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ABSTRACT
Synthesis and Characterization of
LPCVD Boron Nitride Films
for X-ray Lithography

by
Wen-Pin Kuo

Boron nitride thin films were deposited on silicon and
fused quartz substrates using ammonia and the liquid
precursor borane-triethylamine complex (TEAB) by low
pressure chemical vapor deposition over a temperature range
of 300-850°C, a pressure range of 0.21-0.6 torr, and an
ammonia flow rate range of 0-740 sccm. An increased in the
nitrogen content in the film due to the addition of ammonia
flow resulted in a pronounced improvement in the optical
transmission, an increase in the film uniformity and a
decrease in the depletion effect. IR spectra of the films
showed an asymmetrical wide band centered around 1400 cm-1
and a sharp band around 800 cm—1l.

Boron-silicon nitride films were prepared with the
incorporation of silicon into the BN films using liquid
precursor mixtures consisting of TEAB and hexamethyldisilane
(HMDS) at a given temperature, pressure, and ammonia flow
rate. The addition of silicon to the films resulted in an
achievement of tensile stress and showed an improvement in
the mechanical strength of the films. In the IR spectra, two
strong absorption peaks centered at 1300 cm—1 and 950 cm-1
appeared. Boron-silicon nitride membranes, 1 um in

thickness, were successfully made.
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CHAPTER 1

INTRODUCTION

Microelectronics technology is the basic building-block of
many electronic devices such as calculators, computers,
telephones, televisions, videos, etc. The most basic of
these are integrated circuits, known as chips. Within the
last few decades, the microelectronics industry, which has
been one of the fastest growing industries, was built-up by
the increase in packing density of devices, that is, the
ability to fabricate larger number of devices on a single
wafer, thus enhancing the perfcrmance of the devices. This
enhancement in performance added to the higher speed and the
lower power consumption gained by the miniaturization of
devices in turn leads to reduced cost per function. The
search for new techniques, as well as new materials to
accomplish this reduction in size, which has now reached the
submicron level, has been more and more intensified.

X-ray lithography is a technology that aims at
producing miniature devices with submicron feature
dimensions. This introduction of x-ray lithography into the
microelectronics industry means a revolutionary change in
the fabrication technology. However, there is no completely
satisfactory source available for a viable x-ray mask, which
is a key element to the success of the submicron feature
lithography process. Boron nitride with its low atomic

number, x-ray and optical transparency, high modulus of



elasticity, and chemical inertness makes it attractive for
considered as an x-ray lithography mask material.

The primary goals of this research were to develop a
process to deposit boron nitride thin films on silicon
substrates using a liquid precursor in a low pressure
chemical vapor deposition reactor in order to prepare boron

nitride membranes suitable for x-ray lithography masks.

1.1 Lithography
Microcircuit fabrication requires that precisely controlled
quantities of impurities be introduced into tiny regions of
the silicon substrate, and subsequently these regions must
be interconnected to create VLSI circuits. The patterns that
define such regions are created by a lithographic process
(1) .

Lithography is the process of transferring required
patterns on a mask to a thin layer of radiation-sensitive
material called "resist" which covers the surface of a
semiconductor substrate (figure 1.1)(1). The resist, coated
as a thin film on the substrate, is subsequently exposed to
the radiation through a mask. The mask contains transparent
and light-absorbing layers that define the patterns to be
created in the resist layer. The areas in the resist exposed
to the radiation are made either soluble or insoluble in a
specific solvent known as a "developer". A negative resist
on eXposure to radiation becomes less soluble in a developer

solution, while a positive resist becomes more soluble.
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Figure 1.1 A schematic diagram of the lithography process.



Following development, the resist layer no longer covers
some regions of the oxide film. The replication of the mask
patterns is accomplished by an succeeding etching to these
uncovered regions.

A lithographic exposure tool is used to perform the
pattern transfer process. The performance of exposure tool
is determined by the parameters which include resolution,
registration and throughput. Resolution is the minimum
feature dimension that can be transferred with high fidelity
to the resist layer. Registration is a measurement of how
accurately patterns on successive masks can be aligned with
respect to the previously defined patterns on the wafer.
Most thin film devices require several fabrication steps and
the pattern for each step must be accurately positioned with
respect to the previous patterns. It is frequently that the
overlay accuracy determines the minimum size of the
components and not the resolution of the fabrication
process. Throughput is the number of wafers that can be

exposed per hour.

1.1.1 optical Lithography

The simplest and most widely used lithographic method in
integrated circuit technology is optical lithography. It is
comprised the formation of images with ultraviolet radiation
(wavelength = 0.2 to 0.4 um) (2-3) in a photosensitive
resist using contact, proximity, or projection printing.

Mask consists of a transparent substrate with a thin light-



absorbing layer carrying required patterns. Advantages of

optical lithography are (4):

1. Resolution of 0.5 um features over the full field is
obtained with routine use, and 0.35 um resolution is
attainable under more limited conditions.

2. The effects of high degree of coherence attained with a
line narrowed laser.

3. An overlay capability enables it to define a second level
pattern on a wafer such that the features register with

corresponding features previously defined on wafer.

Limitations of optical lithography are:
1. Exposure times are normally longer.
2. An improvement in the overlay capability is needed.

3. The diffraction effect limits the resolution.

1.1.2 X~-ray Lithography
X-ray lithography with wavelengths between 0.2 and 5 nm
provides both high-structural resolution as good as 0.1 um
and a wide scope of advantages for the application in
circuit production (5). It is composed of three elements,
the alignment system with an x-ray source, x-ray resist, and
xX-ray mask (6).

The best radiation quality for x-ray lithography which
can be achieved presently is provided by storage rings (5).
This so-called synchrotron radiation is emitted by electrons

moving with light velocity, which are deflected by a



magnetic field. This radiation is strongly collimated in

forward direction; for lithography application it can be

assumed to be parallel. Advantages of synchrotron radiation
in respect to process performance for semiconductor
fabrication are as follows:

1. Parallel radiation which provides x-ray exposure with
high depth of focus (several 10 um) and without any
geometrical distortion (blurring, run out) even in the
case of mask and wafer unevenness.

2 which allows to

2. High intensity up to several 100 mW/cm
utilize medium sensitivity but stable resists for single-
layer technique in combination with short exposure time
and high throughput.

3. Broadband emission which lowers the Fresnel diffraction,
which is also the resolution limiting effect in x-ray
lithography.

4. Quasiuniformity in time which is a precondition for an
optimal heat dissipation from the mask during exposure.

5. It can have a higher throughput because it uses a
parallel exposure.

Based on these facts, there seems to be a worldwide
agreement that only synchrotron radiation allows the use of
the full scope of advantages of x-ray lithography in
semiconductor production. However, problems related to the

application of storage rings in lithography are from the

huge size of such machines, the inhomogeneous radiation



characteristics in vertical direction to the orbit planes,
and the high cost (5).
The mask consists of a transparent substrate with a
light-absorbing layer carrying required pattern will be
discussed more detail in the following section.
A highly sensitive resist only requires a short
exposure which in turn leads to increase the total
production rate. Furthermore, high contrast between the
exposed and unexposed parts of the resist is required for
the pattern to be properly transferred to the resist. The
desirable properties of x-ray resist also include high
resolution and good resistance to etching agents (4-5).
X-ray lithography is perhaps the most promising method
for large-scale production of submicron devices because it
offers higher resolution and wider process margins than
foreseeable optical cameras and lower cost than scanning
electron beams. Advantages of x-ray lithography are (4-6):
1. Much shorter wavelength of x-ray than ultraviolet light
reduces the diffraction effect and allowing much higher
resolution and non-contact exposure to be achieved
simultaneously.

2. Low energy of soft x-rays reduces the scattering effects
associated with x-ray absorption within the resist layer.

3. Low absorption of x-rays in the resist material results
in uniform, deep exposure and thereby vertical resist
profiles.

4, Low particle and dust sensitivity.



5. Replicated linewidth is independent of the substrate
material and resist thickness because of the limited
scattering, absence of reflection and the uniform
exposure.

6. Applicability of simple single-layer resist technique.

7. High depth of focus without any influence of substrate
material and chip topography.

8. The highest throughput of all lithography methods which

are able to go into the submicron range.

Limitations of x-ray lithography are (4-6):

1. Low intensity of conventional x-ray source results in
exposure times on the same order as attainable with
advanced direct writing e-beam systems.

2. Complex mask fabrication because it requires the use of
mask substrates with thickness in the micron range and it
is fragile thus may not be dimensionally stable.

3. Low absorption of x-rays in most resists favors sharp
image profiles.

4. Vacuum exposure is needed if x-ray wavelengths above
10 A are used to achieve very high resolution.

5. Registration methods capable of achieving 0.05 micron
are required if the full high resolution capability of
the technique is to be exploited.

6. Exposure speed is marginal and that present alignment
methods do not offer better accuracy than is achieved

with optical lithography.



7. The fabrication of x-ray mother masks by means of e-beam
writing and complicated multilevel processes is very

expensive and time consuming.

1.1.3 Requirements of X-ray Lithography Mask

The key element for a successful application of x-ray
lithography is a well-established and controlled mask
technology with respect to accuracy, stability, and nearly
zero-defect density. Most efforts in x-ray lithography
development are focused on mask technology because this is
the field where the final decision for application of x-ray
lithography in device fabrication will be made (5). The x-
ray mask consists of a thin membrane material with low
atomic number carrying a high atomic number absorber
pattern, such as gold or tungsten, to provide good pattern
definition. The thickness of the supporting membrane depends
on its mechanical stability and on both optical and x-ray
transparency. The thickness of the absorber ranges between
0.5 and 1.5 um in order to get a sufficiently high mask
contrast. Due to the fact that the carrier membrane has a
similar thickness as the absorber, the behavior of the
absorber layer severely affects the accuracy and geometrical
stability of the entire mask. This problem can only be
overcome if the stress of each layer of the mask is
compensated or tuned very well. It has to be stable against

all environmental influences such as exposure radiation (5).
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Suitable membrane material for this technology aimed at

providing 0.5-0.2 um feature dimensions must meet several

requirements (1,4-11):

1.

High x-ray and optical transmission

Most thin film devices require several fabrication steps
and the pattern for each step must be accurately
positioned with respect to the previous patterns. More
than 50% transmission for x-ray at 6.98 angstroms and
optical light at 6328 angstroms wavelength are required.
High modulus of elasticity

Higher elasticity increases the ability to withstand the
absorber stress and results in a reduction of the
membrane thickness or, respectively, a higher mask
contrast.

Low tensile stress

A small amount of tensile stress is necessary to avoid
membrane wrinkling, and to make the absorber free of
stress so that there are no distortions due to local
variations in absorber coverage.

Low surface defect density

High radiation hardness (Absence of hydrogen)

The presence of hydrogen in the film generally results in
several bonding configurations. Upon irradiation, the
bonding configurations of the hydrogen are modified such
that the hydrogen becomes weakly bonded. That causes the
films to become less tensile, thus resulting in the

observed mechanical instability.
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6. Uniform thickness
Thickness deviation within 2% in a 2 cm x 2 cm pattern
area 1is required.
7. Easy of fabrication
8. Long lifetime
9. Low cost
The fact that boron nitride films incorporated with
silicon offer numerous advantages over several x-ray mask

membranes considered made this research very attractive.

1.2 Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is one of the most important
methods of film formation used in the fabrication of very
large scale integrated (VLSI) silicon circuits. The main
reason for growing thin films by CVD lies in its versatility
for depositing a very large variety of materials with
excellent step coverage. Another important future of CVD is
the ease for creating films of both homogeneous and graded
structures with concisely controllable composition, features
that are important in advanced VLSI device fabrication.

Chemical vapor deposition can be defined as a process
whereby constituents of the gas or vapor phase react
chemically near or on a substrate surface to form a solid
product. This product can be in the form of a thin film, a
thick coating, or a massive bulk. It can have a single-
crystalline, polycrystalline, or amorphous structure.

Chemical and physical conditions during the deposition
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reaction can strongly affect the composition and structure
of the product thus must be understood to control the
process. The occurrence of a chemical reaction distinguishes
CVD from physical vapor deposition (PVD) processes, such as
evaporation and sputtering. This deposition technology has
become one of the most important means for creating thin
films of solid state microelectronics where some of the most

refined purity and composition requirements must be net.

1.2.1 Fundamental Aspects of CVD

With the increasingly stringent quality requirements imposed
on CVD films, a thorough understanding of the underlying
principles of this method becomes very important. Since CVD
is an interdisciplinary undertaking we shall cross
boundaries of several classical fields. First, we shall
discuss chemical aspects of CVD. Next, transport phenomena
in CVD reactors will be discussed. Finally, the film growth

aspects of CVD will be covered briefly.

1.2.1.1 Chemical Aspects of CVD
In order to understand CVD processes, we must know which
chemical reaction occur in the reactor and to what extent.
Furthermore the effects of process variables such as
temperature, pressure, input concentrations, and flow rates
on these reactions must be studied.

Classification and examples of thermally-activated CVD

reaction types are shown as follow (12):
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a. Pyrolysis
SiH4y (g) —> Si(s) + 2H3(9)
b. Reduction
WFg(g) + 3Ha(g) —> W(s) + 6HF
c. Oxidation
SiH4 (g) + 4N,0(g) —> SiO5(s) + 4N, + 2H,0
d. Hydrolysis
Al,Clg(g) + 3COy(g) + 3Hy(g) —> Al,03(s) + 6HCl(g)
+3C0(qg)
e. Nitride Formation
3SiH4 (g) + 4NH3(g) ——> Si3N4(s) + 12Hy(9)
f. Carbide Formation
TiCl,(g) + CHy(g) —> TiC(s) + 4HCl(qg)
g. Disproportionation
2GeIy (g) —> Ge(s) + GeIyg(9)
h. Organometallic Reactions
(CH3)3Ga(g) + AsH3(g) —> GaAs(s) + 3CHy(9)
i. Chemical Transport Reaction
6GaAs(s) + 6HCl(g) —> Asy(g) + As,(g) + GaCl(g) +
3H3 (9)

The chemical reactions may take place not only on the
substrate surface (heterogeneous reaction), but also in the
gas phase (homogeneous reaction). Heterogeneous reactions
are much more desirable, as such reactions selectively occur
only on the heated surfaces, and produce good quality films.
Homogeneous reactions, on the other hand are undesirable, as

they form gas phase clusters of the depositing material,
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which will result in poor adherence, low density, or defects
in the film. Thus, one important characteristic of CVD
application is the degree to which heterogeneous reactions

are favored over homogeneous reactions.

1.2.1.2 Transport Phenomena of CVD
CVD of the film is almost always a heterogeneous reaction.
The sequence of steps in the usual heterogeneous processes
can be described as follows:
1. Arrival,
a. bulk transport of reactants into the chamber,
b. gaseous diffusion of reactants to the substrate
surface,
c. adsorption of reactants onto the substrate surface,
2. Surface events,
d. surface diffusion of reactants,
e. surface reaction,
3. Removal,
f. desorption of by-products from the substrate surface,
g. gaseous diffusion of by-products away from the
substrate surface,
h. bulk transport of by-products out of the reaction
chamber.
The steps are sequential and the slowest one is the rate-
determining step.
The sequential steps of deposition process can be

grouped into 1) mass-transport-limited regime, and 2)
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surface-reaction-limited regime. If the deposition process
is limited by the mass transfer, the transport process
occurred by the gas-phase diffusion is proportional to the
diffusivity of the gas and the concentration gradient. The
mass transport process which limits the growth rate is only
weakly dependent on temperature. On the other hand, it is
very important that the same concentration of reactants be
present in the bulk gas regions adjacent to all locations of
a wafer, as the arrival rate is directly proportional to the
concentration in the bulk gas. Thus, to insure films of
uniform thickness, reactors which are operated in the mass-
transport-limited regime must be designed so that all
locations of wafer surfaces and all wafers in a run are
supplied with an equal flux of reactant species.

If the deposition process is limited by the surface
reaction, the growth rate, R, of the film deposited can be
expressed as R = Ry * exp[-E;/RT], where Ry, is the frequency
factor, E5 is the activation energy-usually 25-100 kcal/mole
for surface process, R is the gas constant, and T is the
absolute temperature. In this operating regime, the
deposition rate is a strong function of the temperature and
an excellent temperature control is needed to achieve the
film thickness uniformity required for controllable
integrated circuit fabrication. On the other hand, under
such conditions the rate at which reactant species arrive at
the surface is not as important. Thus, it is not as critical

that a reactor be designed to supply an equal flux of
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reactants to all locations of a wafer surface. It will be
seen that in horizontal LPCVD reactors, wafers can be
stacked vertically and at very close spacing because such
systems operate in a surface-reaction-rate limited regime.
In deposition processes that are mass-transport limited,
however, the temperature control is not nearly as critical.
As shown in figure 1.2, a relatively steep temperature
dependence is observed in the lower temperature range, and a
milder dependence in the upper range, indicating that the
nature of the rate-controlling step changes with

temperature.

1.2.1.3 Film Growth Aspects of CVD

In general, lower temperature and higher gas phase
concentration favor formation of polycrystalline deposits.
Under these conditions, the arrival rate at the surface is
high, but the surface mobility of adsorbed atoms is low.
Many nuclei of different orientation are formed, which upon
coalescence result in a film consisting of many differently
oriented grains. Further decrease in temperature and
increase in supersatuation result in even more nuclei, and
consequently, in finer-grained films, eventually leading to
the formation of amorphous films when crystallization is
completely prevented. Amorphous films include oxides,
nitrides, carbides, and glasses, are of great technical

importance for microelectronics applications.
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1.2.2 Low Pressure Chemical Vapor Deposition (LPCVD)

The most important and widely used CVD processes are,
atmospheric pressure chemical vapor deposition (APCVD), low
pressure chemical vapor deposition (LPCVD), and plasma
enhanced chemical vapor deposition (PECVD). Only LPCVD is
discussed in detail below as this technique was employed in
this study.

As discussed before, the deposition rate and uniformity
of films created by all CVD processes are governed by 1) the
rate of mass transfer of the reactant gases to the substrate
surface, and 2) the rate of surface reaction of the reactant
gases at the substrate surface. In atmospheric pressure CVD
these two rates are usually of the same order of magnitude.
Lowering the pressure increases the mean free path of the
reactant molecules and also enhances the diffusion of the
reactant gas molecules so that mass-transfer to the
substrate do not 1limit the growth rate. The growth rate is
limited only by the surface reaction and depends on initial
partial pressure of the reactants and temperature. This
makes it possible to deposit films uniformly in a highly
economical close spaced positioning of the substrate wafers
in a stand-up fashion.

LPCVD is able to overcome the uniformity, step
coverage, and particulate contamination limitations of APCVD
systems (13). It is widely used in the extremely cost
competitive semiconductor industry for the deposition of

amorphous or polycrystalline films. Two main disadvantages
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of LPCVD are the relatively low deposition rate and the
relatively high temperature. Attempts to increase deposition
rates by increasing the reactant partial pressures tends to
initiate gas phase reactions and attempts to operate at
lower temperature results in unacceptably slow film

deposition.

1.2.3 Horizontal tube LPCVD reactors

Horizontal tube, hot wall reactors are the most widely used
LPCVD reactors in VLSI circuit processing for depositing
poly-Si, silicon nitride, silicon carbide, boron nitride,
and undoped and doped silicon oxide films, etc. In this type
of LPCVD reactors, the upright wafers in a carrier boat are
radially heated by resistive heating coils surrounding the
horizontal quartz tube. Reactant gases are introduced into
one end of the tube, and reaction by-products are pumped out
from the other end. Vacuum pumps are used to attain the
required low deposition pressures. Because of their superior
film uniformity, higher wafer throughput, lower production
cost, and ability to accommodate larger diameter wafers make
this technique very attractive. However, very low deposition
rate and sometimes very severe depletion effect in the
downstream direction resulting in thinner downstream

deposits must be overcome.
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1.2.4 Advantages of CVD

Thin films are used in a host of applications in VLSI

fabrication, and can be prepared using a variety of

techniques. Regardless of the method by which they are
formed, however, the process must be economical, and the
resultant films must exhibit uniform thickness, high purity
and density, controllable composition and stoichiometries,
high degree of structural perfection, excellent adhesion,
and good step coverage. CVD processes are often selected
over competing deposition techniques because they offer the
following advantages:

1. A great variety of stoichiometric or nonstoichiometric
compositions can be deposited by accurate control of
process parameters.

2. High purity films can be deposited that are free from
radiation damage without further processing.

3. Results are reproducible.

4. Uniform thickness can be achieved by low pressure.

5. Conformal step coverage can be obtained.

6. Selective deposition can be obtained with proper design
of the reactor.

7. The process is very economical because of its high
throughput and low maintenance cost.

Technological limitations of CVD include the unwanted
and possibly deleterious but necessary by-products of

reaction that must be eliminated, and the ever present
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1.3 BN Films for X-ray Lithography
The desirable properties of boron nitride thin films such as
low density, high thermal conductivity and stability, high
electrical resistivity, chemical inertness, corrosion
resistance, and desirable mechanical properties make them
useful in a wide range of application (14-19). The potential
applications of thin boron nitride films which have been
proposed include high temperature dielectrics or varistors,
heat-dissipation coatings, photoconductors, semiconductor
surface protection, boron diffusion sources, diffusion
masks, wear-resistant coatings, sodium diffusion barrier and
microwave windows (4,9,14,20-22). They have been also
considered as membrane materials in x-ray masks used for
submicron lithography applications. Such materials must meet
several requirements which include high x-ray and optical
transmission, high modulus of elasticity, low tensile
stress, low surface defect density, radiation hardness, long
lifetime, and low cost (6,10).

Because of its technological importance, extensive work
has been done to synthesize this material as a thin film.
Thin films boron nitride have been grown on various
substrates including silicon, quartz, copper, glass, steel,
sapphire, tantalum, and fiber (22-23). Boron sources have
included diborane, boron trichloride, boron triflouride,
borazine, trichloroborazine, triethyl boron, borane-
triethylamine complex, and decarborane (20,24-28). The

techniques used have included CVD, plasma enhanced CVD, ion
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beams synthesis, pyrolysis, reactive sputtering, e-beam
irradiation, ion planting and pulse plasma method (4,9,18-
20,22-30). Only diborane-based LPCVD of BN films are
discussed in detail because present research is an extended
study from it.

Amorphous boron nitride membranes (4 um in thickness)
produced by LPCVD over the temperature range of 350-450°C
from diborane and ammonia have yielded hydrogenerated non-
stoichiometric films (6,10,25-26,31-35). These films have
been reported to exhibit high x-ray transmission (x90%) at a
wavelength of 1 nm as well as high optical transmission
(65%) at 633 nm. The measured density of such B-H-N films
is about 1.7 g/cm3. The refractive index varied between 1.7
to 3.4 depends on the deposition factors. For the B-H-N
structure, the hydrogen content affects the stress and
optical transmission. The stress becomes more compressive
and the films become optically more transparent as the
hydrogen content is increased. At a given temperature, the
hydrogen content in the films increases with the ammonia-to-
diborane ratio. For a given value of the gas ratio, the
hydrogen content decreases with increasing temperature (31-
32). Although, a decrease in temperature may lead to
increase in optical transmission; unfortunately, this
condition lowers the Young's modulus because of excessive
hydrogen incorporation. Furthermore, such membranes, which
were reproducibly achieved in large areas (%50 cm2) with

high thickness uniformity (2%) and a low surface defect
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density (=0.1 cm_z) were seen to exhibit a high Young's
modulus (z1.5x1011 Pa) and desirable stress values (5x108
dynes cm'z).

The exposure of such films to high synchrotron x-ray
frequencies have been shown to result in an enhancement of
the surface reactivity to moisture, in a degradation in
optical transmission, and in severe instabilities in film
stress (10,32-34). These undesirable effects were shown to
be attributed to the presence of incorporated hydrogen in
the non-stoichiometric ByNyHy compositions. This problem can
be resolved by the preparation of stoichiometric BN films
under optimized deposition conditions (32).

In addition, using the gas precursor diborane (B,Hg) as
the source of boron for boron nitride films requires
expensive cabinets and a cross purging gas supply system for
safety reasons. Because this gas is known to be hazardous,
toxic, flammable, and explosive. Looking for a safe and
economical precursor to deposit excellent performance boron
nitride films is one of the primary goal of this research.
In this study, an LPCVD process was developed to synthesize
amorphous boron nitride films using liquid precursor sources
consisting of borane-triethylamine complex (TEAB) and
hexamethyldisilane (HMDS). This process also provides the
capability of producing as-deposited hydrogen-free films in
a temperature regime where depletion effects would preclude

the use of diborane. This obviates the need for subsequent

high temperature annealing (®#1100°C) where phase separation
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accompanied with optical and mechanical degradation would

normally occur (10,32). Some basic characters of the liquid

precursors, TEAB and HMDS,

Table 1.1 Characters of TEAB and HMDS

are shown in table 1.1.

Precursors name |Borane-triethylamine |Hexamethyldisilane
complex (TEAB) (HMDS)

Chemical Formula| (CHg)3NeBH3 (CH3)3eSieSie (CHj3)3

Molecular Weight 115.03 146.38

(g/mole)

Density (g/cc) 0.777 0.729

Melting Point -4°C 9-12°C

Boiling Point 12 mm/97°C 111-114°C

Color clear clear

Flammable yes yes




CHAPTER 2

EXPERIMENTAL PROCEDURES

2.1 Introduction
Boron nitride thin films with varying composition were
synthesized in a LPCVD reactor with a liquid injection
system by adjusting various parameters including
temperature, pressure, and reactants nature. IR analysis was
carried out to detect the composition of the deposited
films, stress of the films was measured and calculated by a
laser-beam technique, refractive index and thickness of the
films were measured by the ellipsometry and nanospectrometer
respectively, mechanical properties of the films were
measured using a nanoindentor where as the films optical
transmission was measured by the UV-Visible
spectrophotometer. Membranes were prepared using a two-step

etching technique.

2.2 LPCVD Apparatus
The deposition equipment as shown schematically in figure
2.1 was manufactured by Advanced Semiconductor Materials
America, Inc. (ASM America, Inc.) as a Poly Silicon (POLY)
micro-Pressure Chemical Vapor Deposition (uPCVD) system. The
reaction took place in a fused quartz process tube with an
inside diameter of 13.5 cm and a length of 144 cm. The
process tube door was constructed of 300 series stainless

steel, had a side hinge, and was sealed by an o-ring. The
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Figure 2.1 A schematic diagram of the LPCVD reactor.
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tube door was held closed mechanically and will not open
under positive pressure. The process tube was mounted
horizontally within a three-zone heating, 10 kwatt, Thermco
MB-80 furnace and connected to a vacuum station comprised of
a Leybold-Heraeus Trivac dual-stage rotary vane pump model
D-60A, backed by a Leybold-Heraeus Ruvac roots pump model WA
250. An oil filter system was used to filter unnecessary
particles contamination from ammonia or other reactant by-
products and thereby increase the lifetime of the pump. A
ceramic tube was setup between the chamber and the heater to
enhance the radiation heat transfer thus reduce the
temperature deviation through the reaction tube. The furnace
temperature was kept constant across all zones and confirmed
using a calibrated type K thermocouple. Mass flow controller
(ASM inc. model AFC-260) set points were programmed with the
MICON 3 microprocessing controller which produces the
setpoint voltage and automatically monitors flow vs.
programmed flow limits. The reactor pressure was controlled
by an automatic exhaust valve and measured at the reactor
inlet using a capacitance manometer (13 torr MKS Baratron,
type 222B). Separate lines were used for the liquid
precursor and the ammonia to prevent the formation of solid
compounds in the gas line. Silicon wafers stood vertically
on a fused quartz boat, perpendicular to the reactant flow,

with a 2 cm spacing between adjacent wafers.
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2.2.1 Liquid Injection System

The injector, designed and fabricated in-house, consisted of
a stainless steel bubbler connected to a pre-calibrated
capillary tube fastened onto the reaction chamber. The
liquid flow rate through the injector was established at
different pressure differentials and for various capillary
tube geometries. The flow rate is inversely proportional to
the length of the capillary, while proportional to the
pressure differential and the cross-sectional area. A
schematic diagram of this injection system, which included
filters for both nitrogen purge (140 um) and liquid
precursor (7 um) to reduce capillary blockage, is shown in
figure 2.2. The metal bubbler was filled with the amount of
liquid precursor required for a given experiments and
pressurized with nitrogen for keeping a positive pressure to
restrict oxygen leak into it. This should be handled in an
inert glove box because the liquid precursor can slowly
react with humility and form undesirable white powder
contamination. Additionally, a separate steady flow of 60
sccm of N, was used as a carrier gas to facilitate the
evaporation and transport of the precursor at the capillary
end into the reaction chamber. Except where noted, the flow
rate of the TEAB complex was kept at 17 sccm using a

pressure of 6 psi gauge throughout these experiments.
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2.3 Experimental Setup

2.3.1 Leakage Check

A leak would result in a change in the deposit structure
(due to oxygen) and could result in haze depending on the
size of the leak, therefore a leakage check in the CVD

setup is an important step before making an experiment (36).
When carrying out leakage check, all pneumatic valves, mass
flow controllers, and gas regulators should be fully open to
the gas cylinder main valves. The capillary is disconnected
and the inlet is sealed with a plug because it is not
possible to create a vacuum in the capillary in limited time
period. After pumping the reaction system for a whole day,
closing the outlet valve of the chamber, the pressure
increasing rate was measured at a fixed period of time in
the chamber to obtain the leakage rate. For this LPCVD
system, the leakage rate deviated between 0.13 to 2
mtorr/minute depending on the chamber condition. A very low
leakage rate for a new chamber and a much higher leakage
rate for chamber after long time in service. However, the

leakage rate in this system was basically good.

2.3.2 Calibration of Temperature

A calibrated type thermocouple served to confirm the exact
temperature of the reaction chamber and introduced from a
inlet on the door into the chamber. For the safety reason,

calibrating susceptor temperature started from a low
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setpoint and was raised step by step. Waiting for one hour
for the temperature to increase from room temperature to the
first setup temperature was necessary to equilibrate the
susceptor temperature. An additional thirty minutes was
necessary to increase the temperature to each successive
setpoint. Seven points within a 40 cm reaction zone near the
furnace center were calibrated as shown in figure 2.3. Ten
minutes at each point was required to equilibrate the
temperature. Furthermore, the center position of the
reaction zone was designed to be the setpoint temperature
theoretically and the calibrated results are plotted in

figure 2.4.

2.3.3 Ccalibration of Gas Flow System

The flow rates for the reactant gas (NH3) and the inert gas
(N,) were calibrated by the same means. Using the Ideal Gas
Law, PV = nRT, the following formula was developed to
calibrate the flow rate:

av Ve 273 dp

dt 760 T dt
where dv/dt is the flow rate of the tested gas in sccm, Vp
is the pre-calculated volume of reactor (20,900 * 600 cm3),
Ty is the measured chamber temperature in Kelvin, and dp/dt
is the rate of pressure increase. The tested gas in the
vacuum condition is considered as an ideal gas and the
reaétion chamber was evacuated for several hours prior to

testing. After setting the set-up flow rate, gas line was
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opened to introduce the gas flow into the chamber, then the
outlet valve of the chamber was closed and the pressure
difference in the chamber was measured to obtain the rate of
pressure increase. The real flow rate of the tested gas thus
can be calculated. The accuracy of this calibration involves
the gas flow rate, the time interval, and the condition of
the chamber should be carefully controlled. A smaller gas
flow rate causes a slower pressure increasing rate in turn
leads to an easier detection on the pressure increase and
more accurate calibration. A longer time interval for
calibration and a good vacuum condition in the chamber are

also favored in the accuracy of calibration.

2.3.4 Calibration of Liquid Injection System

Since the vapor pressure of the TEAB complex is very low (12
torr at 97°C), it is difficult to obtain a flow rate by the
previous method. Therefore, another calibration process was
developed to calibrate the liquid precursor flow rate. By
collecting the liquid from the capillary end and measuring
the weight of the liquid at a fixed pressure drop so that
the weight consumed per minute at this fixed pressure drop
was determined. The Ideal Gas Law was used to calculate the
vapor volume which could be produced at STP in order to
obtain a result in the units of sccm. Figure 2.5 presents a
calibrated TEAB flow rate as a function of the pressure drop
through the capillary (0.01 inch in inside diameter and 550

cm in length). For a constant pressure drop of 20.7 psi (6
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psi gauge pressure attached to the bubbler), the flow rate
of TEAB is shown to be about 17 sccm. A calibration of
capillary before each experiment is important to ensure that
the capillary is in good working condition confirming that
the amount of deposits can be precisely controlled. This can
be performed by introducing a constant pressure of N, flow
through the capillary into the isolated chamber, then
measuring the rate of pressure increase to compare with a

previous rate of pressure increase.

2.4 Deposition Procedure
Boron nitride films deposited on p-type, boron-doped,
single-side polished <100> silicon wafers (Silicon Sense
Inc., 10 cm in diameter, 525 um in thickness), and fused
silica quartz wafers (Hoya, Japan) were placed in an upright
position on a fused quartz boat and spaced 2 cm apart. Eight
wafers were used for each experiment. Two dummies, three
<100> oriented silicon samples, and one quartz wafer were
put on the single slots of the loading boat. One stress
monitor, <100> oriented silicon, and one <111> oriented
silicon were put back to back on the double slot of the
boat. The mass of deposit was accurately weighed to 0.1 mg
by a four decimals electronic balance before and after
experiment. The boat was placed in the reaction chamber at a
distance of 58 cm from the loading end thereby placing the
third double slot positioned on the exact center of the

chamber, thus wafers were center-distrobuted from this
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point. In order to have an uniform deposition temperature
within the reaction zone, heating the chamber for at least
one hour before starting experiment is necessary especially
for a lower temperature (i.e. lower diffusion) experiment.
Deposition time was varied according to the film thickness
requirement. Samples were cooled to room temperature in the
vacuum environment for about five hours before removed for
analysis.

The deposition rates were obtained by measuring the
mass of deposits for a known time interval, in units of
mg/hr. The IR spectra were taken using a Perkin Elmer IR
Spectrophotometer 580 to detect the composition of films
while the UV/visible data were taken with a Varian DMS 300
Spectrophotometer to inspect the optical transmission of
films. The thickness and the refractive index were measured
by the Rudolph Research/Autdec ellipsometry and the
Nanometrics NanoSpec/AFT nanospetrometer. The hardness and
Young's modulus of the films were determined using a Nano
Instruments indenter. The stress of the films was measured
using a home-made optically laser-beam equipment. With this
technique, the radius of curvature was measured before and
after the deposition of the film and the change in the
radius of curvature is ascribed to the stress of the film.
Thin wafers were preferred so that the stresses could be

measured more accurately (25-26).
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2.5 Preparation of Membranes
A two-step process was used to prepare membranes. Using an
aluminum shadow mask, the film was dry etched from the
backside of the wafer exposing the silicon substrate to a
plasma environment for twenty minutes. The plasma produced
was created from the AMP 3300 2A PECVD reactor system, using
constant flow of CFs (80 sccm) and O; (360 sccm) in a total
pressure of 200 mtorr, and an RF power of 500 watt. After
removing the exposured part of the film, the silicon wafer
was then chemically etched in a heated KOH solution bath
(Baker Analyzed, Potassium Hydroxide 45.8% solution), to
remove the exposed silicon. It takes about 6 hours to
dissolve the exposed silicon (525 um in thickness) in an
80°C, 25% concentration KOH solution. The KOH solution was
diluted by the stilled water. A very gentle action is

required to treat on the submicron feature membranes.



CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Introduction
The properties required of membrane materials for x-ray
masks useful in submicron lithography application include
high x-ray and optical transmission, low tensile stress,
high modulus of elasticity, absence of hydrogen, uniform
thickness, low surface defect density, and long life time.
To develop a LPCVD boron nitride process, the parameters
that effect the composition and properties of the films were
studied including the follows:
1. deposition temperature,
2. deposition pressure,
3. ammonia flow rate,
4. silicon additives.
These deposition variables are so many and complex, trying
to reach an ideal deposition condition for creating
satisfactory membranes suitable for x-ray lithography mask
substrates was very difficult. Therefore, the depositions
were done in very carefully controlled experiments. There
were 46 experiments for this research. The boron nitride
films were deposited at a fixed precursor flow rate of 17
sccm, a temperature range of 300 to 850°C, a pressure range
of 0.21 to 0.6 torr, and a ratio of ammonia/liquid precursor
flow range of 0 to 44. The precursor mixture consisting of

HMDS and TEAB was varied in the ratio range of 1/25 to 1/3.
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3.2 Kinetics of Film Growth
The films produced through the use of the TEAB complex as a
sole precursor were first investigated. At a fixed precursor
flow rate of 17 sccm and total pressure of 0.5 torr, the
deposition rate as a function of deposition temperature in
the range of 600 to 850°C are shown in figure 3.1. There was
almost no deposition below 550°C. From 600 to 800°C, the
deposition rate followed an Arrhenius behavior yielding an
apparent activation energy of 11 kcal/mole. Above 800°C, the
deposition rate was observed to decrease with increasing
temperature due to the depletion effects caused by the
increased rate of side reactions in the gas phase and the
associated reduction in the amount of material available for
substrate surface reactions.

Films deposited with no ammonia were found to be dark
in all cases because of the high boron and carbon content.
Ammonia was added to the boron precursor in order to
increase the nitrogen content and decrease the boron and
carbon content in the films. The deposition rates were
determined as a function of temperature, pressure, NHj flow

rate, and HMDS/TEAB ratio.

3.2.1 Effect of Temperature

At a fixed total flow rate of 187 sccm, NH3/TEAB ratio of
10/1 and total pressure of 0.5 torr, the kinetics of film
growth were investigated in the temperature range of 300 to

850°C and shown in figure 3.2. The deposition rate plotted
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over the range of 300 to 350°C exhibits an Arrhenius
behavior with an activation energy of 22 kcal/mole. The
addition of NH3 had the effect of lowering the minimum
deposition temperature by around 300°C. Between 350 and
400°C, the curve changes slope reflecting the onset of the
changes in reaction mechanism. It was observed that at these
low temperature region, the reactants did not become
sufficiently hot prior to their flow over the substrates; as
they travel toward the exhaust they become warmer leading to
increased deposition rates on the last wafer along the flow.
In the range between 400 to 700°C, the deposition rate
decreases monotonously due to the increased contribution of
depletion effect. Above 720°C, the slight increase in
deposition rate is assumed to be due to changes in the gas
phase chemistry which are also reflected in the changes in
the film composition, density, stress, color, etc. The films
become dark after this temperature and the stress changes
from tensile to compressive. The general shape of this curve
is complex and generally consistant to the curve of the
refractive index measurement (refer to figure 3.8, page 54)
reflecting the chemical mechanism of the processes and the
composition of the films are strongly dependent on the

temperature.

3.2.2 Effect of Pressure
The effect of pressure on deposition rate is shown in figure

3.3 for constant conditions of temperature (850°C) and
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NH3/TEAB ratio (10/1). Although little change in deposition
rate is seen above 0.4 torr, there is a marked increase in
the rate at lower pressures. This increase may be associated
with an increased dissociation of the borane complex at
lower pressures or an increased removal of inhibiting by-
products from the substrate surface at the incresed pumping

rate necessary to obtain the lower pressure.

3.2.3 Effect of ammonia Flow Rate

Figure 3.4 illustrates the dependence of deposition rate on
NH43 flow rate in the range of 0 to 740 sccm for a given TEAB
flow rate of 17 sccm, temperature of 850°C, and total
pressure of 0.5 torr. As the NH3 flow rate increases, the
deposition rate decreases rapidly approaching a plateau
after around 350 sccm with an accompanying improvement in
the depletion effect. The deposition rate from wafer to
wafer across a 8 cm reaction zone shows less than 5%
deviation. Both these observations can be explained by
considering the dilute effect of the complex precursor
because the increase in the NH3 flow must be compensated at
constant total pressure by an increase in pumping speed that
causes a reduction in the precursor partial pressure. The
nitrogen content increases with the addition of NH3 flow

also contributing to a more stoichiometric BN film.
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3.2.4 Effect of Silicon Additives

At a fixed temperature of 850°C, total pressure of 0.5 torr,
and ammonia flow rate of 350 sccm, the deposition rate
increases as the ratio of hexamethyldisilane (HMDS) to TEAB
in the bubbler increased from 1/25 to 1/4 at a total
precursor flow rate about 17 sccm as shown in figure 3.5.
There exists a maximum deposition rate at the 1/4 ratio of
HMDS/TEAB, after this point the deposition rate slightly
decreases. It is worth to note that the films deposited at
this ratio have a different composition as indicated in the
IR spectroscopy of the films, indicating that the silicon
additives were completely incorporated into the films. The
membranes produced for the x-ray lithography mask
characterized having the following properties: high x-ray
and optical transmission, low tensile stress, free of

hydrogen, and high mechanical strength.

3.3 IR Spectroscopy
The IR spectra of BN thin films deposited on silicon
substrate show two typical absorption bands as in figure 3.6
after the effect of the substrate was removed using a blank
substrate in the reference beam. A strong asymmetrical band
centered at 1400 cm™ ! is attributed to B-N stretching
vibration and a sharper band at 800 cm™! is attributed to B-
N-B bending vibration (9-10,14,16-17,21-22,29-30,32,34-
35,37-42). The broadness and frequency of the B-N stretching

depends on the experimental conditions.
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For the films deposited with no ammonia at constant
conditions of pressure (0.5 torr) and TEAB flow (17 sccm),
the IR spectrum exhibited a broad asymmetric B-N peak

centered around 1250 cm ™+

as well as a small B-H peak
centered around 2560 cm~1 (10,21,32,34-35,37-40) at 600°C
deposition temperature. At 650°C, the B-H peak disappeared
while the B-N peak shifted to a higher wave number of 1300
cmn~ 1. The presence of a single peak remained until the
deposition temperature increased to 750°C where an
additional peak at 780 cm™! due to the B-N-B out of plane
vibration emerged. At 800°C and above, the IR spectrum
flattened out indicating high signal absorption over the
investigated range of 4000 to 200 cm™ L.

For films deposited with a constant NH3/TEAB ratio of
10/1 and total pressure of 0.5 torr, the IR spectra for the
deposition temperature range of 300 to 400 °C exhibited
absorption peaks close to 3400 cm™ L [ (N-H) (32,35,39) or (O-
H) (21,35,37,40,43)], 3220 cm~ 1 (N-H) (10,32,34-35,38,43),
2520 cm~1 (B-H), 1400 cm™1, 900 cm™! (si-N,Si-H) (44), and
760 cm~! (B-N-B). From 475 to 620°C, the 3220 cm™ 1t
disappeared while the 1400, 760 cm™ ! shifted to 1350, 790
cm~l respectively. At 720°C, the peaks at 2520, 900 cm™ 1
disappeared, while by 785°C only the 1400 and 800 cm™ 1 still
remained reflecting the absence of any incorporated
hydrogen. It is interesting to note that the amount of

incorporated hydrogen, as determined by the IR peaks, is

significantly lower in the case of films synthesized with no
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ammonia indicating that most of the hydrogen in the films
originates from the use of ammonia. Thus in the absence of
ammonia, the films produced had an undetectable amount of
hydrogen by IR at a significantly lower deposition
temperature (650°C vs 785°C).

At constant conditions of temperature (850°C) and
NH3/TEAB ratio (10/1), no detectable change in the IR
spectra was seen with changes in pressure over the range of
0.21 to 0.6 torr. At the constant deposition temperature of
850°C and pressure of 0.5 torr, the effect of varying the
ammonia flow rate at a fixed TEAB complex flow rate of 17
sccem resulted in an increased IR transmission with the
standard peaks appearing at 1400 and 800 cm™! for the lowest
investigated flow rate of 80 sccm NH3. A further increase in
NH4 flow rate resulted in no detectable change in the IR
spectra.

At the constant deposition temperature of 850°C, total
pressure of 0.5 torr, 350 sccm NH3 flow, and 17 sccm total
precursor flow with additional silicon additives to the TEAB
complex resulted in an IR spectra with two strong absorption

1, B-N stretching, and 950 cm'l, suggested

peaks at 1300 cm~
to be Si-N stretching, as showed in figure 3.7. The IR
spectra indicated the film composition was strongly
influenced by the incorporated silicon. In the range of
HMDS/TEAB ratio from 1/25 to 1/5, unsaturated silicon
reflected two weak absorptions at 2180 cm™1 (Si-H) (44), and

620 cm~ 1 (si) (17,22,37), while an undetermined additional
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peak formed at 970 cm™l. As the ratio increased to 1/4, the

peaks centered at 2180, 620 cm™1 disappeared and the 970,

1 1

790 cm — peaks merged into a single broad peak at 950 cm ~.

All cases a relatively weak N-H (or O-H) absorption around

3420 cm™ 1

was present.

3.4 Refractive Index
The refractive index of BN films is strongly dependent on
the experimental conditions varying from 1.7 to 2.5. For a
constant deposition pressure of 0.5 torr and NH3/TEAB ratio
of 10, the refractive index depends on temperature is shown
in figure 3.8. There exists a refractive index about 2.1
near 400°C and decreases to 1.8 with increasing temperature
at 550°C then increases with further increased temperature.
It is interesting to note that this curve is generally
consistant to the deposition rate curve as plotted in figure
3.2 and in agreement with Capio's study (25). As shown in
figure 3.9, the refractive index decreases with increasing
in ammonia flow rate in a simple manner.

Incorporated silicon sharply increases the refractive
index from 1.7 to about 2.1 with a constant deposition
temperature of 850°C, pressure of 0.5 torr, and ammonia flow
rate of 350 sccm as shown in figure 3.10. This constant
value of 2.1 indicates that the film composition is
relatively constant at around 1/4 ratio of HMDS/TEAB and the
increased value of the refractive index is also reflected in

a slightly decrease in the optical transmission.
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3.5 Density
The density, D, of the film was calculated from the film
thickness, the film weight, and the wafer surface area using

the following formula:

AW
AXT

where aw is the film weight, A is the wafer surface area,
and T is the film thickness measured by nanospectrometer.
The density of the boron nitride films was found to vary
between 1.5 and 2.5 g/cm3.

For a constant deposition temperature of 850°C and
pressure of 0.5 torr, the density of films only slightly
change with increased ammonia flow at around 2.2 g/cm3 as
shown in figure 3.11. This constant value indicates a
stoichiometric BN film formed by the satuated reactant
gaseous due to the diluted precursor complex by addition of
ammonia.

Incorporation of silicon into the boron nitride
strongly increase the film density as shown in figure 3.12.
There exists a maximun value of 2.52 at 1/4 ratio of

HMDS/TEAB in accordance with the previous deposition rate

study (refer to figure 3.5).

3.6 Optical Transmission Spectroscopy
The optical transmission of the borone nitride thin films
deposited on fused quartz substrates has been measured in

the ultraviolet-visible region (200-800 nm wavelength) and
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the absorption coefficients have been calculated for a
wavelength of 633 nm which was considered to represent the
absorption in the visible region (35). As shown in figure
3.13, the optical transmission was determined by the
midpoint of the schematically maximum and minimum
transmission curve at 633 nm wavelength. The absorption
coefficient, a, was calculated using the equation

I = Ig exp(-aT); where I is the radiation intensity and T is
the film thickness. By determining the optical transmission
I/Ig, then calculating the thickness by the film weight and
the pre-calculated film density on the silicon sample from
the same run, thereby the absorption coefficient can be
carried out.

For films deposited with no ammonia were observed to be
dark in all cases and 0% optical transmissions were measured
suggesting the presence of a carbon-boron-rich composition.
With addition of ammonia (10/1 to TEAB), highly transparent
(>70%) films, about one micron thickness, were deposited at
the temperature below 620°C. As the temperature higher than
720°C, all deposits become dark reflecting the changing in
reaction mechanisms.

Pressure was found to be the smallest factor on the
optical property. In the pressure range from 0.21 to 0.6
torr, all deposits were found to be dark at a fixed
temperature of 850°C and NH3/TEAB ratio of 10/1.

For a constant temperature of 850°C, total pressure of

0.5 torr, and TEAB flow rate of 17 sccm, increasing the
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ammonia flow rate will result in an improve in the optical
transmission, i.e. reducing the absorption coefficient, as
shown in figure 3.14.

With incorporated of silicon into the film only a
slightly decreases the film transmission was observed and
the absorption coefficients shift between 0.4 and 0.8

(104/cm) as shown in figqure 3.15.

3.7 Stress
The temperature dependence of the film stress was seen to be
compressive above 700°C and tensile below that temperature
as seen in table 3.1 and 3.2. Without ammonia, the films
deposited at 600°C were seen to be highly tensile and
revealed severe cracking on the surface. By association of
ammonia into the complex precursor (10/1 ratio of NH3/TEAB),
the increased nitrogen content reduced the tensile level in
the temperature range from 350 to 475°C and the films did
not show visible cracking. For the temperature below 325°C
and above 550°C, the films were compressive. The tensile
nature of these films is believed to be due to the presence
of incorporated hydrogen.

In addition of ammonia flow to the precursor at a
constant temperature of 850°C and a total pressure of 0.5
torr, the stoichiometric hydrogen-free films deposited on
silicon were compressive in nature (Table 3.3) and thus not
suitable for preparation of membranes used as x-ray mask

substrates.
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Table 3.1 Effect of temperature on stress for films
deposited with no ammonia (P=0.5 torr, TEAB=17 sccm, N,=60
scem) .

Sample|Temperature|Thickness|Stress
I.D. (°C) (3) (MPa)
64 600 7500 670
74 650 6900 230
69 700 6100 - 50
71 750 7100 =270
72 800 8000 =220
73 850 6800 -200

Table 3.2 Effect of temperature on stress for films
deposited with ammonia present (P=0.5 torr, NH3=170 sccm,
TEAB=17 sccm, N,=60 sccm).

Sample|Temperature|Thickness|Stress
I.D. (°C) (B) (MPa)
53 300 2700 -180
32 325 6200 -110
23 350 8900 70
25 375 10500 90
34 400 14900 90
35 475 4100 110
13 550 27312 90
31 550 4600 - 50
36 785 5700 - 70
57 850 43900 -220




Table 3.3
Effect of NH3 flow rate on
stress (T=850°C, P=0.5 torr
TEAB=17 sccm, N,=60 sccm).

Table 3.4
Effect of silicon additives on
stress (T=850°C, P=0.5 torr,
NH3=350 sccm, N,=60 sccm).

66

I.D.|NH3 Flow|Thick. |Stress I.D.|HMDS/TEAB|Thick. |Stress
(sccm) (A) (MPa) (A) (MPa)
73 0 6800 =200 97 0 6100 - 60
15 80 5800 =170 77 1/25 11600 =250
57 170 4900 =220 101 1/15 9300 =210
41 350 7500 - 90 112 1/10 5000 - 80
67 400 4800 =130 103 1/5 10900 - 10
68 450 5900 - 80 E716 1/4.5 {10000 200
43 570 9900 - 40 115 1/4 6600 130
70 655 4300 =120 113 1/3 5500 160
66 740 8200 - 90

Table 3.5 Effect of deposition pressure on stress
(T=850°C, TEAB=17 sccm, NH3=170 sccm, N,=60 sccm).

Sample|Pressure|Thickness|Stress
I.D. (torr) (A) (MPa)
50 0.21 10500 -240
52 0.3 5500 -200
54 0.4 4700 -130
57 0.5 4900 =220
56 0.6 6300 =200
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The effects of incorporating silicon into the
stoichiometric boron nitride films not only enhanced the
mechanical strength, but also rendered such films tensile.
As shown in table 3.4, the stress value incresed as the
HMDS/TEAB ratio incresed. By this successful incorporation
of silicon into the BN films, a desired film stress level
can be accurately controlled. Pressure shows almost no
influence on stress as seen on table 3.5. The stress of
films is not only a function of experimetal varibles but
also a strong function of film thickness, that is why the

data is not plotted.

3.8 Mechanical Properties

The hardness and Young's modulus of the boron nitride films
were measured with a nanoindenter. Figure 3.16, 3.17, 3.18
and 3.19 represent plots of hardness and Young's modulus as
a function of temperature for films produced without and
with ammonia. In both cases, there appears to be a decrease
in both values as the deposition temperature is raised up to
850°C. One thing worth to note is that most films deposited
at high temperature were also chemically unstable as found
to change in surface color after a long time storage in the
envelop. The hardness and Young's modulus as a function of
pressure are shown in figure 3.20 and 3.21.

For constant conditions of temperature (850°C) and
pressure (0.5 torr), the increase in ammonia flow rate has

the effect of decreasing both the hardness and Young's



11 =

=
10-
w
Q —
S ? -
1]
[72]
®
S =
§ 8-
I
7

NH3=0
TEAB=17 sccm
N2=60 sccm
P=0.5torr

®

6 T T T T
550 600 650 700 750
Temperature (C)

800 850 900

Figure 3.16 Effect of temperature on hardness of BN films

prepared without the use of ammonia.

68



69

14
13- -
_ NH3=170 sccm
= TEAB=17 sccm
12- -
= N2=60 sccm
— P=0.5 torr
114
/(u\ —
o _ —
S 104 X
2]
4 = B
5 o
©
T - -
8_
X
) -
6 - —
=2 X3
5 ] 1 ] ] 1 1 T T — T T
350 400 450 500 550 600 650 700 750 800 850 900

Temperature (C)

Figure 3.17 Effect of temperature on hardness of BN films

prepared using ammonia.



70

150
NH3=0
TEAB=17 sccm
1307 - N2=60 sccm
P=0.5torr
’t? X
0. —
S
o 1107
3
=
ko)
(@]
= —
> 90+ =
>
70 =
=R
SG T 1 t T T T
550 600 650 700 750 800 850

Temperature (C)

900

Figure 3.18 Effect of temperature on Young's modulus of BN

films prepared without the use of ammonia.



71

110

X —
1001 —_ x NH3=170 sccm
TEAB=17 sccm
90 N2=60 sccm
- P=0.5torr
©
a. —
S 801 = =
- _
: —
=
8 70
=
'U)
2 601 _
3 =
3 p
>
50 =
404 5

30
350 400 450 500 550 600 650 700 750 800 850 900
Temperature (C)

Figure 3.19 Effect of temperature on Young's modulus of BN
films prepared using ammonia.



7
NH3=170 sccm
61 TEAB=17 sccm —
N2=60 sccm %
T=850C
5_
©
o
S 41
[/2]
®
[ont
° 3
(a8}
T
2_
1= =
== =
0 T T 1 T
0.2 0.3 0.4 0.5 0.6

Pressure (torr)

Figure 3.20 Effect of pressure on hardness for films
deposited at constant temperature and flow rate.

0.7

72



110

73

1001
_ NH3=170 sccm
90- = TEAB=17 sccm
N2=60 sccm
— 24 —
gr 804 T=850C
- 3 _ —
5 70“
jo] =
3
5 604-
oy
3 50-
>_
40- 5 -
X
30- 3
20 i i 1 T
0.2 0.3 0.4 0.5 0.6 0.7

Figure 3.21 Effect of
deposited at constant

Pressure (torr)

pressure on Young's modulus for films
temperature and flow rate.



74

modulus as seen in figure 3.22 and 3.23. This mirrors the
ability of the films to form membranes as the NH3 flow rates
increase to 350 sccm. Above this flow rate, the films were
observed to disintegrate readily in the KOH etch.
Incorporation of silicon into the boron nitride films
at a fixed temperature of 850°C, pressure of 0.5 torr, and
NH3; flow rate of 350 sccm strongly enhance the hardness and
Young's modulus of films as plotted in figure 3.24 and 3.25
respectively. This enhancement in mechanical properties of
the films in turn results in a much higher durability in an
etching solution, e.g. KOH, making it possible to prepare a

membrane.

3.9 Annealing Effect
Films deposited at 475°C, 0.5 torr with a constant NH3/TEAB
ratio of 10/1 were highly optically transparent, highly
mechanically strong, and slightly tensile in stress, but
hydrogen was incorporated into the film at this relatively
low temperature as detected in the IR spectrum. This
hydrogenerated boron nitride will cause the films to be
unsuitable as x-ray lithography mask materials due to the
radiation damage effect (32-34). Annealing such films up to
1050°C showed that the process apparently affects the film
properties. As shown in figure 3.26, the IR spectrum
indicates the hydrogen absolutely removed while the
mechanical hardness and modulus remain stable as shown in

figure 3.27.
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3.10 Membranes Preparation
The preparation of membranes from the films deposited with
high ratio of NH3/TEAB (>10) at constant conditions of
temperature (850°C) and pressure (0.5 torr) failed because
these highly transparent, hydrogen-free films could not
survive in KOH bath for a long etching time. It was also
observed that the stress of these stoichiometric films was
compressive, therefore, not suitable for fabrication of x-
ray membranes. This problem was overcome by investigating
the effect of incorporating silicon into the film.

Films deposited at constant temperature of 850°C, total
pressure of 0.5 torr, and NH3 flow rate of 350 sccm
provide advantages of high optical transmission, hydrogen
free, and relatively low depletion effect between wafers.
Incorporated silicon in the films not only enhance the
mechanical properties but also render the film stress from
compressive nature to the desired tensile level, making this
research much attractive. Membrane prepared with 1/5 ratio
of HMDS/TEAB showed wrinkle on the surface. However, the
boron silicon nitride membranes, 1 um in thickness and 1.5
inches in diameter, were successfully made from the films

deposited with the 1/4 ratio of HMDS/TEAB.



CHAPTER 4

CONCLUSIONS

Stoichiometric BN thin films were deposited on silicon and
fused quartz wafers by low pressure chemical vapor
deposition using ammonia and liquid precursor, borane-
triethylamine complex (TEAB), at a constant temperature of
850°C and pressure of 0.5 torr. These films were found to be
hydrogen-free and optically transparent; however, the stress
was found to be compressive and the mechanical properties,
such as hardness and modulus, were found to be inferior,
thus, limited the films use as membrane materials for x-ray
mask substrates.

Incorporation of silicon into the BN films by the
precise control of the ratio of TEAB and HMDS in the
precursor mixture had a promising effect on the stress and
the mechanical properties. Boron silicon nitride membranes,
1 um in thickness and 1.5 inches in diameter, were prepared
by the two-step precess. These membranes were found to be of
high optical transparency and mechanical strength, absence
of hydrogen, and adjustable tensile stress. As a result,
these membranes were considered to be suitable materials as

mask substrates for x-ray lithographic applications.
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