutron and self-ion irradiation temperature & dose for

3C SiC. [SNE]

From Figure 4.1 above it can be seen that for fluences below approximately 0.5 dpa, no

defect clustering or networks is observed, although at fluences of 1 dpa and above dislocation

loops and clusters, as well as voids have been observed.[SNE]

This swelling of the lattice structure as a result of microstructural defect clustering is

an important characteristic in the applicability of SiC as a structural material. The
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crystalline-to-amorphous (c-a) transition of SiC as a result of the ionizing radiation damage is
an important aspect to consider for application of SiC in harsh environment MEMS and
microelectronics. Both the increase in volume due to swelling and c-a transition changes
both the mechanical and electrical properties of the SiC. It has been reported, at
temperatures above the critical amorphization temperature the swelling increases
logarithmically with dose until it reaches a saturation level. [SNE] Some insight into the
change in the stress-strain characteristics due to defect related lattice damage can be
determined by measuring adjacent microcantilever deflections pre- and post-irradiation in
order to estimate the stress-strain gradient of the different residual film stress states.

The actual microstructure damage mechanisms are explained in terms of the Kinchin-
Pease (K-P) model which is based on the minimum threshold displacement energy for the
specific material. The minimum threshold displacement energy is the minimum kinetic
energy that an atom in a solid material needs to be permanently displaced from its
corresponding lattice site. For 3C SiC these displacement energies are assumed to be 20 and
35 eV for the C and Si sublattices, respectively. [ZHA2] In order for a permanent defect to
be produced the kinetic energy received by the lattice atom from the incoming irradiation
particle must exceed the required formation energy of a Frenkel pair (vacancy and knock-off
lattice atom interstitial). Defect production resulting from ion irradiation depends on a
number of variables including ion mass, energy, fluence and the temperature of film during
irradiation. [ZHAZ2]

It has been shown that nanocrystalline SiC exhibits enhanced radiation damage

tolerance due to the high density of grain boundaries where interstitial and vacancy
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annihilation occurs. [ZHA2] However, the data regarding the influence of grain boundaries
on defect production rates in nanocrystalline SiC varies widely from having a negligible
effect on damage production to having a significant effect. [ZHAZ2] The presence of stacking
faults, which are essentially self-layered interfaces, provide for significantly enhanced
radiation tolerance. The experimentally grown 3C SiC exhibits high stacking fault densities,
which is believed to account for the superior radiation damage tolerance explained in section
4.3.

4.2 Experimental Irradiation Details

In nuclear environments energetic neutrons transfer kinetic energy to silicon and
carbon atoms in the lattice producing energetic silicon and carbon recoils that are responsible
for the damage observed in SiC. Due to the fact that neutron irradiation in the NCSU Pulstar
nuclear reactor would take several months to achieve the doses needed (0.5 dpa and above),
it was more practical to study the effect of self-ion irradiation of the nanocrystalline 3C SiC
in an ion beam accelerator. Since silicon ions are more efficient than carbon in producing
damage the irradiation experiments were conducted using high energy silicon ions.

The irradiation experiments were performed using ion-beam accelerator systems at
both Pacific Northwest National Laboratory (PNNL) and the University of Tennessee-
Knoxville. To correlate stress-strain response to microstructural changes due to radiation
damage, samples from two wafers at highly tensile and compressive stress states were
irradiated with 3 MeV Si*ions up to doses of 5.5 x 10 ions/cm®. The full conditions of the
irradiation experiments are shown below in Tables 4.1 and 4.2 and are indicative of future

irradiation conditions for cantilevers prepared using the revised fabrication process. The
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beam spot size was a 3 mm x 3 mm square that contained one set of four cantilevers two

released and two unreleased. The position on the wafer from which the samples were

selected was based on the row number and cantilever set number and were selected from five

points across the wafer to give a suitable spatial representation and variance in the stress

gradient. These positions were based practically on which sets of cantilevers could actually

be viewed in SEM at the 45° electron beam angle to the wafer.

Table 4.1: Summary of irradiation conditions on tensile-stressed cantilever samples (average

101 MPa)

Sample Beam Current (nA) Implantation Estimated lon
Time Fluence (cm™)

1 152 - 161 17m22s 5.66 x 10

2 161-165 16 m52s 5.69 x 10%°

3 165 16 m52s 5.76 x 10%°

4 165 16 m 5.52 x 10%°

5 168 16 m 5.58 x 10%°

6 168 15m43s 5.5 x 10%°

7 168 15m43s 5.5 x 10"

8 168 15m43s 5.5 x 107

Table 4.2: Summary of irradiation conditions on compressively-stressed cantilever samples
(average -198.667 MPa)

Sample Beam Current (nA) Implantation Estimated lon
Time Fluence (cm?)

1 168 15m43s 5.47 x 10

2 164 15m43s 5.40 x 10%°

3 164 16 m6 s 5.48 x 10%

4 164 16m6s 5.45 x 10%°

5 162 16 m 48's 5.65 x 10%°

6 160 16 m 18s 5.45 x 10%°

7 160 16 m30s 5.5 x 10"

8 160 16 m30s 5.5 x 107
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Prior to the irradiation experiments being performed, simulations were run using the
Stopping Range of lons in Matter (SRIM) Monte-Carlo package. Using this simulation
software, the exact thickness of the two 3C SiC thin-films, and the incident ion energy, the
Frenkel pair formation, peak damage location, and ultimately the dpa can be estimated. The
cantilever device wafers that were irradiated under the conditions shown in Table 4.1 and 4.2
above, were simulated in SRIM in order to determine the proper ion energy and most
importantly the location of the peak damage caused in the SiC-Si stack.

The SRIM simulations were performed for the device wafers with residual stresses
indicated in Tables 4.1 & 4.2 and had average thicknesses of 425.24 nm and 625.06 nm,
respectively. Shown below in Figures 4.2 & 4.3 are the simulation results of 3 MeV Si** ion

bombardments depicting the peak damage location and the ion ranges, respectively.
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Figure 4.2: Peak damage profile of simulated cantilever device wafers (a) tensile stress state
(b) compressive stress state using KOH-based process.
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Figure 4.3: Estimated ion ranges for simulated device wafers in (a) tensile stress state (b)
compressive stress state using KOH-based process.

For experiments to be performed on cantilever devices fabricated using the revised plasma-

based process flow the ion bombardment would currently have to be performed through a

thin titanium hard mask of approximately 200 nm. Therefore in order to predict the damage

profile and ion range for future experiments, SRIM simulations for a stack consisting of 200

nm of titanium on 500 nm of 3C SiC on a silicon substrate were conducted and the results are

shown below in Figure 4.4.
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Figure 4.4: Damage profile (a) & ion range (b) for simulated configuration of cantilever
samples prepared using the revised plasma-based process.

Comparing Figures 4.2 & 4.4 it is apparent that the peak damage in the SiC layer is
approximately 0.14 compared to 0.1 for the samples that were fabricated using the KOH-
based process. This increase in damage occurring in the SiC is due to the loss of kinetic
energy of the ion as it passes through the titanium mask layer and would therefore yield a
slightly higher dose for the same ion energy and fluence.

Additional experiments were performed by Zhang et al. on bare films of the
experimentally grown polycrystalline 3C SiC to extrapolate the dose for c-a transition. For
these experiments highly tensile and compressive films with average thicknesses of 445 and
750 nm, and average residual film stresses of 530 and -155 MPa, respectively were irradiated

along the surface normal with 3 MeV Si* ions with fluences up to 6.6 x 10" cm™. An
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additional experiment was performed on the tensile sample at an even higher fluence of

3x10™ cm™ in order to better estimate the dose needed for full amorphization of the 3C SiC.

4.3 Radiation Tolerance in Engineered 3C SiC Films

It has been shown by colleagues at University of Tennessee-Knoxville that based on

the inverse peak width of the characteristic (111) 3C SiC peak characterized using GIXRD

such as that shown in Figure 3.6, the dose required for complete amorphization of the

engineered, nanocrystalline 3C SiC occurred at around 3 dpa. This was based on GIXRD

scans of several different tensile and compressive stressed samples and is shown below in

Figure 4.5.
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Figure 4.5: Extrapolation of the approximate dose required for complete amorphization of
experimentally-grown 3C SiC. [ZHAZ2]
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The units of the reciprocal peak width are degrees inverse and were determined based on the
decrease in the full width half maximum (FWHM) of the characteristic (111) 3C SiC peak
with increasing irradiation dose. The fit was based on the evolution of the peak width
observed in the XRD analysis and correlated to the evolution of the microstructure in TEM
using electron diffraction.

The sharp (111) 3C peaks shown in Figure 3.26 indicate that the crystalline structure
of the 3C SiC film is well-retained up to doses of 0.49 dpa. Some broadening of the (111)
peaks occurs at those higher doses up to 0.49 dpa which was attributed to some increasing
amount of disorder due to the accumulation of point defects. [ZHA2] This GIXRD data
correlates with TEM data which exhibits very little change in the layered SF structure and is

shown below in Figure 4.6 for doses up to 0.49 dpa. [ZHAZ2]
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As-deposited

As-deposited

Figure 4.6: TEM Images of tensile films (a & d) as-deposited, (b & e) irradiated to 1.2 x 10"
cm, 0.09 dpa, and (c & f) irradiated to 6.6 x 10*° cm™, 0.49 dpa. The electron diffraction
patterns in (d), (e), and (f) show the evolution of the crystalline structure with increasing
irradiation dose. [ZHAZ2]

It can be seen Figure 4.6 that the crystalline structure does not show a great deal of change up
to a dose level of 0.49 dpa with is confirmed by GIXRD shown in Figure 3.6. At the highest
dose it is apparent from (f) in Figure 4.6 that the film exhibits a certain degree of
amorphization especially near the SiC/Si interface. Due to the nature of ion-solid
interactions, non-uniform irradiation damage is produced along the ion path, with the dose
level increasing to approximately 3.5 dpa near the interface. [ZHAZ2]

Overall the tolerance of the engineered nanocrystalline 3C SiC to radiation damage is
greater than single-crystal 3C SiC. Zhang et al. report an order of magnitude difference in

the radiation tolerance compared to that of single crystal 3C SiC. Approximately 80-85% of
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point defects that would survive in single crystal 3C SiC may be annealed out in the
experimentally-grown nanocrystalline 3C SiC. [ZHAZ]

The decrease in the point defect survivability in the engineering 3C SiC may result
from enhanced annihilation of the point defects at the nano-sized grain boundaries (GBSs). It
is well established that GBs act as sinks for defects of all types. Molecular dynamic
simulations performed have shown that GBs, which are prevalent in nanomaterials, can
capture interstitials and then release them back into the lattice to recombine with mobile
vacancies that are within a few nanometers of the boundary. Because nanomaterials have a
high proportion of boundary to bulk area, a majority of the vacancies introduced will be
located within this short range of a GB. [ACK] It has been proposed that the contributions of
GBs alone does not account for the enhanced radiation tolerance in the experimentally
developed, nanocrystalline 3C SiC and that an additional source of defect annihilation is due
to the high density of SFs within the individual grains. It has been proposed by Zhang et al.
that the SFs promote point defect recombination and annihilation through less defect
production, increased mobility of silicon interstitials, changes in defect survivability within
or near the faults, and some degree of restriction of the normal random walk diffusion of

interstitial defects. [ZHAZ2]
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CHAPTER 5: Cantilever Deflection Results & Discussion

5.1: Pre-Irradiation Cantilever Deflection & Strain Gradient Analysis

In order to quantify the effect of microstructural damage as a result of the addition of
defects and lattice disorder due to irradiation the methodology described above was
developed in order to measure cantilever deflections of adjacent points on the wafer. Due to
the sample preparation necessary for the ion irradiation experiments, the unirradiated
cantilever deflection was measured prior to irradiation of the adjacent, unreleased set of
cantilevers. As previously mentioned, due to a mask design error the KOH-based process
was replaced with the plasma-based process to provide a more accurate representation of the
pre-irradiated cantilever deflection.

In order to quantify the role of residual stress determined by profilometry and the
Stoney relations on the stress variation through the thin-film thickness, a wide range of
residual stress states were analyzed using the microcantilever deflections measured by SEM.
These SEM measurements were made with the samples at a 45° angle relative to the electron
beam, which required that a cosine error be figured in to the final corrected beam deflection

shown in Eq.5 shown below:
Z,=Z,cos(45°) Eqb

where Zcis the corrected deflection and Zy, is the initially measured deflection.
The strain gradient is then determined by Eq.11 discussed in Appendix A, which assumes

that the strain gradient varies linearly with film thickness.
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The residual stress states measured using the wafer curvature method ranged from
-208.667 to 673 MPa. The averaged deflections of microcantilevers at various locations on
each wafer were measured using SEM and the results are presented below in Figure 5.1 as

strain gradient as a function of residual film stress.
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Figure 5.1: Relationship between the average stress gradient of 3C SiC films determined by
measurement of cantilever beam deflection and average residual stress measured after growth
process.

The analysis of the SEM images of the pre-irradiated released cantilevers involved
measurement of the beam-tip deflection relative to the axis of the cantilever beam and the

beam length not including the anchor since with the plasma-based process the anchor
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remains attached to the silicon substrate. Sample measurements are shown below in Figure

5.2 for highly tensile and compressive stress states.

i
BRSNS S
w0

15

Figure 5.2: Sample SEM images & measurements of released cantilever sets for (a) highly
compressive and (b) highly tensile stress states.
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From Figure 5.2 it can be observed that for these example stress states, the sample with the

compressive residual film stress has, in fact, a stress gradient which is more tensile near the

surface of the thin film than the sample with a tensile residual film stress. This behavior is

shown pictorially below in Figure 5.3.
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Figure 5.3: Illustration relating stress gradient over film thickness to cantilever deflection

characteristics. [HOL]

In Figure 5.3 (a) the film has a positive stress gradient. The material above neutral axis is in

a tensile state while the part below is in a compressive state. It is typical convention that

76

www.manaraa.com



upon release the upper tensile part contracts and the compressive part expands such that the
overall deflection is in the +z direction. Figure 5.3 (b) demonstrates that it is not necessary to
have opposing stresses above and below the neutral axis of the cantilever beam. All stresses
have a compressive character but due to the positive stress gradient the compressive stress
and bending moment below the neutral axis are larger than that above ultimately resulting in
a net upward deflection.

The variation in the cantilever deflection and length, with respect to wafer position, is

shown for the deposition pressures depicted above in Figure 5.2 is shown below in Table 5.1.

Table 5.1: Variation in pre-irradiated microcantilever deflection & post-release length

Pressure (mT) 6’ in Zc (um) 6’ in L (um)
210 0.22227 96.90881
274 1.54438 5.46332
325 0.29147 10.12560
380 0.05152 12.97380
451 0.03435 1.00826
464 0.29171 16.55049

From Table 5.1 the variance in the length of the released microcantilever beams is quite large
in some of the samples analyzed with respect to the average released length. This is contrary
to what was expected which is that the length change should be fairly consistent across the

wafer with respect to the residual film stress of the film.
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CHAPTER 6: Conclusions & Future Work

6.1 Conclusions

This project focused on developing a MEMS-based methodology to correlate the
change in the stress characteristics of engineered nanocrystalline, 3C SiC thin films due to
microstructural changes caused by radiation damage to the material. In order to characterize
the effect of deposition pressure on the wafer-averaged residual film stress, the curvature of
the silicon wafers were measured using profilometry before and after the growth of the thin
3C SiC films. It was first necessary to characterize the LPCVD process with changing
pressure. From Figure 2.6 it is apparent that the deposition rate was relatively constant at
low and high pressures with a linear increase as a function of pressure over the approximate
pressure range from 300 to 400 mT. This linear increase in the growth rate coincided with a
linear transition from tensile to compressive residual stress states which can be seen in Figure
3.3. This is attributed to the increase in nucleation sites and confined lateral grain growth
owing to an increase in process pressure.

In order to quantify the stress characteristics on the same dimensional scale as the
film, 1 cm x 1 cm dies with four sets of microcantilevers were fabricated and the deflection
measured using SEM in order to correlate the deflection to the strain gradient over the
thickness of the 3C SiC film. The process was designed such that adjacent sets were isolated
from one other so that two sets could be released prior to irradiation and the other two post-
irradiation. The pre-irradiation deflection results as a function of residual stress measured for

the entire wafer is shown in Figure 5.1. From Figure 5.1 it is apparent that for films with a
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more compressive residual stress state the strain gradient is larger and the deflection occurs
in the positive z-direction. This was contrary to what was expected. It was predicted that a
film with a compressive stress would deflect in the —z direction and tensile films would
deflect in the +z direction. The observed deflection behavior is explained by the fact that the
stress gradient of the compressive films is less compressive near the surface of the thin-film
which results in a greater positive deflection than the films with high tensile residual stresses.
In addition, it was hypothesized that upon release from the silicon substrate, the length of the
cantilever beams would expand or shrink based on the residual stress of the thin-film.
However, it can be seen in Table 5.1 that the variation in the length change is inconsistent
with regards to residual film stress. It is unclear if the strain gradient in the compressive
films is simply more compressive near the interface of the SiC and silicon as shown in Figure
5.3 (b) or if there is an actual transition from compression to tension as shown in Figure 5.3
(@).

Irradiation experiments were conducted using the ion beam accelerator systems at
PNNL and UT-Knoxville with colleagues in order to determine the microstructural evolution.
It was shown with GIXRD and high-resolution TEM that very little c-a transition occurs in
the experimentally-grown 3C SiC thin films as can be seen in the very small broadening of
the characteristic (111) 3C peak for 3C SiC films irradiated with silicon self-ion doses up to
0.49 dpa. Electron diffraction patterns confirm this showing very little change in the
diffraction patterns of samples irradiated up to 0.49 dpa. Using this data it has been
estimated that the dose required for c-a transition of the nanocrystalline 3C material is

approximately 3 dpa. This has been estimated to be a full order of magnitude greater
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radiation resistance over single crystal 3C SiC. It has been theorized that the enhanced
radiation resistance is due to a combination of the well known effect of GBs acting as centers
for recombination of point defects and the enhanced effect of SFs in providing a localized
means of recombination owing to the restricted movement of point defects.

6.2 Future Work

Due to several time constraints a great deal more work is needed in investigating the
behavior of the thin film stress characteristics as a result of radiation damage and the
microstructural evolution. Firstly, due to the amorphization of the silicon substrate during
irradiation of the original cantilever samples, additional irradiation experiments are needed
for the plasma-based fabricated cantilever samples in order to finally quantify the change in
deflection and therefore stress gradient as a result of microstructural damage of the 3C SiC
films. In addition, a new device design layout is planned to improve the process of
measuring the cantilever deflection pre- and post-irradiation.

In order to attempt to prove experimentally what has been shown using molecular
dynamic (MD) simulations, that the high SF densities present in the nanocrystalline 3C SiC
films enhance the radiation resistance of the 3C SiC, a new round of experiments has been
planned to try and gain better control of the SF densities without changing the temperature of
the LPCVD process. Based on review of existing literature, the first proposed experiments
involve removing the carbonization step from the growth process and replacing it with an
increased acetylene: DCS step as a way of controlling the crystallinity of the initial seed layer

for subsequent film growth.
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Finally, irradiation experiments performed on samples from the initial tests to attempt
to control the SF densities need to be examined using high-resolution TEM mainly for
conducting electron diffraction to determine the evolution of the diffraction pattern as an
indication of the microstructural damage. In addition further analysis using XRD needs to be
conducted in order to determine the change in crystal structure as a function of accumulated

damage to the microstructure in order to determine the impact of SF density on observed

damage levels.
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Appendix A — Description of Governing Cantilever Deflection Equations
The deflections in small scale devices resulting from the stress variation through the
thickness of a thin-film material is a representation of the nonuniformities in the thin-film
that occur during the deposition process. The bending moment which causes the deflection
of a cantilever beam, for example originates from the pre-release residual stress and is given

by,

zbo(z)dz  Eq.6

<
Il
C—y |

N[~

where o(z) represents the residual stress in the film as a function of film thickness, b is the
cantilever width, and z is a relative position across the thickness of the film. If a linear strain

gradient I is assumed the residual stress as a function of film thickness becomes,
o(z)=Elz Eq7

This converts Eq.7 and gives the following expression for the strain gradient,

M
'=— Eq8
El a

where the moment of inertia, I, for a rectangular cross section is given by | = bt*/12.
Therefore Eq.8 above is given by the following after substitution and simplification,

_12M

=y Eq.9

The measured vertical deflection, z, at the cantilever beam endpoint for a cantilever with an

applied end moment is given as:
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Eq.10

If the beam tip deflection is already known, then the strain gradient of the film can be
calculated by rearranging Eq.10 above and solving directly using the following expression

for the strain gradient:

2Z

The relation of can be put in terms of stress by incorporating Young’s modulus and is shown

below in Eq. 12,

90

www.manharaa.com




