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ABSTRACT
LOW ENERGY IMPLANTATION OF BORON
WITH DECABORANE IONS
by
Maria Angela Albano

The goal of this dissertation was to determine the feasibility of a novel approach to
forming ultra shallow p-type junctions (tens of nm) needed for future generations of Si
MOS devices. In the new approach, B dopant atoms are implanted by cluster ions
obtained by ionization of decaborane (B101114) vapor. Each B atom carries only ~9% of
the cluster kinetic energy and the B dose per unit charge is 10 times larger than in the case
of monomer ion beams. Thus, the problems of space-charge, limiting the extraction and
transport of low energy (<= 1 keV) beams of B + ions, can be overcome.
To test this concept, an experimental ion implanter with an electron impact ion
source and magnetic mass separation was built at the Ion Beam and Thin Film Research
Laboratory at NJIT. Beams of B 10Hx+ ions with currents of a few microamperes and
energies of 1 to 12 keV were obtained and used for implantation experiments. There was
no measurable neutral beam component (< 1%), no breakup of the cluster ions (< 2%) and
no vapor B transport in the system. Profiles of B and H atoms implanted in Si were
measured by Secondary Ion Mass Spectroscopy (SIMS) before and after rapid thermal
annealing (RTA). From the profiles, the junction depth of 57 nm (at 10 18 cm-3 B
concentration) was obtained with 12 keV decaborane ions followed by RTA. Outdiffusion
during RTA resulted in reduction of the concentration of the implanted H by two orders of
magnitude to the level of only twice the concentration in an unimplanted control sample.
The dose of B atoms that can be implanted at low energy into Si is limited by sputtering as

the ion beam sputters both the matrix and the implanted atoms. As the number of
sputtered B atoms increases with the implanted dose and approaches the number of the
implanted atoms, equilibrium of B in Si is established. This effect was investigated by
comparison of the B dose calculated from the ion beam integration with B content in the
sample measured by Nuclear Reaction Analysis (NRA). Maximum (equilibrium) doses of
1.35 x 10 16 B cm-2 and 2.67 x 10 16 B cm-2 were obtained at the beam energies of 5 and
12 keV, respectively. Sputtering yield of Si with B10Hx + ions was determined by
measurement of the amount of Si removed by a known ion dose. This is the first reported
measurement of the sputtering yield with the decaborane cluster ions. The surface
morphology measured by Atomic Force Microscopy (AFM) indicates that decaborane ions
result in smoothing rather than roughening of the Si surface.
The problem of forming shallow p-type junctions in Si is related not only to
implantation depth, but also to transient enhanced diffusion (TED). TED in Si implanted
with B10H x+ was measured on boron doping superlattice (B-DSL) marker layers. It was
found that TED, following decaborane implantation, is the same as with monomer 13 + ion
implantation of equivalent energy and that it decreases with the decreasing ion energy.
This confirms the earlier preliminary findings with unanalyzed decaborane beams and
agrees with current TED theory (+1 model). This dissertation demonstrated the feasibility
of implantation of B with decaborane ions for shallow junction formation in Si.
The findings of the fundamental decaborane ion beam properties and its effect in Si have
provided scientific foundation for the continuing efforts of industry in further advancement
of semiconductor technology.
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CHAPTER 1
INTRODUCTION
1.1 Objectives and Scope of Work
The main objective of this dissertation was to determine the feasibility of the formation of
shallow p-type junctions in silicon (Si) using implantation of B 10 H x+ ions obtained by
ionization of decaborane (B 1 01-114) vapor. Ionization and transport of a beam of B10Hx +
ions in an implantation system were studied. This work involved construction of a
beamline with magnetic mass analysis and electrostatic scanning of the beam.
Implantation of these ions into silicon was carried out in the range of energies 1.2-12 keV
and doses 10 13 -10 16 decaborane ions/cm 2 .
Argon ions were utilized to test the general operation of the implanter and for
calibrating the analyzing magnet. Modifications and adjustments of the experimental ion
implantation system to achieve good uniformity and dose control were based on
measurements of beam profiles in the horizontal and vertical direction using various test
schemes, and a study of electron suppression at various acceleration energies.
The effects of B 1
0Hx+ ions on crystalline Si substrates, specifically, defect and dopant
distribution and transient enhanced diffusion (TED) after implantation and after activation
annealing have been investigated. The profiles of hydrogen implanted with B 10 H x+ ions
before and after annealing were measured, and the effects of sputtering of Si and B with
B 10 Hx+ ions were studied. Silicon surface roughness has been examined on B10Hx
as-implantation samples and after activation annealing.

1

+

2
An understanding of the generation and transport of large molecular ion beams, such
as B 10 1-1„+ , may have a significant impact on the development of present and future
generation ion implantation tools. An understanding of the implantation of these beams
and ultra-shallow p-type junction formation addresses the important question of whether
transient enhanced diffusion (TED) can be reduced under certain conditions (molecular
implantation) compared to the equivalent atomic implantation [1].

1.2 Background
1.2.1 Shallow Ion Implantation
The most precise process for the introduction of dopants into silicon substrates continues
to be ion implantation. Ion implantation is the introduction of energetic charged particles
into a solid, such as silicon, to modify its electrical properties [2]. The advantages of this
process include the purity of implanted species achieved by magnetic mass separation, the
control and reproducibility of implantation depth by choice of ion energy, and accuracy of
the dose by beam current measurement. Fabrication of today's planar silicon integrated
circuits may utilize 20 implantation steps with ions of different species ranging in energy
from a few keV to a few MeV. A major disadvantage of ion implantation is the extensive
damage produced in the crystal lattice, which leads to defects and amorphous regions.
This lattice damage is repaired when the substrate is subjected to the activation annealing
process.

3
For the last three decades, the semiconductor industry has followed Moore's Law,
established in 1965, which states that IC, density doubles approximately every
18 months [3]. The switching speed of the MOS transistor has been increased by reducing
the size of the device. Today, fundamental materials and processing limits are being
reached in critical areas that may hinder further advancement. For proper operation, MOS
transistor scaling theory requires all vertical and lateral dimensions to be scaled
simultaneously, which in turn necessitates shallower junction depths (tens of nm) near the
channel [4]. This presents a major challenge to traditional mass analyzed ion implantation
technology especially for p-channel devices. There is less of a challenge in forming n-type
ultra shallow junctions using arsenic, which has a higher mass, lower diffusivity during
post implant annealing and a higher solid solubility in silicon. The high atomic mass
(75 AMU) means low projected range of these ions [5]. The required n-type shallow
junctions are formed by implanting arsenic at 10-30 keV energies, where currently
available high-current implanters (200 mm Si wafer capability) can easily provide
production-worthy throughput [6].
The difficulty with p-type junctions is that the only p-type dopant with sufficient
solid solubility for source and drain formation is boron. With its low mass, boron must be
implanted at low and ever-decreasing energies to keep the junctions confined sufficiently
close to the surface [6]. The ions lose their energies as they penetrate into the substrate.
Much of the energy loss for light ions (e.g.
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13 + in Si) is due to electronic collisions [5].

Boron ions undergo fewer nuclear scattering events and come to rest more deeply in the
substrate. The projected range of the ions increases with ion energy. The projected range
of B + ions in silicon at 100 eV is 1.1 nm, based on TRIM simulation stopping/range tables
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(Version 2000.10) [7]. The model used in this program, however, is believed to be
inadequate for calculations of implantation at ultra low energies. The p-type source and
drain regions for 300 mm Si wafers at the 0.18 technology node, has a junction depth
of approximately 70 nm [8]. The need for 25 to 43 rim deep junctions in the 0.13 μm
semiconductor devices is expected by the year 2002 according to The International
Technology Roadmap for Semiconductors [9]. In order to achieve these depths, the
energy of B + ions is of the order of 100 eV. At this time, there are no known solutions for
20 to 33 nm p-type junctions in the 0.1 pm devices projected for the year 2005 [9].
Generation and transport of very low energy ion beams are difficult because of the
space-charge effect in the ion source and the beamline. The problem of ion extraction is
analogous to the problem of a thermionic diode operating in the space-charge limiting
mode. At these conditions, the electric field at the edge of the plasma near the extraction
voltage is defined not only by the extraction voltage but also by the charge of the ions
being accelerated (space-charge). In a simplified one-dimensional analysis, the extracted
ion current density is described by the Child-Langmuir Law given by:
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Space charge limitations, as defined by Child-Langmuir Law, impose an upper limit
on the beam current that can be extracted from an ion current density (J~V a3/2/m1/2 ) for a
given acceleration voltage (Va) and ion mass (m). At low extraction voltages (low ion
energy), the attainable ion current becomes so small as to be impractical for commercial
semiconductor implantation, which requires currents of the order of milliamperes (mA).
Another problem caused by space-charge is beam "blow-up" which causes beam current
loss during transmission. It is particularly problematic in high current, low energy
applications since the high concentration of ions in the beam increases the force of the
mutual repulsion of the ions, and the minimal propagation velocity (low energy) of the
ions expose them longer to these mutually repulsive forces [10].
To overcome the transport and extraction challenges, electrostatic deceleration of an
energetic beam in front of the target may be utilized. Deceleration (Accel/Decel scheme)
involves extraction of a beam to a high energy (e.g. 20 keV), mass analysis, and passage
through electrodes with high positive voltage (e.g. 19 keV) for deceleration to the lower
implant energy (e.g. I keV) before impinging on the Si substrate. However, this scheme
does not completely eliminate high-energy species because of charge exchange processes,
which occur at the pressures common in beamlines. These neutrals are not decelerated
and result in energy contamination in the form of high-energy tails on the beam.
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To correct this problem, Applied Materials has designed a better vacuum system
with added cryo pumps to maintain a low operating pressure, and shortened the beamline
to limit the number of neutrals impinging on the wafer [11]. However, there is still some
neutral beam, which varies in intensity depending on the maintenance cycle of the cryo
pumps. Despite these shortcomings, both Applied Materials and Axcelis manufacture
implanters today based on this principle.
Another solution may be an ion implantation machine, manufactured by Varian,
which produces a ribbon beam which inherently has a lower space-charge density [12, 13].
The narrow rectangular beam is approximately 8" in width. As the beam is scanned in
only one direction, the dose uniformity over the wafer is a major issue. A ribbon beam
implanter's ion optics is very complex therefore, controlling of the beam is challenging.
The added complexity increases the tune time, which reduces the throughput and results in
an increase in the cost of ownership.
A different approach, developed by Axcelis Technologies, utilized multiple ion
beams extracted through many apertures, which then converged into one beam [14].
This approach reduced space-charge effects at the extraction. Yet, there were two main
problems with this machine. The first was poor mass resolution due to the complex
aperture system, and the second and most detrimental problem was the presence of
particles, sputtered from the apertures, that deposited on the wafer surface.
This implanter was eventually abandoned and today, Axcelis Technologies manufactures
Accel/Decel low energy implanters.
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An alternative to implantation of monomer ions at very low energy is implantation of
large molecular ions at a higher energy. A cluster of n identical atoms impacting on a
surface with kinetic energy E can be viewed as an impact of n atoms with energy E/n [15].
Thus, low energy shallow implantation can be achieved with a high-energy cluster beam.
Another advantage of cluster ion implantation is the low charge to mass ratio of the
cluster ions. The ion beam space-charge effects as well as target charging problems are
minimized. These characteristics of molecular ion implantation make it an attractive
alternative for shallow junction formation in silicon.
Presently, BF 2+ molecular ions are used for shallow boron implantation because the
B + atom carries 1/5 th the energy of BF2+ ions (BF2+ molecular weight = 49 AMU, B = 11,
F = 19). However BF 2+ is known to cause fluorine-enhanced diffusion of boron from the
p+ polysilicon gate electrode into the channel region which leads to a reduction of dopant
activation. This occurs in thin (<10 nm) gate oxides and results in uncontrolled MOS
threshold voltage shifts [6].
In recent years, much interest has been generated in a molecule called decaborane,
which contains 10 boron atoms and 14 hydrogen atoms. There are two isotopes in natural
boron, 10B (20%) and "B (80%) therefore, the molecular weight of 13 10 H 14+ is
122 AMU. In an ion beam of B10H14 +, each of the 13 + atoms carries only 1/11 th (9%) of
the ion kinetic energy, and the boron dose per unit charge is 10 times larger than in the
case of a monomer ion beam of boron. Theoretically, decaborane enhancement is 110
times that of monomer boron. This can be calculated by solving the Child-Langmuir
equation for B 10 Hx+ ions. Since the mass of the decaborane molecule is approximately
11 times higher than that of an average B atom (mB), the decaborane beam extraction
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(acceleration) voltage can be 11 times higher than the extraction voltage of B + ions for the
same energy and range of implanted boron given:

Since there are 10 boron atoms in every decaborane ion then the boron dose rate with
decaborane ions is given as:

where øB is boron dose rate with monomer boron ions.

Recently, Axcelis Technologies announced their patented ion source for the ionization of
decaborane molecular ions [16]. Axcelis integrated their ion source technology onto a
conventional ion implantation system and successfully implanted device wafers (produced
in collaboration with Agere Systems (Lucent)). The device performance data showed
equivalent performance characteristics to conventional low energy 13 + implantation [17].
The results confirm the potential of decaborane as a viable technology for shallow p-type
junction formation in silicon.
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Finally, there is another emerging technology of shallow ion implantation, which
does not utilize traditional ion implantation machines. In plasma immersion doping,
wafers are immersed in high-density plasma and pulse-biased to a negative potential
relative to the chamber wall [18]. However, this technique does not involve mass analysis
and the potential for precise semiconductor doping still remains uncertain. Therefore, ion
implantation machines remain the tools of choice for processing of semiconductor devices
including devices that require shallow junction formation.

1.2.2 Annealing, Activation and Diffusion
The process of semiconductor doping involves ion implantation as well as activation
annealing. Implantation of dopants produces point defects (Si self-interstitials, vacancies,
and dopant atoms) in the crystalline substrate. Annealing activates the implanted species
by allowing the dopants to migrate from interstitial crystalline lattice sites to substitutional
crystalline lattice sites. Post-implant activation annealing also promotes lattice damage
repair. A serious problem for shallow junction formation is diffusion, which significantly
affects the final dopant distribution for very shallow dopants. Diffusion of p or n-type
dopants is mediated by the interaction with Si self-interstitials or vacancies, especially at
high concentration. Researchers agree that B diffuses by the interstitialcy mechanism
where a free Si interstitial kicks out a substitutional B atom, which is then free to diffuse
interstitially [19]. This diffusion enhancing interaction with interstitials is known as
transient enhanced diffusion (TED), which was first recognized over twenty years ago by
Hofker et al. [20]. During the initial stage of annealing, native point defect recombination
results in a net excess of interstitials, which are responsible for TED of interstitial diffusers
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such as boron [21, 22]. TED occurs when silicon interstitials produced by ion
implantation damage interact with species that diffuse by the interstitialcy mechanism.
The dopant-defect interactions and TED in Si have only recently become understood.
After implantation, most interstitials and vacancies recombine at room temperature, but
those remaining form small stable clusters. These clusters have been shown with
transmission electron microscopy to be in the form of rod-like {311} defects [21].
Upon annealing these defects emit interstitials and drive TED until the supply of excess
interstitials is exhausted. The number of remaining self-interstitials was thought to be
equal to the implant dose, "+1 model", but seems to be somewhat larger "+1.4 model"
[23, 24]. Shallow junctions require minimization of transient enhanced diffusion effects
and a high concentration of activated dopants to achieve low sheet resistance.
The question is whether reducing the implant energy and thus the range is sufficient to
form shallow junctions or whether TED will counteract shallow implantation.
Besides TED, there is another diffusion enhancement mechanism for B that limits
the formation of p-type ultra-shallow junctions in Si. This phenomenon is called boron
enhanced diffusion (BED), where silicon layers containing B in excess of a few atomic
percent create a supersaturation of Si self-interstitials in the underlying Si, resulting in
enhanced diffusion of B in the substrate. Agarwal et al. [25] report that boron diffusion is
enhanced three to four times over the equilibrium diffusivity at 1050°C in the proximity of
a high-concentration boron-containing layer during annealing. For sub-keV B implants
above the threshold boron concentration between 1% and 10%, BED dominates over the
contribution from TED to junction depth.
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In another study, the diffusivity enhancement from the combined effects of BED and
TED measured in 2 x 10 15 cm-2 , 0.5 keV 13 + implanted samples, show similar temperature
dependence as seen for evaporated B, except the maximum enhancement occurs at 1000 ° C
[26]. It was proposed that the excess interstitials responsible for BED are created by the
formation of a silicon boride phase in the high B concentration layer during activation
annealing.
The key to formation of shallow junctions may be rapid thermal annealing, obtained
by precisely controlling the heating and cooling of the substrate within seconds
(e.g. 950 °C/30s) by subjecting the wafer to radiant heat from a discharge lamp. It is
hoped that this technique will suppress enhanced diffusion by proper choice of
temperature and time.

1.2.3 Sputtering, Implantation of Hydrogen and Surface Damage
A further concern with low energy implantation is the reduction of the implanted dose due
to sputtering [27]. Sputtering refers to the removal of atoms from the near surface layer
of a target material due to ion impact. Sputtering invokes a transfer of kinetic energy
from the incident particle to target atoms and subsequent ejection of those atoms from the
target surface which have acquired enough kinetic energy to overcome the binding forces
exerted by the target [28]. Sputtering is characterized by the sputtering yield Y, which
describes how many atoms are ejected per incident ion. As the B concentration in the
near-surface implanted layer increases with implanted dose, more and more of the
sputtered target atoms will be B [29].
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Sputtering determines the retained dose for large nominal doses. Comparison of
Si implanted with B 10 Hx+ and Si implanted with B + of equivalent dose and energy will be
important in defining the optimal decaborane implantation conditions. The result of this
sputtering investigation is of great scientific interest.
There is also interest in the effects of hydrogen implanted with B10Hx+ ions. It is
believed that hydrogen may affect the transistor performance if a substantial amount of
these ions remain in the Si lattice. In this dissertation, the profiles of the hydrogen atoms
implanted by decaborane ions before and after activation annealing have been investigated
by Secondary Ion Mass Spectroscopy (SIMS). As most of the H diffuses out during
annealing, it is expected that its presence will not be detrimental to the operation of
devices implanted with decaborane. Implantation of large molecular ions of B 10 Hx+ may
change the surface morphology of the Si substrate. In this dissertation, the surface
roughness has been examined before and after activation annealing.
1.3 Previous Work on Decaborane Implantation
1.3.1 MOS Transistors

The first results of implantation of decaborane ions into silicon were reported five years
ago [30]. The work was related to the research at Kyoto University in Japan on surface
modification with cluster ion beams generated by expansion of gases through a small
nozzle into vacuum. The clusters were ionized by electron impact and accelerated by the
electric field in a straight line towards the target. The B 10 Hx experiments were performed
with the same apparatus, modified by removing the nozzle, so that ions came from a low
pressure decaborane vapor exposed to electron impacts. The ionized species, accelerated
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to 5 keV, were implanted into silicon wafers. Boron concentration profiles, measured by
SIMS, were consistent with the low energy of B atoms arriving in the large molecules.
The p-n junction depth below 40 nm, with a sheet resistance of 1.5 kΩ/sq, were reported.
PMOS transistors, with 150 nm gate length and 34 nm deep source and drain
extensions, were fabricated by Fujitsu Corporation. In the following year, the work was
refined to achieve a transistor gate length of 50 nm [1]. The fabrication of source and
drain extensions included B 10Hx+ implantation at 2 keV, 1 x 10 12 ions/cm2 and 900 °C,
followed by 10 second annealing. Formation of a 7 nm deep ultra shallow junction was
reported. A 3 keV beam from ionized decaborane was used for implantation of the source
and drain regions followed by annealing at 1000 °C for 10 seconds. TED was reportedly
suppressed by the use of decaborane implantation and the 2-step activation annealing
process. The data from this research sparked great interest in decaborane implantation.
Another study was conducted to investigate the effects of decaborane implantation in
Si, and particularly to verify the claim that TED of B in Si implanted with decaborane is
different than implanted with monomer B ions of equivalent energy. Implantation of Si with
ions generated by electrons in decaborane vapor was performed at the Ion Beam Engineering
Experimental Laboratory at Kyoto University in Japan, utilizing the same equipment with
which Fujitsu PMOS test devices were implanted [1, 31]. The nominal implantation doses, as
determined by integrating ion beam current, were 10 13 cm-2 , and 10 14 cm-2 at the acceleration
voltage of 5 kV. The same type of samples were implanted with 500 eV B + ions at Axcelis
Technologies (Eaton) facility in Beverly, Massachusetts.
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The ion doses were ten times larger than those specified for the decaborane
implantation. Si (100) samples with narrow marker layers of high B concentration were
grown by molecular beam epitaxy (MBE) at Bell Laboratories of Lucent Technologies
(Agere) in Murray Hill, NJ. The marker layers were 100 nm apart with the first layer at
50 nm below the surface. Boron distributions were measured by SIMS on all implanted
samples before and after rapid thermal annealing (RTA) at 950 ° C for 30 seconds.
Annealing conditions for all samples were the same. Unimplanted, annealed samples were
also measured for reference. Enhanced B diffusion has been observed in Si implanted with
0.5 keV B + ions and with 5 keV B 10 Hx+ ions. Boron profiles were found to be very similar
in both cases.
For the purpose of dose calibration, samples cut from standard Si (100) wafers were
implanted together with the delta-doped samples. Boron content of these samples was
determined by

11B(p,α)8Be

nuclear reaction analysis (NRA), as described in Section 4.3.2.

The results show that the B concentration in decaborane implanted samples significantly
exceeded the ion dose measured by current integration. The reason for this dose
discrepancy is presently unknown. The analysis indicates that the higher diffusion
enhancement factors for decaborane implants can be explained, at least for the lower dose,
by the higher B concentration. Thus, these first experiments with an unanalyzed
decaborane beam indicate that the TED in Si implanted with decaborane and boron ions of
equivalent energy is the same [22]. These results are consistent with the "+1 model" of
TED [32].

15
The studies involving decaborane implantation sparked interest in the possibility of
forming ultra-shallow junctions in Si using B10H14+ cluster molecule implantation.
One major flaw in the previous studies was that the B10H x+ beam was not mass analyzed.
So, there was no discrimination of the accelerated ionic species and a possibility that ions
of various boron content, as well as unionized molecules, were implanted in the Si
substrate. Therefore, there is a need to verify the Kyoto results using an ion implantation
system with magnetic mass analysis capability.
Collisions of large clusters with a surface were studied in the past [33] and also by
molecular dynamics (MD) simulations [34]. Recent MD studies have shown that more
damage near Si surface is expected for B 10 Hx+ than for B+ ions [35]. Research performed
by Dirks et al. [36], at Phillips Research Laboratories in Eindhoven, Netherlands, confirm
that there is in fact more damage caused by B 10 1-1: compared to B+ ions with equivalent
energy and dose. In a Rutherford Backscattering Spectroscopy (RBS) measurement, the
surface peak after implantation by 18 kV, 6.9 x 10 14 ions/cm2 B+ ions, was about the same
as that of un-implanted Si. Higher defect density in the B10H x+ implanted sample was
observed in comparison to the B+ implanted sample. Ultra shallow dopant profiles were
achieved by 2.8 keV B101-1x+ implantation, equivalent to an energy of 255 eV for monomer
B + . The B peak concentration, from RBS measurement, was located a few atomic layers
(~ 2 nm) below the Si surface and implantation damage was virtually absent.
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1.3.2 Ionization of Decaborane

To understand the effects of electron impacts on the decaborane molecules, measurements
of mass spectra of ions generated by impacts of electrons were performed at the Ion Beam
and Thin Film Research Laboratory at NJIT in Newark, NJ [37, 38]. A quadrupole ion
mass spectrometer with adjustable electron energy, a heated ionization stage, and an
electron multiplier detector, was used in the study. Decaborane vapor was introduced to
the instrument through stainless steel tubing connecting it to a small capsule with the
compound, which was at room temperature. Based on the spectrum, dissociation of
boron from the large molecules was clearly seen, and all ten peaks with different numbers
of B atoms, from B1Hx to 13101-1„ can be identified. Loss of different number of hydrogen
atoms as well as the presence of two B isotopes (20% ' ° B, 80% "B) are responsible for
the fine structure of the broad peaks. The effect of electron impact energy and
temperature on the population of ions with different masses was investigated. A number
of ion mass spectra were obtained in the electron energy range of 40 - 255 eV and
temperatures up to 350 °C.
The results from this study indicate that ions containing ten B atoms (B 10 Hx+) are
more abundant than any other ions seen in the mass spectra and contribute 60 - 90% of the
ion current, and the abundance of ions containing 10 B atoms (B 10 Hx+) has a maximum at
an electron energy of 70 eV. There is only a weak dependence of ion mass spectra on
temperature up to 350 °C. Decaborane molecules were effectively ionized by electron
impact in the energy range suitable for operating ion sources. The results from earlier
work on implantation of decaborane ions confirm the potential of this approach for the
formation of ultra-shallow junctions in silicon.
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During the work at NJIT [37], researchers at Axcelis Technologies investigated the
temperature dependence of the dissociation of the decaborane molecule and confirmed
that there is a weak dependence of ion mass spectra on temperature up to 350 ° C [39].
However, it was found that above 350 °C, the decaborane partial pressure was extremely
small and the molecule decomposed. These data made it clear that a decaborane ion
source must be maintained below 300 °C to prevent dissociation of the decaborane
molecule.

1.3.3 Design of an Ion Source for Decaborane Implantation at NJIT
Following the positive results of the quadrupole mass spectrometer study, an experimental
ion source based on electron impact ionization, was designed and built at the Ion Beam
and Thin Film Research Laboratory at NJIT [37], where a program to study the properties
of decaborane ion beams for ion implantation was initiated. Preliminary data on the
operational characteristics of the source indicated that Ar + beams of several microamperes
were achieved at an extraction voltage of 200 V and focussing voltage of 750 V.
This source was part of the ion implantation system built at NJIT for the initial decaborane
implantation experiments reported in this dissertation. The details of the source are
described in Chapter 2.
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1.4 Work Reported in this Dissertation
A 20 keV research ion implantation system was designed and built to study the formation
of shallow junctions in silicon with decaborane molecular ion implantation. The three
main components of the system include the ion source section with extraction, focussing
and acceleration electrodes, the mass analyzing magnet section, and the sample chamber
section with scanning plates, apertures, Faraday cage and sample holder. The vacuum and
gas handling systems were designed to minimize the potential contamination with
decaborane to just one mechanical pump. The details of this work are reviewed in
Chapter 2.
Argon ions were utilized to test the general operation of the implanter and for
calibrating the analyzer magnet. Argon beam profiling and electron suppression
experiments are described in Chapter 3. The ionization and transport of B 10Hx+ in the
research ion implanter were studied. The production of beams of B 10 Hx+ ions, control of
these beams for uniform implantation and dose control, and beam profiling of the B 10 ion
beam were studied. These results as well as NRA measurements from initial deflection
and implantation experiments with B10H x+ ions are reported in Chapter 4.
The effects of decaborane implantation in silicon were investigated. The amount of
boron retained after B10Hx+ implantation was measured with NRA. The sputtering yield of
boron from decaborane implantation was calculated from the retained dose data and
compared to that of monomer boron implantation. Sputtering of Si as a result of B10Hx +
implantation was measured by RBS. Surface roughness was measured before and after
argon and decaborane implantation with an Atomic Force Microscope. The results of the
measurements of the retained dose and the sputtering experiments are described in
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Chapter 5. The depth profiles of hydrogen and boron implanted by B10H x+ ions before and
after rapid thermal annealing (RTA), have been investigated by SIMS and are reported in
Chapter 5. TED in Si implanted with a beam of mass analyzed B10Hx + ions was
investigated. Boron profiles were measured before and after RTA by SIMS.
Boron diffusivity during annealing was extracted from SIMS depth profiles of diffused
marker layers in boron doping-superlattices and the actual B dose was independently
measured by NRA. The summary and conclusions of this dissertation are given in Chapter
6. Information on the physical and chemical properties of B101-114, and handling and safety
information are described in Appendix A.

CHAPTER 2
EXPERIMENTAL LOW ENERGY ION IMPLANTATION SYSTEM
An experimental ion implantation system was designed and built to study the formation
of shallow junctions in silicon with decaborane molecular ion implantation. The main
advantages of utilizing an experimental ion implantation system compared to an
industrial implantation system are the small manageable size, flexibility and full control
of the process. An important consideration was also the safety of handling toxic
decaborane, which was much easier in a small system designed with special safety
features. A schematic of the experimental ion implantation system is shown in Fig. 2.1.
The system has three major sections: the ion source chamber, the mass analyzing
magnet chamber, and the sample chamber section with scanning plates, apertures,
Faraday cage and sample holder. The three major sections are evacuated by different
vacuum pumps and can be separated by gate valves. The overall length of the apparatus,
from the source to the sample chamber is approximately 2.5 m. The beamline is
constructed of 4" Dependex ™ modules (crosses, flanges, bellows, valves and tubes).
Special transition flanges were manufactured to accommodate the Axcelis NV-10 magnet
and the source high voltage bushing. A six-way cross serves as the sample chamber,
which houses a sample holder in the form of a block (2.60"x 1.15 x 1.15" in dimension).
A larger sample chamber, that can hold a full size wafer, can be attached to the beamline
for future experiments. An overall view of the experimental ion implantation system is
shown in Fig. 2.2.
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Fig. 2.1 Schematic of the NJIT Experimental Ion Implantation Apparatus
Length of Beam Path = 2.5 m (Drawn Not to Scale)

Fig. 2.2 Overall View of the Experimental Ion Implantation System
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2.1 The Electron Impact Ion Source
The experimental ion source was designed and built as part of a research effort for an
earlier MS thesis at the Ion Beam and Thin Film Research Laboratory at NJIT [37].
The electron impact ion source was built to study the properties of decaborane ion beams
and for ion implantation experiments. Details of the source design and construction are
described below. Due to operational problems, the source (Version 1) was replaced with
Version 2 utilized for the decaborane experiments described in Chapters 4 and 5.

2.1.1 Ion Source -Version 1
The main design requirements of the electron impact ion source were: (1) adjustable
electron energy for maximizing the ionization of the B 1 0H 1 4 molecules, (2) low source
temperature (<= 350°C) to prevent breakup of decaborane molecules and (3) suf ic ent ion
current (-j 1 [LA) for ion implantation experiments. The design of the ion source was
based on the Bayard-Alpert ionization gauge [40, 41]. The source consisted of an ionizer
assembly (hot filament cathode, open structure anode and a gas inlet) and electrode
assembly (extraction, focussing, and acceleration electrodes). The schematic of the ion
source with its power supplies is shown in Fig. 2.3.
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Fig. 2.3 Schematic of the Ion Source with its Power Supplies [37]
The ionizer operated as a thermionic diode whereby ionizing electrons were
supplied by a hot filament. The cathode was made of tungsten wire (0.005" diameter),
which was heated by a current between 2-4 amperes. The anode was made up of a few
turns of spiral tungsten wire (0.015" diameter), and was biased to voltages up to 260 V.
The gas supplied through the inlet was ionized in the volume enclosed by the spiral
anode. Ionization efficiency increased by multiple passes of electrons through this
volume before they were collected by the anode. The electron impact ion source allowed
control of the electron energy, which determined the ionization and dissociation rates.
Extraction of the positive ions was accomplished by an electrostatic field at the end
of the anode, which was at a positive potential with respect to the extraction electrode.
The extraction electrode was followed by a focussing electrode, which was more negative
than the extraction electrode, and by the acceleration electrode at ground potential.
The electrodes were machined from stainless steel and the electrode support assembly
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was constructed of eV parts from Kimball Physics [42]. The potential difference between
the ionizer and the grounded acceleration electrode defined the ion beam energy.
The accelerated ions may be focussed at a desired distance by changing the potential on
the focussing electrode. In the beamline, described in Section 2.4.1, the ion beam is
focussed on the entrance aperture of the magnet located 10.5" from the ion source's
flange and on the scanning plate aperture 14.5" from the exit of the analyzing magnet.
The overall view of the ion source with its electrode assembly is shown in Fig. 2.4.

Fig. 2.4 The Electron Impact Ion Source-Version 1
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The filament was supplied by a (0-10 V), 5 A DC power supply and a (0-400 V,
0-120 mA) DC power supply (HP Model 6209B) supplied the anode. Extraction and
focussing electrodes were supplied by a 3 kV, 1 mA (Bertan, Model No PMT-30C/1V)
module and a 7.5 kV, 25011A (Bertan, Model No PMT-75C N-S). A 20 kV, 120 mA, DC
high voltage power supply (CPS, Inc. Model CPS-100R), connected to the common
terminal of the source power supply, provided the ion beam acceleration potential.
A 20 kV isolation transformer (Del Electronics Corp. Model No. AD1647-9821) was
used to supply 120 V AC voltage to all the source power supplies. The power supplies
for the extraction and focussing electrodes were isolated from ground by the isolation
transformer and were connected to the electrodes in the source by feedthroughs isolated
by ceramic insulators.
The source structure with its electrical feedthroughs was mounted on a 4"
Dependex™ flange and housed in a 4-way cross. The cross was pumped by a small
turbo-molecular pump and was attached to a 20 keV high voltage isolation bushing.
A circular aperture of 0.25" diameter was mounted at a distance of 8.5" from the source
flange to defme the entrance of the ion beam to the magnet. The high voltage bushing is
identical to the bushing on the Eaton (Axcelis Technologies) 3204 Medium Current Ion
Implantation System in the NJIT laboratory. This arrangement allows for the possibility
of the experimental ion source to be mounted on the 3204 implanter in future work.
The intensity and geometry of an ion beam emerging from the source is influenced
by a number of factors including voltages applied to the electrodes and the electrodes
geometry. An ion optics program, SIMION (Version 6.0) [43], was used to design the
electrode geometry, and to determine their potentials for effective extraction and
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focussing of the beam. SIMION is a PC based ion optics simulation program that models
ion optics problems with electrostatic or magnetic fields. The simulated space consists of
up to 10 6 finite elements. Two dimensional (2D) simulation in cylindrical symmetric
geometry was used to simulate the electron impact ion source. It was assumed that the
space charge density in the source is low and can be neglected. The simulation of a 2 kV
Ar+ beam with -30V extraction and -1250 V focussing voltages is illustrated in Fig. 2.5.
Ion beam trajectories are shown in blue, equipotential lines in red.

Fig. 2.5 Simulation of Ion Beam Extraction and Focussing at 2 kV with SIMION
Extraction Voltage = -300 V and Focussing Voltage = -1250 V [37]

28
2.1.2 Problems with Ion Source -Version 1
Decaborane beams of hundreds of nanoamperes and argon beams of several
microamperes were achieved utilizing ion source-Version 1. This electron impact ion
source is the foundation for the initial experiments reported in this dissertation, however,
a number of problems were encountered during these early experiments. The main
problems with the source included: poor structural rigidity, arching and low vapor
pressure in the ionizer section. The poor structural rigidity was attributed to the long
ceramic mounting rods and led to electrode alignment problems. Screws were added to
the base of the source to provide additional support.
Arching at high energies, which was attributed to coated insulators and sharp edged
electrodes, limited the operation of the implanter to < 9 kV. The arching resulted in
surges of current in the electrical system, which caused burning out of quad op-amp chips
in the control circuit of the magnet power supply [44] and switching off of the LeyboldHeraeus turbo-molecular pump (TMP150). Resistors (14 MO) were attached to the
source terminals in series with the extraction, focussing, and common electrodes to
reduce the effect of the arcing by limiting the surge currents. Heavy grounding wires
were also attached to the Leybold TMP and TMP power supply. A high vapor pressure
in the ionizer section (cathode, anode and a gas inlet) could not be maintained due to the
open structure of the source. An attempt was made to increase the vapor pressure by
wrapping the ionizer with a piece of thin stainless steel foil.
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2.1.3 Ion Source -Version 2
After the experiments of a scanned B10H x+ ion beam described in Chapter 4, the ion
source was re-designed [45] to solve the problems described in Section 2.1.2. Version 2
design of the source is also based on the Bayard-Alpert ionization gauge [40, 41].
It consists of an ionizer section (hot filament cathode, anode and a gas inlet) and an
electrode section. Compared to the open structure of the ion source-Version 1 design,
Version 2 has a more compact and closed structure. The ionizer is situated in a 1.5"
diameter tube to confine the gas and provide a high vapor pressure. By confining the
ionizer inside a small tube separated from the main source chamber, the chance for the
electrons to collide with the gas molecules was increased, enhancing ionization.
This was achieved by limiting the opening of the extraction electrode using an insert with
tapered ends, and utilizing an o-ring between the source Dependex ™ flange and
extraction electrode.
A nude ionization gauge flange (2 3/4" conflat flange) serves as the ionizer base.
The cathode is a tungsten filament, 0.01" in diameter, and the anode is a spiral shaped
tungsten wire 0.017" in diameter. The electrode section is inside a 4-way Dependex ™
cross (source chamber). A schematic of Version 2 of the ion source with its electrodes is
shown in Fig. 2.6. A picture of the ionizer is shown in Fig. 2.7 and the source with its
electrode structure is shown in Fig. 2.8. The differences between the Version 1 and
Version 2 source designs are listed in Table 2.1.

Fig. 2.6 Schematic of Ion Source-Version 2 with its Electrode Assembly [45]
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Fig. 2.7 Ionizer Structure of the Ion Source-Version 2
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Fig. 2.8 Ion Source-Version 2 Design [45]
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Table 2.1 Comparison of Version 1 and Version 2 Ion Source Designs

Parts

Source Structure

Version 1-Source Design

Version 2-Source Design

Stainless steel square-shaped

Stainless steel smooth, circular

eV plates, C Series, supporting

discs, supporting the tubular

the tubular electrodes.

electrodes.

Filament

Tungsten wire 0.005" dia.

Anode

Spiral shaped tungsten wire

Spiral

0.015" dia., wound for 5 turns.

0.017" dia., wound for 8 turns.

Tungsten wire 0.01" dia.
shaped

tungsten

wire

Extraction

Stainless steel tube 20 mm Stainless steel tubular insert with

Electrode

long held by C Series eV plate

tapered ends held by a circular

with 0.5" hole at center.

disc 3" dia. The electrode
tapered opening is 0.5" dia. and
length is 1.03" X 0.4".

Focussing

Stainless steel tube 40 mm Stainless steel tubular insert with

Electrode

long held by C Series eV plate

tapered ends held by a circular

with 0.5" hole at center.

disc 2.7" dia. The electrode
tapered opening is 0.8" dia. and
length is 1.2" x 0.5".

Acceleration
Electrode
(Grounded)

Stainless steel tube 20 mm

Stainless steel tubular insert with

long held by C series eV plate tapered ends held by a circular
with 0.75" hole at center.

disc 2.7" dia. The electrode
tapered opening is 1.1" dia. and
length is 1.6" X 0.8".
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Due to the increased thickness of the filament (0.010"), compared to the filament
used in Version 1 of the ion source (0.005"), its resistance decreased (R = ρ(l/Πr²)) and
its surface area increased (2a-1). Since the new filament requires more current to
achieve high temperature for effective emission of electrons, the power supply was
changed to a 0-20 V, 20 A DC power supply (Electrostatics, Inc. Model LS15-15A).
The electrodes were designed using the ion optics simulation program, SIMION
Version 6.0 [43]. A simulation of a 5 kV beam with an extraction voltage of -250 V and
focussing voltage of -1500 V is illustrated in Fig. 2.9. Ion beam trajectories are shown in
green, equipotential lines in red. The electrodes were machined from stainless steel to a
smooth finish. They consisted of discs with circular openings fitted with inserts.
The inserts in the electrode discs provide flexibility as they can be replaced.
For example, the first extraction electrode insert, 0.2" diameter, was replaced by a 0.4"
diameter insert to increase the beam current of B + .
In general, this design of the source makes it much easier to handle compared to
Version 1 design. The filament life is longer in Version 2 compared to the Version 1
design, which may be attributed to the thickness of the filaments. It is interesting to note
that the filament life decreases significantly when it is exposed to decaborane vapor
compared to argon or BF3 gas. The filament dies after operating in a decaborane vapor
environment for approximately 10 hours, while in argon or BF 3 environments, the
filament can last > 24 hours with consistent operation. Upon visual inspection, the used
filaments are coated with a black sooty insulating layer. When they are exposed for the
same amount of time in argon or BF 3 , no coating is observed on the filaments.
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Fig. 2.9

Simulation of Ion Beam Extraction and Focussing at 5 kV with SIMION
Extraction Voltage = -250 V and Focussing Voltage = -1500 V [45]
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In addition, different configurations of the anode structure of the ionizer (Version 2)
were tested. This experiment involved using a stainless steel (Type 316), plain weave
pattern mesh (each wire goes alternately under then over each successive wire) to
fabricate an anode structure. The mesh was 16 x 16 (sixteen wires per inch), with a wire
diameter of 0.006" and transparency of 81.7%. The cylindrical mesh anode structure was
1.66" in height, 0.9" in width. The mesh anode was used to establish a more uniform
electric field in the ionizer and to better confine electrons inside the anode volume.
It was found, however, that there was no significant improvement in the B10Hx+ + beam
current. Therefore, the Version 2 design includes the original spiral anode.
Further experiments with B10H x+ and B + revealed that removing the extraction electrode
insert, thereby increasing the diameter of the opening in the extractor and the distance to
the anode, doubled the beam current.

2.2 Mass Analyzing Magnet
Precise definition of implanted species is one of the key advantages of doping by ion
implantation. Ion separation is achieved in a magnetic field. Including magnetic mass
analysis in the NJIT system was an important improvement over the previous decaborane
ion implantation experiments performed at Kyoto University in Japan (Section 1.3.1)
[1, 31].
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2.2.1. Mass Resolution

In the ion source, ions are accelerated from low thermal energy through a potential
difference, Va , to the kinetic energy ½mv² = qVa . In a uniform magnetic filed of strength
B, ions of charge q move in a circular path, see Fig. 2.10, according to Fleming's right-

hand rule, with a radius r given by:

radius of the ions circular trajectory (m)
= ion mass (kg)
ion velocity (m/s)
magnetic field (T)
charge on the ion (C)
= source acceleration voltage (V)

Fig. 2.10 Principle of Operation of a Mass Analyzing Magnet [46]
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The magnetic field, for the desired ion mass, is adjusted so that r corresponds to the
radius of the designed main trajectory of the magnet. It is possible for other ions to be
accepted if they have a similar value of m/q. Some ions may have more than one
elemental charge. For example, doubly charged argon, Ar++ , is observed at a magnet
current that is 1/1 times the magnet current of Ar + . Therefore, the Ar++ peak is observed
at the same position in the ion mass spectrum as a singly charged ion (20 AMU) with half
the mass of Ar + (mass of Ar+ = 40 AMU). Since the peaks are located in the same
position at mass 20 AMU, they would not be resolved.
A different problem occurs when the limited system resolution results in the
acceptance of ions of close masses and energies. The spread of the radius of the ions
trajectory (r) is defined by the energy spread of the ions generated in the source, the
incremental change in the ion mass (Am), and the entrance and exit apertures of the
magnet. The energy spread depends on the potential at which the ions are generated in
the ion source with respect to Va . This spread is small in the electron impact ion source,
as it is smaller than the ionizing electron energy (~ 100 V). An aperture placed at the
entrance of the magnet reduces the spread before the beam enters the magnet.
The incremental change in ion mass (Am) can be restricted by the size of the aperture at
the exit of the magnet. A narrow aperture limits the spread of the radius of the ions
trajectory impinging on the sample.
A mass analyzing magnet must be able to accurately separate an ion of mass m from
an ion of mass m + Am. Assuming the magnetic field has been adjusted to allow an ion
of single charge and mass m to follow a circle of radius r, an ion of mass m + Am will be
displaced by a distance:

Where:

r = radius of the ion trajectory in the magnet (21.18")

L = image distance of the magnet (14.5")
m = mass of the ion (AMU)
= angle of deflection of the ion beam by the magnet (°)
Am = incremental change in the ion mass, which is displaced by A x from
the ion mass m at distance L from the magnet

Since ion mass m depends on the square of the magnetic field B (Eq. (2.1)), the ratio
A m/m = 2 AB/B where B is the magnetic field for mass m. In addition, the magnetic field
is proportional to the magnet current, ΔB/B = ΔI/I. Since Δm is proportional to mass m
for a given Ax, the number of masses contained within Ax for a higher mass is more than
the number of masses contained within Ax for a lower mass. Experiments were
performed to determine the conditions for mass resolution with B 10 Hx+ , as described in
Section 3.3.2.

2.2.2 Magnet Specifications
The analyzing magnet is a 70 ° sector magnet from a high current (NV-10) ion
implantation system, donated by Axcelis Technologies. The radius of the main trajectory
of an ion beam is 21.18". The distance between the point where the ions are brought to
focus by the ion source and the entrance to the magnet, also known as the object distance,
is 10.5". The distance between the magnet exit and the point after the magnet where the
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ion beam is focussed, also known as the image distance, is 14.5". The NV-10 magnet
does not have a constant magnetic field. There is a larger magnetic field on the outer
radius and smaller magnetic field on the inner radius so the beam is focussed into a thin
ribbon shape. This shape was visually observed, for an argon beam, on a glass plate
mounted on the back port of the sample chamber. The dimensions of the argon beam
were approximately 1" in height and approximately 0.25" in width.
The magnet is rated at 8.5 kgauss for a current of 150 A and is cooled by water.
A freewheeling diode connected in parallel across the magnet coils provides a path for
the current to flow if input current to the magnet is shut of A Hewlett Packard 6269B
power supply, operating in the constant current mode, is used to supply current to the
magnet. A control circuit for the magnet power supply, shown in Fig. 2.11, allows
manual setting of the magnetic field using a potentiometer (DC offset) and also an
external control input from a computer [44]. A Leybold-Heraeus turbo-molecular pump
(pumping speed 3601/s), is attached to one of the side ports of a 4-way Dependex ™ cross
mounted between the magnet and scanning plates and an ionization gauge is mounted on
the opposite port to measure the magnet chamber pressure.

Fig. 2.11 Control Circuit for the Magnet Power Supply [44]

2.3 Deflection Plates and Sample Chamber
The sample chamber section of the beamline consists of deflection plates for beam
scanning, apertures to define the beam size, a Faraday cage to repel secondary electrons,
and a sample holder to mount samples. The design of this section was important for
achieving good dose accuracy and control.
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2.3.1 Deflection Plates
The deflection plates are situated between the analyzing magnet and the sample chamber.
The plates are 1.5" apart and are 5.8" in length, with a width of 2" and thickness of 0.2".
The distance from the edge of the scan plates to the sample is 4.6". The deflection
distance of the beam on the sample is given by:

Deflection distance of the beam on the sample (m)
Length of the deflection plates (m)
= Deflection voltage (V)
Distance of the sample from the exit of the deflection plates (m)
Distance between the deflection plates (m)
= Beam acceleration voltage (V)

A simulation with SIMION Version 6.0, shown in Fig. 2.12, indicates that a
230 V deflection voltage applied to the bottom plate does not significantly influence the
beam focusing. The deflection plates were used for scanning of the beam during ion
implantation. They were also used for deflection experiments described in Section 4.3.1.

43

Fig. 2.12

2.3.2

Simulation of an Ion Beam Deflected with 230 V [44]

Sample Chamber

The sample chamber is comprised of a 6-way 4" DependexTM cross, mounted at the end
of the beamline. A sample holder is attached to a manipulator mounted on the top port of
the cross. The four-sided aluminum sample block 2.60" x 1.15" x 1.15", can be moved
by the manipulator micrometer screws in the x (horizontal), y (vertical) and z (parallel to
the beam) directions by 0.5", and can rotate 3600 around its y-axis.

There are five

notches in the shaft of the sample holder with a distance of 0.4" between notches.
Moving the shaft and locking its position at the notches moves the block vertically so that
different samples can be exposed to the beam. Thus, positioning of the samples can be
achieved by moving the shaft to one of the notch locations, which fixes the vertical
position of the block, and by rotating the sample holder to one of its three sides. A total
of nine samples (approximately 0.6" x 0.5") can be mounted on the sample block for
implantation.
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One of the sides of the block was used for attaching vertical and horizontal wire
probes for beam profiling. The ion beam is focused on a vertical wire (0.062" diameter)
mounted at the fourth notch position of the sample block. Above this wire, another wire
is situated horizontally in the center of the second notch. This horizontal wire is used to
scan the beam in the vertical direction before implantation to adjust the vertical beam
uniformity. A picture of the sample holder is shown in Fig. 2.13.

Fig. 2.13 Sample Holder Showing the Side with the Wire Probes
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2.3.3 Faraday Cage and Suppression Apertures
The presence of secondary electrons generated by an impact of energetic ions can impede
accurate determination of the implanted ion dose. The two main sources of dose error
are:
(1)

Secondary electrons that escape from the sample when high-energy ions strike the
sample. The electrons that escape from the sample are counted as implanted ions.

(2)

Secondary electrons that are generated when the high-energy ion beam strikes the
edges of an aperture and are incident on the sample. Every incident electron on
the sample reduces the number of counted implanted ions by one.

The Faraday cage is connected electrically to a Lambda Electronics Corp. (Model 71) DC
power supply (0-500 V, 0-200 mA) and negatively biased to repel secondary electrons.
The cylindrically shaped cage (3.450" diameter, 6.572" length) mounts directly to the top
flange of the sample chamber with insulating screws and totally encases the sample
holder as shown in Fig. 2.14. The cage is made of stainless steel mesh with stainless steel
support rings at both ends. A circular hole is cut out of the front of the cage (0.741" in
diameter) to allow the ion beam to pass through. An aperture (0.632" in diameter) and
stainless steel foil are mounted 0.05"from the outside of the cage and are at ground
potential. There are two apertures mounted to the inside of the cage by ceramic rods: a
suppression aperture and a defining aperture, as shown in Fig. 2.15. The suppression
aperture is mounted closest to the sample and is 0.523" x 0.523". It is electrically
isolated from the grounded defining aperture by ceramic insulators of 0.175" length, and
is connected electrically to the cage and negatively biased to repel secondary electrons.
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The defining aperture, 0.411" x 0.411", is situated between the suppression aperture
and the cage opening. It is electrically isolated from the cage by ceramic rods and is at
ground potential. This aperture determines the size of the beam spot. The distance
between the defining aperture and the cage is 0.695". The cage is aligned with the
sample block and with a grounded aperture (0.910"width x 0.765" height) that is
mounted at the entrance of the sample chamber.

Fig. 2.14 Sample Holder with Faraday Cage
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Fig. 2.15 Apertures Mounted Inside the Faraday Cage

(Top View of Faraday)
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2.4 Vacuum and Gas Handling Systems
The vacuum and gas handling systems were designed to minimize the potential
contamination with decaborane to just one mechanical pump. The overall design allowed
for independent venting of individual sections of the beamline. A schematic of the
vacuum and gas handling systems is shown in Fig. 2.16.

Fig. 2.16 Vacuum and Gas Handling Systems
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2.4.1 The Beamline

The source chamber is comprised of a 4-way, 4" Dependex ™ cross that is connected to
the magnet chamber through a gate valve and bellows. The gate valve allows for venting
of the source chamber apart from the rest of the beamline when the source needs to be
serviced. The position of the source can be changed by adjusting the mounting platform.
The bellows accommodates the position of the source chamber with respect to the
magnet. The source is pumped by a fan cooled Pfeiffer Balzers turbo-molecular pump
(pumping speed 170 Vs), that is attached to the lower port of the source chamber.
A Bayard-Alpert tubulated ionization gauge (Model G100TK) measures the pressure in
the source chamber.
The magnet chamber is pumped by a water-cooled Leybold-Heraeus turbomolecular pump (pumping speed 360 Us), which is attached to one of the side ports of a
4-way Dependex™ cross, which in turn is attached to the magnet chamber.
A Bayard-Alpert nude ionization gauge (Model G8130T), which measures the pressure in
the magnet chamber, is attached to the opposite port of the 4-way cross.
The deflection plates and the sample chamber are connected to the magnet chamber
through a gate valve, which allows venting of the sample chamber when changing
samples. A 6-way, 4" Dependex™ cross serves as the sample chamber and the sample
holder is mounted on its top port. A water cooled Pfeiffer Balzers turbo-molecular pump
(pumping speed 170 Vs), which is attached to one of the side ports of the 6-way cross,
pumps the sample chamber.
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A Bayard-Alpert nude ionization gauge (Model G8130T), attached to the bottom
port of the cross measures the pressure in the sample chamber. The sections of the
beamline are vented with pure nitrogen. Typical base pressures obtained for the
individual sections are 5 x 10 -7 Torr in the source chamber, 1.2 X 10 -6 Torr in the magnet
chamber and 4 x 10 -7 Torr in the sample chamber.

2.4.2 Vacuum Foreline and Filter Section
To limit the potential contamination with decaborane to one rotary pump, the exhaust of
the three turbo molecular pumps is connected to the foreline by valves V1, V2, V3 as
shown in Fig. 2.17. These valves, together with the gate valves, allow independent
venting of the three sections. Special filters are connected in series with the rotary pump.
An absorption filter, connected to the pumping port of the rotary pump, absorbs any
back-streaming oil from the pump. An active carbon filter, connected between the
absorption filter and the foreline, absorbs any toxic decaborane vapor as it is being
pumped out of the system. Fig. 2.18 is a picture of the absorption filter and active carbon
filter. As a precaution against any toxic vapor that may pass through the rotary pump and
its oil mist filter, a second active carbon filter is placed in the exhaust line. The output
from the last filter is connected to an exhaust fan and diluted in air leaving the laboratory.
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Fig. 2.17 Foreline Valves V1, V2, V3

Fig. 2.18 The Absorption Filter and Active Carbon Filter of the Foreline
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2.4.3 Gas Manifold System
The gas manifold system was designed and built using VCR ™ and Swagelok ™ type gas
fittings. The gas inlet to the source is separated into inlets for decaborane vapor, boron
tetrafluoride gas, which is used for monomer B + implantation, and the inlet for argon,
which is used to calibrate the magnet. There are separate shut-off valves and needle
valves controlling gas flow on the decaborane, boron tetrafluoride and argon lines.
Initially, decaborane was housed in a glass tube, as shown in Fig. 2.19.
Presently, decaborane is housed in a stainless steel container (donated by ATMI) as
shown in Fig. 2.20. The overall view of the gas manifold is shown in Fig. 2.21.
Since the manifold is connected to the source by stainless steel lines, it is at a high
voltage potential (V a), during the implanter operation. The structure is supported by a
Plexiglas board and is isolated from ground. Argon gas supplied from a larger cylinder at
ground potential is fed through polyethylene tubing. Needle valves at the manifold can
be adjusted during operation by means of insulating polyethylene rods.
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Fig. 2.19 Glass Tube Containing Decaborane

Fig. 2.20 Present Configuration of Decaborane Stored in a Stainless Steel Container
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Fig. 2.21 Gas Manifold System

CHAPTER 3
TESTING AND CALIBRATION EXPERIMENTS WITH Ar+
A series of experiments were carried out with argon to test the operational characteristics
of the ion implantation system described in Chapter 2. Argon was chosen to calibrate the
mass analyzing magnet since it mainly consists of a single isotope 40
38

Ar (40Ar = 99.600%,

Ar = 0.063% and 35 Ar = 0.337%).
The value of the magnetic field defines the mass of ions passing through an aperture

at the exit of the magnet while the width of the aperture defines the mass range. Ion mass
spectra were obtained by measuring the ion current, passing through the resolving
aperture, as a function of the magnet current. The current of ions with different mass to
charge ratios was picked up from the vertical wire probe (0.062" diameter) on the sample
block (1.15" wide). The relation between the magnet current and ion mass was
established by a calibration procedure, in which the magnet currents corresponding to the
peaks of argon ions, Ar+ and Ar ++ , were measured.

3.1 Magnet Control and Data Acquisition with LabVIEW ™
Automatic control of the magnet power supply and data acquisition, for obtaining the ion
current spectra, utilized a Data Acquisition card (DAQ) and General Purpose Interface
Bus (GPIB) on a PC that runs the program LabVIEW ™

Version 4.1 [47]. LabVIEW ™ is

a graphical programming development environment for data acquisition, analysis and
control. The programs are stored as Virtual Instruments (VI's). Front panel user
interfaces can be created which results in interactive control of the software system.
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On the front panel of the VI, controls and data displays for the system are created by
choosing objects from the controls palette, which includes numeric displays, meters,
LED's, charts, graphs and the like. The program uses various functions to input or output
analog/digital signals to the DAQ card and communicates with a FLUKE 8840 multimeter
by using the GPIB. The block diagram of the system is shown in Fig. 3.1.

Fig. 3.1 Block Diagram of Magnet Control and Data Acquisition [44]
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The DAQ PCI E Series board generates voltage (DC) supplied to the input of the
control circuit of the magnet power supply [44], which controls the current flowing
through the coils of the magnet. Voltage is measured across a 0.33 mΩ resistor that is
connected in series with the magnet coils, using the multimeter. This voltage value is also
referred to as the magnet reading (in mV) and is proportional to the magnet current. The
GPIB output from the multimeter gives the x-axis value of the ion beam spectrum. An
ORTEC 439 Digital Current Integrator provides pulses with frequency that is proportional
to the input ion current (coulombs/pulse) [48]. The frequency, measured by the DAQ PCI
E Series board, gives the y-axis value of the spectrum.
3.2 Argon Beam Spectrum and Calibration
3.2.1 Argon Beam Spectrum

Argon ion current was measured on a wire, 0.062" diameter, mounted on the sample
block situated at the focal point of the magnet. A graph of ion current (nA) vs. magnet
reading (mV), obtained at 4 keV, is shown in Fig. 3.2. The highest peak corresponds to
the most abundant ion, Ar t . Doubly charged argon, Art+ , is observed at a magnet current
that is 1/12 times the magnet current of Ar t . Therefore, the Ar t+ peak is observed at the
same position in the spectrum as a singly charged ion with half the mass of Ar t in
agreement with Eq. (2.1).

58

Fig. 3.2 Ion Beam Spectrum for Argon at 4 keV
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3.2.2 Calibration Graph and Ion Mass Spectrum
The relation between the magnet current and ion mass was established by a calibration
procedure in which the magnet currents corresponding to argon ions Ar + and Ar++ were
measured. A plot of the square root of ion mass in AMU vs. magnet reading (mV) for the
two argon peaks forms a straight line as shown in Fig. 3.3. The line passes very close to
the origin of the coordinate system (0, 0). The equation of the line was used to convert
the x-axis of the ion beam spectrum from magnet reading (mV) to ion mass (AMU).
The resulting mass spectrum based on the calibration is shown in Fig. 3.4. A calibration
curve can be obtained for any acceleration energy.

Fig. 3.3 Magnet Calibration Curve obtained from Fig. 3.2

Fig. 3.4 Ion Mass Spectrum for Argon obtained by Converting the Spectrum in Fig. 3.2

using the Calibration Equation from Fig. 3.3
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3.3 Argon Ion Beam Profiling in the Horizontal Direction
In order to determine the width of the aperture that would allow ions in a given mass
range to enter the sample chamber, a study of the size and shape of the Ar+ ion beam after
mass analysis was performed. A horizontal micrometer scan was performed and
compared with a profile obtained by variation of magnetic field.

3.3.1 Micrometer Beam Profiling in the Horizontal Direction
The argon ion beam was profiled in the horizontal direction by traversing a metal strip
0.2" in width and 2.25" in height across the ion beam in discrete steps. The strip was
attached to the sample block, which was moved using a micrometer screw. A plot of ion
beam current measured on the metal strip for each micrometer step is shown in Fig. 3.5.
Based on the plot, the width of the beam, at half maximum, is comparable to the width of
the metal strip at approximately 0.3".

3.3.2 Argon Beam Profiling by Magnetic Field Variation
The argon ion beam was profiled with respect to the variable magnetic field by increasing
the magnet current in discrete steps and by noting the ion current on a metal strip
(0.2" x 2.25") for each step. Fig. 3.6 shows a plot of the ion current vs. magnet current,
which is proportional to magnetic field. An assessment of the magnet operation was
performed by comparing the widths of the ion beam obtained with the micrometer scan to
the magnet scan.
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Fig. 3.5 Micrometer Scanned Profile of Al.+ Ion Beam in the Horizontal Direction

Fig. 3.6 Magnet Scanned Profile of Ar + Ion Beam
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3.3.3 Comparison of Micrometer and Magnet Scans of Ar + Beam
According to the data shown in Fig. 3.6, the peak argon ion current is at the magnet
current value of 27.22 A. In terms of the magnet current, the width of the beam at half
maximum is 0.3 A (27.4 A — 27.1 A). Since the magnetic field is proportional to the
magnet current, AB/B = AI/I = 0.3 A / 27.22 A = 0.011. Since ion mass m depends on
the square of the magnetic field B (Eq. (2.1)), the ratio Δm/m = 2 ΔB/B where B is the
magnetic field for mass m. Substituting the value of 2A1// for Δm/m in Eq. (2.2), gives the
value of Ax = 0.3", which is in agreement with the half width of the beam from Fig. 3.5.
From this experiment, the mass resolution Δ m/m = 0.022 was established which for
argon corresponds to Am = 1 AMU. Because the mass of B 10H14+ is 2.93 times that of
Art , a mass increment of 1 AMU in an ion beam of B10H14+ corresponds to a displacement
Ax = 0.3" / 2.93 = 0.1". Thus, a wire of 0.062" diameter was chosen for obtaining better
mass resolution with B10H14 + . It is assumed here that the measured mass resolution is
limited by the width of the current probe (strip). It might be, however, also limited by the
magnet acceptance angle or the source aperture, in which case decreasing the wire probe
width may not correspond to increasing the mass resolution.
The argon beam profiles were measured at the image distance of the magnet since
the magnet focuses the beam at this point. Yet, there was no significant change in the
beam profiles when the measurements were performed on a wire mounted on the sample
block, which was 10" from the image distance.
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3.4 Argon Beam Profiling in the Vertical Direction

The argon ion beam was also profiled by traversing a horizontal wire, 0.062" diameter,
mounted on the sample block (Fig. 2.13), in the vertical direction in the path of the ion
beam in discrete steps. A plot of ion beam current vs. micrometer position obtained at
5 keV is shown in Fig. 3.7. The ion beam current along the vertical y-axis varies within
approximately 4 %. A discontinuity at the zero position is caused by the necessity to
advance the probe position by one notch on the shaft (see Section 2.3.2) to cover the full
motion range which was larger than the micrometer span.

Fig. 3.7 Micrometer Scanned Vertical Profile of Ar + Ion Beam at 5 keV
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Similar plots were obtained for other Ar beam energies in the range of 2 to 12 keV.
+

Based on the results, it was determined that the beam uniformity near the center of the
range was sufficient so that only a horizontal beam scan was necessary for implantation
experiments to achieve good dose uniformity (< 3 %). The beam uniformity in the vertical
direction was routinely verified before each implantation experiment.
3.5 Secondary Electron Suppression

The current measured on the sample block has two components: current of the ions and
the current of the secondary electrons generated by the ion impacts. The presence of the
second component can introduce a significant error to current and dose measurements
during implantation. Preliminary suppression experiments involved an electron suppressor
structure that consisted of apertures situated in front of the sample block in the sample
chamber. Various suppression voltages were applied to the aperture structure to
determine the operational characteristics of the suppressor with argon ion beams.
Following these initial experiments, an improved suppressor structure that surrounded the
sample block on all sides was installed. This Faraday cage structure, described in Section
2.3.3 was tested at various acceleration energies, and was used in implantation
experiments with decaborane ions.
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3.5.1 Electron Suppression using an Aperture Structure

The electron suppressor structure consisted of two square apertures mounted at the mouth
of the sample chamber and was situated in front of the sample block. The first aperture,
0.8" x 0.8", was mounted 1.5" from the end of the deflection plates and was at ground
potential. The second aperture, 1.2 x 1.2", was electrically isolated from the first aperture
by ceramic insulators and was 0.3" from the sample. Negative voltage was supplied to the
second aperture to suppress secondary electrons generated by the beam striking the first
aperture and to prevent them from impinging on the sample block. In addition, the
secondary electrons ejected from the sample by the ions were repelled back to the sample.
Experiments were performed with an argon beam impinging on the sample block while the
second aperture was biased with a negative voltage that was increased in steps.
The current on the sample block was measured at each step. A graph of ion current vs.
suppression voltage for an argon beam at 4 keV is shown in Fig. 3.8. The ratio of
suppressed (-200 V) to unsuppressed (0 V) is 0.661. Based on the graph, the negative
suppression voltage of magnitude greater than 100 V results in a reduction in the ion
current by approximately 35 %.

Fig. 3.8 Variation of Argon Beam Current vs. Aperture Voltage at 4 keV
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3.5.2 Electron Suppression using a Faraday Cage
The aperture suppressor structure was removed from the sample chamber and the Faraday
cage with apertures mounted to the inside of the cage, described in detail in Section 2.3.3,
was used instead to suppress secondary electrons. To protect the cage from stray ion
current, stainless steel foil was mounted in front of the cage and grounded (see Fig. 2.14).
Experiments were performed with Ar+ ion beams impinging on the sample block while the
Faraday cage and suppression aperture mounted within the cage (see Fig. 2.15) were
biased with a negative voltage that was increased in steps. The current on the sample
block was measured at each step at energies of 2 to 12 keV. A graph of beam current vs.
suppression voltage for argon beams of various energies is shown in Fig. 3.9. The same
data normalized to the unsuppressed beam current (0 V), plotted on a semi-logarithmic
graph are shown in Fig. 3.10. The ratio of suppressed (-200 V) to unsuppressed (0 V)
beam current at various energies is shown in Table 3.1 and plotted in Fig. 3.11.
According to the data, the ratio of the current measured on the block decreases with
increasing ion beam energy. The data show that suppression of secondary electrons is
necessary for ion current measurement as the electrons can contribute as much as the ions
to the measured current. Solving the problem of electron suppression and accurate
current measurement became a major problem particularly with decaborane ions as
described in Chapter 4.
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Fig. 3.9 Variation of Ar+ Current vs. Suppression Voltage
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Table 3.1 Summary of Ar + Ion Energy vs. Ratio I (-20V)/I (OV) Data

Ar+ Ion Energy
12
9
7
5
2

Ratio I (-200V)/I (0V)
0.510
0.573
0.647
0.710
0.934

Fig. 3.11 Ratio of Suppressed (-20V)/Unsuppressed (0V) vs. Ar+ Ion Energy

CHAPTER 4
CHARACTERIZATION OF DECABORANE ION BEAMS
The operational characteristics of the ion implantation system were established with argon
beams as described in Chapter 3. The argon experiments verified the functionality of the
implantation system. Similar experiments were carried out with B10H

x+

to test the ability

of the implantation system to ionize, mass separate and transport a B 0
1Hx ± beam across the
2.5 m length of the system. The B y Hx+ ion mass spectra obtained in the experimental
implanter were compared to spectra obtained in earlier quadrupole mass spectrometer
measurements [15, 37]. Beam deflection experiments were carried out to determine the
presence of a neutral beam component, breakup of the B10Hx ± ions and the possibility of
vapor phase boron transport. Decaborane beam profiling was also performed.

4.1 Ionization of Decaborane
To understand the effects of electron impacts on the decaborane molecules, measurements
of mass spectra of ions generated by impacts of electrons were performed with a
quadrupole ion mass spectrometer [15, 37]. The resulting mass spectrum that was
obtained at 70 eV and 250°C is shown in Fig. 4.1. Dissociation of boron from the large
molecules is clearly seen, and all ten peaks with different numbers of B atoms, from B1Hx
to B10Hx can be identified. Loss of different number of hydrogen atoms as well as the
presence of two B isotopes (20% ' ° B, 80% "B) are responsible for the fine structure of
the broad peaks. The results from this study indicate that ions containing ten B atoms
(B 10 Hx+ ) are more abundant than any other ions seen in the mass spectra and contribute
60 to 90% of the ion current, depending on the electron energy.
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Fig. 4.1 Decaborane Mass Spectrum from the Quadrupole Mass Spectrometer Study [37]

In the present work, ion mass spectra for decaborane in the energy range of
2 to 12 keV were obtained with the ion implantation system described in Chapter 2
utilizing the original source described in Section 2.1.1. Decaborane vapor was obtained
from sublimation of the solid at room temperature. Typical operation conditions for the
source were 2.2 A filament current, 80 V anode voltage, 10 mA electron current and a
source operating pressure of 1.5 x 10 -5 Torr. Extraction and focussing electrode voltages
were -230 V and -1450 V, respectively, with 6 keV acceleration energy.
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Decaborane ion current was measured on a probe wire, 0.062" diameter, mounted
on the sample block situated at the focal point of the magnet. The ion mass spectra were
obtained by measuring ion current on the wire while swiping the magnet current from zero
to the value corresponding to 140 AMU, as determined from the magnet calibration curve
for a given beam energy. The decaborane mass spectrum measured on the probe wire at
6 keV is shown in Fig. 4.2. The prominent peak at mass 117 AMU is identified as
corresponding to B10H: ions. This agrees with the decaborane ionization data shown in
Fig. 4.1. Peaks corresponding to ions with different number of B atoms are also present.

Fig. 4.2 Mass Spectrum of Ionized Decaborane on Wire Probe at 6 keV
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4.1.1 Total Current of 131011. + Ions
To determine the current of the B10Hx+ ions from the mass spectrum shown in Fig. 4.2,
integration of the B10 peak must be performed. The integration is complicated by the fact
that measurements of the ion current were made for small magnetic field increments so
that the distances between the data points on the mass axis are smaller than the probe mass
resolution. To correct for this difference, the incremental change in mass due to the
increase in magnetic field Am step, and the mass interval

Am
_probe,

defined by the probe wire

diameter (0.062"), must be considered. The distance between the points on the mass axis
is given by:

where AB is the magnetic field increment. From Eq. (2.1), (dm/dB) is proportional to

B which is proportional to m 112 . In this experiment, the magnetic field increment was
constant (AB = 2.55 x 10 4 T) as the magnet current was increased in equal steps defined
by the control circuit of the magnet (Fig. 2.11), and the LabVIEW ™
Combining Eq. (2.1) and Eq. (4.1) gives:

program.
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where V a is the potential in volts through which ions are accelerated. From Eq. (2.2), the
resolution of the probe is Am
—probe = kmb where b is the diameter of the wire and k is the
proportionality constant which depends on the characteristics of the magnet.
From Eq. (2.2), k is defined as:

From Eq. (4.3), k = 0.073 thus, for the probe wire diameter 0.062", Δmprobe / m is equal to
4.53 x le. The total current for the B10 peak, obtained from the spectra in Fig. 4.2,
using the normalizing factors
(A -/Am
is A
instep. —probe,
is
Ion mass spectra were measured on the sample block for decaborane ions in the
energy range 2 to 12 keV. An example of a spectrum obtained at 6 keV is shown in
Fig. 4.3. The maximum current for the B10 peak is 2.15 μA. Each point represents the
decaborane current integrated over the 1.15" block width. The decaborane beam was
determined to be wider than the block width, as described in Section 4.2.
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Fig. 4.3 Mass Spectrum of Decaborane on Sample Block at 6 keV
The difference in the integrated total B1 0Hx+ beam current from Fig. 4.2 and the peak
current from Fig. 4.3, may be attributed to the broad beam width. Another reason for the
difference may be related to the current integration procedure described above, in which it
was assumed that the resolution was defined by the width of the wire probe and was
calculated to be Δ m/m = 4.53 x 10 -3 . This should give the absolute mass resolution near
the B10Hx peak Am < I AMU. As can be seen from Fig. 4.2, however, the resolution is
not as good, most likely due to the relatively large magnet acceptance angle. Thus, the
calculation above is only approximate.
The results of these experiments indicate that the B10Hx++ ions are not only
successfully generated in the ion source but also survive the 2.5 m long travel through the
magnet and beam line in a vacuum of 10 -6 Ton. Charge exchange and break-up of the
large cluster ions upon collision with residual gas molecules might be expected but was
found not to be significant (see Section 4.4.2).
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4.2 Beam Profiling of Decaborane Ion Beam
4.2.1 Decaborane Beam Profiling in the Horizontal Direction
The profiles of the B 1 0Hx+ ion beam were measured at the focal point of the magnet in
order to understand the current distribution and also to establish the width of the aperture
required for allowing a given number of masses for implantation in Si. The selection of
the aperture width also determines the effective ion current obtained with a scanned beam.
Ion beam current was measured from a wire mounted on a rotary feedthrough.
The wire was offset from the axis of rotation so that it moved in a circular path.
Angular steps of 5 ° were used. Ion beam current was measured for each step and a graph
of ion current vs. angular displacement was obtained.
Converting the x-axis from angular displacement to linear displacement, a plot of ion
current vs. linear displacement was obtained as shown in Fig. 4.4. Based on the data, the
width of the B 10 peak at half maximum is 2.25". The dependence of total B 10 ion current
on the width of the aperture is shown in Fig. 4.5. This curve is useful for arriving at the
optimum aperture width for implantation.
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Fig. 4.4 Scanned Profile of B10 Ion Beam in the Horizontal Direction

Fig. 4.5 Fraction of Total B10 Current vs. Aperture Width
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With an aperture width of 1", 50% of total B10 current is obtained while increasing
the width to 1.5" results in almost 70% of the total B10 current. The current was
normalized to the maximum current obtained with a 3.5" wide aperture. It can be seen in
Fig. 4.5 that the current on the 1.15" block width should be 55% of the total B10 current.
From Fig. 4.3, the peak B 10 current is 2.15 µA and the total B 10 current should be 3.9 1.1.A.
The resulting integrated B10 ion current from Fig. 4.2 is 3.3 A. The difference may be
attributed to the secondary electrons impinging on the wire.
4.2.2 Decaborane Beam Profiling in the Vertical Direction

The decaborane ion beam was also profiled by traversing a wire, 0.062" diameter mounted
on the sample block, in the vertical direction in the path of the ion beam in discrete steps.
A plot of ion beam current vs. micrometer position obtained at 12 keV by measuring ion
current on the wire for each step is shown in Fig. 4.6. The ion beam current along the
y-axis varies within approximately 3 %. Based on these results, it was determined that
only a horizontal beam scan would be necessary for decaborane implantation experiments
to achieve good dose uniformity.
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Fig. 4.6 Micrometer Scanned Vertical Profile of B10 + Ion Beam at 12 keV
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4.3 Ion Current and Dose Measurements

Dose accuracy is a major concern for any ion implantation process. In the experimental
ion implanter, the ion current was measured from the sample block with secondary
electron suppression. The sample block was connected to the input of an EG&G ORTEC
439 Digital Current Integrator (DCI) [48] which converted the current to a series of
pulses each representing a charge accumulated on the block. The measurement setup is
schematically shown in Fig. 4.7. The digital current integrator was calibrated for 10 10
coulomb/pulse for ion currents of the order of hundreds of nanoamperes. The ion current
is proportional to the frequency of the pulses and the total charge to the number of pulses
counted in a given time period.

Fig. 4.7 Ion Current Measurement Setup, where C is the Counter
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The EG&G ORTEC 871 Timer and Counter (C) [49] is used to count the pulses
from the current integrator. It includes an 8-decade counter, an 8-decade presettable
counter (Timer) and a time base. The display can show the number of counts or the time.
The ion dose (total charge per unit area) is given by:

Where:

The implant time can be calculated by:

time of implant (s)
the number of counts
charge state on the ion (n = 1) for a given dose
average ion current (A)
coulomb/pulse setting on the ORTEC 439 current integrator
The higher the beam current the less time is required to complete the implant.
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4.4 Ion Deflection and Implanted Boron Measurements

Ion beam deflection and implantation experiments were performed to investigate the
presence of boron carrying energetic neutrals, breakup of the 13 1 0H,7 ions in the beamline
after the magnet, and the possibility of the vapor phase transport of boron.

4.4.1 Electrostatic Deflection of Decaborane Beam and Implantation

An n-type (100) Si sample (2.0" x 0.66" in dimension) was implanted with an
electrostatically deflected 4 keV 13 10 Hx' ion beam that passed through an aperture 0.1" in
diameter [50, 51]. The dose on the sample was chosen as 1 x 10

14

ions/cm2 decaborane

(equivalent to 1 x 10 15 B ions/cm² ). The experimental setup is schematically shown in
Fig. 4.8. The voltage applied to the plates deflected the beam so that the decaborane ions
were implanted 1.2" from the center of the beams normal straight trajectory. The point
where the deflected beam impinged on the sample was calculated for the known system
geometry from the ion energy and the deflection voltage.

Fig. 4.8 Deflection Beam Setup for Decaborane Implantation

(Drawn Not to Scale)
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The magnitude of the voltage applied to the plates to achieve a 1.2" deflection was
determined to be -230 V, based on Eq. (2.3). If there was a neutral beam component,
due to charge exchange in collisions with residual gas molecules, some implanted boron
would be found in the sample at the position of an undeflected beam. Break-up of the
B 10 ions into smaller fragments would also result in implantation at points on the sample
between the deflected and undeflected beam positions. An additional silicon sample was
mounted on the opposite side of the sample block where it was shielded from the
decaborane beam during the implant time of 25 minutes. This sample was analyzed to
determine if vapor phase transport of boron was possible in this implantation system.

4.4.2 Detection of the Implanted Boron by Nuclear Reaction Analysis
Implanted boron on the sample was measured by Nuclear Reaction Analysis (NRA) using
a National Electrostatics Corporation Tandem Accelerator 5SDH-4, at Bell Laboratories
of Lucent Technologies (now Agere Systems) in Murray Hill, New Jersey. The schematic
of the NRA system is shown in Fig. 4.9. A 650 keV proton beam, 1 mm in diameter,
impinged on the sample while emitted α particles from the reaction:

were counted by a solid state detector. Alpha particles were detected at a 170° back
angle. The detector was covered by a thin mylar foil which stopped scattered protons but
passed the high energy alpha particles. The number of α particles emitted is proportional
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to the 11 B area concentration in the sample. The proportionality factor was established
experimentally by a measurement on a sample with a known boron area concentration.
The sample position, with respect to the beam, was advanced by a micrometer so that a
number of points along the line of deflection was probed. The results are shown in
Fig. 4.10.

Fig. 4.9 P-a Experimental Setup
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Fig. 4.10 Variation of Boron Dose on the Sample at 4 keV
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An arrow indicates the position of the undeflected beam (at 5.3 cm), where
neutralized ions would be implanted. According to the data, the neutral signal component
is 1% (4 x 10¹²/cm² ) of the maximum implanted dose (3.3 x 10^14/cm²,

) which is

approximately equivalent to the background noise. The peak at 2.25 cm is exactly at the
calculated position of the deflected beam. The vertical axis scale is given in the implanted
B dose calculated from the alpha particles yield, which agrees well with the dose from the
integrated cluster ion current. It was concluded that the breakup of the B

10

ions after the

magnet is less than 2 % of the maximum implanted dose and that no significant neutral
beam component (< 1% of the maximum implanted dose) was detected by measuring
B concentration in Si implanted with an electrostatically deflected beam.
During the implant experiment, an additional Si sample was mounted on the
opposite side of the sample holder shielded from the beam, to check for possible vapor
phase transport of boron from the ion source. The NRA measurement detected no
measurable B content on this sample. It was concluded that there was no vapor phase
transport of decaborane in the system.
4.5 Implantation Experiments with a Scanned Decaborane Beam

Implantation of silicon with a horizontally scanned B10H x+ beam was performed to obtain
dose uniformity across the sample area. Sufficient beam current uniformity in the vertical
direction made vertical scanning unnecessary. An aperture, 0.9" in length and 0.75" in
height was mounted at the focal point of the magnet, 0.5" before the deflection plates, to
obtain approximately 50% of the total B 10 ion beam.
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An electron suppressor structure, described in Section 3.5.1, was used to suppress
any secondary electrons generated by the decaborane ion beam. Various suppression
voltages were applied to the aperture structure to determine the operational characteristics
of the suppressor with decaborane ions. Following these initial experiments, an improved
suppressor structure that surrounded the sample block on all sides, was installed.
This Faraday cage structure, described in Section 2.3.3 was tested at various acceleration
energies.
4.5.1 Electron Suppression using an Aperture Structure

Experiments with B10H14+ ion beams were performed in which the second aperture,
mounted 0.30" from the sample, was biased with a negative voltage that was increased
incrementally. A current on the sample block was measured at each step. A graph of
beam current vs. suppression voltage at 4keV is shown in Fig. 4.11. The ratio of
suppressed (>-200 V) to unsuppressed (0 V) currents is 0.65.
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Fig. 4.11 Variation of Decaborane Beam Current vs. Aperture Voltage
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4.5.2 Electron Suppression using a Faraday Cage
Experiments were performed with B10Hx+ ions impinging on the sample block while the
Faraday cage and suppression aperture mounted within the cage, described in detail in
Section 2.3.3, were biased with a negative voltage that was increased in steps.
The current was measured on the sample block at each voltage step for the ion beam
energies of 2 to 12 keV. A graph of beam current vs. suppression voltage for decaborane
beams of various energies is shown in Fig. 4.12. The same data normalized to the
unsuppressed beam current (0 V), plotted on a semi-logarithmic graph are shown in
Fig. 4.13. The ratio of suppressed (-200 V) to unsuppressed (0 V) B10H x+ beam current at
various energies is given in Table 4.1 and compared to Ar + as shown in Fig. 4.14.

Fig. 4.12

Variation of B10Hx± Current vs. Suppression Voltage
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Table 4.1 Summary of 13 10 Hx+ Ion Energy vs. Ratio I (-20V)/I (V) Data
B10Hx + Ion Energy
12
9
7
5
2

Ratio I (-20V)/I (V)
0.137
0.201
0.306
0.422
0.834

According to the data, the ratio of the current measured on the block, for both argon
and decaborane, decreases with increasing energy. The ratios of the decaborane beam
current are lower compared to argon, which indicate that the decaborane beam generates
more secondary electrons than the monomer argon beam. Thus, effective suppression of
secondary electrons is critical during B 10 H x+ ion implantation experiments to obtain
accurate ion current measurement.
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4.5.3 Dose Accuracy with Suppression
An implantation experiment with horizontal scanning was performed using the ion sourceVersion 1 design described in Section 2.1.1 and the aperture structure, described in
Section 3.5.1, for suppression. The nominal dose obtained from beam current integration
was 4.11 x 10 15 B/cm2 at 4 keV. A suppression voltage of -50V, and a scanning voltage
with amplitude of 300V and frequency of 500 Hz were utilized. The B dose implanted in
the sample was measured using NRA, as described in Section 4.3.2. A proton beam,
1 mm in diameter, was used to probe the sample along the vertical and horizontal
directions. Since the decaborane beam was scanned only in the horizontal direction, the
dose uniformity in the vertical direction was a concern. A plot of measured boron dose
along the vertical direction vs. micrometer position is shown in Fig. 4.15. The average
dose measured for ten points along the vertical direction was 3.90 x 10

15

B/cm2 , while the

average dose along the horizontal direction was 4.88 x 10 15 B/cm² . The average dose
calculated from the mean in both directions was 4.39 x 10 15 B/cm2 which is 6.4% higher
than the nominal dose. The statistical error of the NRA measurement depends on the
square root of the counts of α particles, which averaged approximately 2000 counts.
The resulting 2.2% error was significantly smaller than the differences between doses
measured along the horizontal and vertical directions.
These initial experiments revealed that the dose uniformity is not acceptable for ion
implantation and necessitated improvements in hardware and experimental procedures.
The changes initiated were alignment of the source with respect to the magnet and beam
adjustment procedures that included fine-tuning of the source electrode voltages.
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Fig. 4.15 Initial Vertical Profile of Boron Dose at 4 keV obtained by NRA

(Suppression was Supplied by the Aperture Structure)
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An example of a typical ion beam current profile measured by a horizontal wire
probe mechanically scanned in the vertical direction vs. micrometer position (in inches) is
seen in Fig. 4.16. A B 10Hx+ ion beam at 12 keV was generated with the ion sourceVersion 2 design described in Section 2.1.3, using the Faraday cage, described in
Section 2.3.3, for suppression. A nominal dose of 5.19 x 10 14 B/cm² was implanted in
silicon. A suppression voltage of -400V, and a scanning frequency of 380 Hz were
utilized. The sample was analyzed using NRA. Since the decaborane beam was scanned
in the horizontal direction, the dose uniformity was measured along the vertical direction
only. A plot of measured boron dose along the vertical direction vs. micrometer position
for this sample is shown in Fig. 4.16.
The dose measured by NRA for nine points along the vertical direction was
5.12 x 10" +0.07 B/cm ² . This dose error defined as the difference between the nominal
dose obtained from the decaborane current integration and the dose measured by NRA
was 4.6 %. The improved profile of boron dose along the vertical direction of the silicon
sample may be related to the ion source-Version 2 design and its alignment with respect to
the magnet, and better alignment of the electrodes in the source section, as well as
improved suppression.
It was determined from the suppression and uniformity experiments that suppression
has a much larger effect on decaborane ions then on argon ions. When the complex
decaborane ions hit a surface, they generate more secondary electrons and negatively
charged sputtered ions, which can influence the current measurement. Therefore,
suppression is very important during decaborane implantation experiments to obtain good
dose accuracy.

Fig. 4.16 Vertical Profile of Boron Dose at 12 keV obtained by NRA

(Suppression was Supplied by the Faraday Cage)

CHAPTER 5
THE EFFECTS IN SI WITH DECABORANE IONS
5.1

Boron Retained Dose Experiments

5.1.1 Fundamentals of Sputtering by Ion Bombardment
A concern with low energy implantation is the reduction of the implanted dose due to
sputtering [27]. Sputtering refers to the removal of atoms from the near surface layer of a
target material due to ion impact. Sputtering involves a transfer of kinetic energy from the
incident particle to target atoms and subsequent ejection from the surface of those atoms
which have acquired enough kinetic energy to overcome the binding forces of the target
[28]. As the primary ion penetrates the surface, it collides with target atoms and
undergoes a continuous energy loss due to momentum transfer (nuclear collisions), and to
the electronic excitation of target atoms. The succession of binary collisions (collision
cascade) continues until the incident ion looses all its kinetic energy and comes to rest [5].
In rare events, the primary ion may be reflected (backscattered) from the surface.
When the momentum transfer is redirected toward the surface by the recoil of the target
atoms within the collision cascade, target atoms may be ejected [52]. Collisions of the
primary ion with target atoms are shown in Fig. 5.1. The effects of ion bombardment in
the target are schematically shown in Fig. 5.2.
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Fig. 5.1 Schematic of the Physical Effects of Primary Ion Bombardment [53]

Fig. 5.2 Schematic Diagram of the Effects of Ion Bombardment [54]
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In Figure 5.2, I is the incident ion, T is the target material, A is the zone where
atoms are displaced from their positions in the crystal structure, B is the zone where atoms
have been excited but then relaxed to their equilibrium states, and C is the surface zone
where the atoms can be sputtered. If there is a large number of ions bombarding the
surface, these zones are converted into surface layers. Layer A becomes amorphized.
Its depth d A, depends on the material of the target and on the energy, and angle of
incidence of the primary ion beam. The depth d B of Layer B is the depth of ion influence
on the solid.
Sputtering is characterized by the sputtering yield Y, which describes how many
atoms are ejected per incident ion, and is directly proportional to the stopping power of
the target, which determines the extent of momentum transfer near the surface, and it is
inversely proportional to the binding energy of the surface atoms [52]. Thus, Y also
depends on the crystallographic orientation of the target material. During ion implantation
of Si with B10Hx + ions, the sputtering process removes both Si target atoms and implanted
B and H atoms. As the B concentration in the near surface implanted layer increases with
implanted dose, more and more of the sputtered target atoms will be boron [29]. At high
doses, an equilibrium condition (steady state) is reached, where the amount of implanted
atoms that are removed by sputtering equals the amount of atoms replenished by ion
implantation [53].
Thus, sputtering determines the number of ions that remain in the target, which is
referred to as the retained dose. The measured retained dose is smaller than the nominal
dose (ion fluence) particularly at large doses. Comparison of nominal and implanted
B doses with B 10Hx+ ions is important in defining the required decaborane implantation
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integrated current. The retained dose over a wide range of values and different ion beam
energy was measured in this dissertation. Some measurements were also performed on a
SiO2 ² layer. The sputtering yield of Si with B10Hx + ions was measured. Surface roughness
measurements were performed before and after B10 Hx+ ion implantation to examine
possible changes in surface morphology due to molecular ion implantation.

5.1.2 Retained Dose Measurements by Nuclear Reaction Analysis

An initial study of "B retained in silicon samples following low energy B 10 Hx+ ion
implantation was performed [50], in which samples were implanted with decaborane at an
energy of 2 keV to doses ranging from 3 x 10 13 to 3 x 10 14 atoms/cm2 (equivalent to 200
eV boron at doses of 3 x 10 14 to 3 x

atoms/cm²), and 5 keV to decaborane doses

ranging from 3 x 10 13 to 1 x 10 15 atoms/cm2 (equivalent to 500 eV boron at 3 x 10 14 to
1 x 10 16 atoms/cm2 ). Each sample was implanted continuously without breaking vacuum,
which was in the low 10 -6 Torr range near the silicon wafer target. The amount of
B measured in the as-implanted samples was measured using Nuclear Reaction Analysis
(NRA), described in detail in Section 4.4.2, at Bell Laboratories, Lucent Technologies
(now Agere Systems) in Murray Hill, NJ. Table 5.1 gives a summary of the data.
Measured (retained) B + dose as a function of nominal B + dose is shown in Fig 5.3 at
2 keV, and 5 keV. The solid lines in the figure are second order polynomial fits to the
data points. Since NRA measures only "13, the results were normalized to account for the
natural abundance of both 1°B (20%) and "B (80%) boron isotopes. Based on the data,
the dose loss increases with increasing nominal dose. The amount of B retained at 2 keV
is less than the amount of B retained at 5 keV.
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Table 5.1 Summary of Nominal and Retained Doses for 2 keV and 5 keV Implants

Fig. 5.3 Measured B Dose, obtained from Nuclear Reaction Analysis, vs.
Nominal B Dose Implanted with B10Hx + Ions at 2 keV and 5 keV
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These data are similar to the data shown by Agarwal et al. [55] for monomer
B implantation at equivalent doses and energies. It was found, however, that the dose
uniformity across the 2 keV samples in the vertical direction was > 10%. The resulting
dose error may be due to poor suppression (i.e. electrons may have been collected on the
block) since a Faraday cage was not used in this experiment.
To validate the retained dose data, the experiment was repeated. Table 5.2 gives a
summary of the implant conditions. Before each implant, the dose uniformity along the
vertical direction, verified as described in Section 4.2.2, did not exceed 4%. The amount
of B in the as-implanted samples was measured by NRA. There was an occasional dose
discrepancy with the 12 keV implants that resulted in higher than expected measured
doses, therefore each high dose sample was accompanied by a low dose sample so that the
ratio of the two points placed them properly on the curve. The correction factor for the
12 keV data was approximately 0.7.
Table 5.2 Summary of Implantation Conditions for the B Sputtering Experiment
Energy
(keV)

Nominal Dose
x 10 14 B/cm 2

5

5.02
20.10
100.10
100.10
300.00
573.30
5.01
5.02
51.70
60.00
100.00
300.00
533.00

12

Measured NRA Dose

NRA Error

x 10 14 B/cm 2
4.43
19.70
57.60
60.20
128.00
135.00
5.01
5.02
32.57
51.87
69.89
180.20
267.20

(%)
8.03
4.62
2.70
1.92
1.50
1.76
1.38
6.43
0.54
2.00
1.72
1.07
0.74
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The 5 keV and 12 keV B10Hx+ retained (R) and nominal (N) dose data, shown in
Fig. 5.4, were fitted by an exponential function, as discussed in Section 5.1.3. At the
highest nominal doses of 2.67 x 10 16 B/cm² at 12 keV and 1.35 x 10 16 B/cm² at 5 keV, the
retained fraction decreased to 50% and 77%, respectively. At low doses (approximately
10 14 B/cm² and below), the decrease in retained dose due to sputtering is negligible.

Comparison of Retained 13' Dose vs. Nominal Dose for 5 keV and 12 keV
B 10 H; Implanted in Si
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The maximum error between the highest dose data from the first experiment
(Fig. 5.3), and this new data at 5 keV is 20%. This discrepancy could be attributed to the
uniformity problems with the first experiment, which caused the measured dose to be too
high or the nominal dose too low, compared to the new data. It appears as if the Faraday
cage in the second experiment provided better suppression of electrons from the beamline
impinging on the sample block. Also, before each implant, the uniformity was verified in
the vertical direction. It is thus believed that the retained dose data from the second
experiment are more reliable than from the first experiment. In the future, the 2 keV
experiment should be repeated to obtain a more accurate measure of the retained B+ dose
at this energy.
Both sets of data show that the higher the energy of the implant, the greater the
sputtering of the B atoms in the target. It may be argued that at low energy, the B atoms
are located closer to the surface (shallower depth), therefore they can be sputtered more
easily. So, the higher energy implants result in more retained B dose compared to the low
energy implants, as seen in Fig. 5.3 and Fig. 5.4. However, TRIM simulation show the
opposite relation between the sputtering yield and the beam energy. This may be due to
the fact that TRIM does not adequately model the effects of ion implantation at lower
energies. It is interesting to note that the latest results on B retained dose from monomer
B + ion implantation support the finding of this dissertation for B10H x+ ions at this low
energy [55].
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Monomer B+ implants with nominal doses of 3 x 10 14 B/cm² and 2.45 x 10 15 B/cm2
at 1.2 keV were also performed. At the higher nominal dose, the retained fraction
decreased to 6%. The retained dose data was similar to the 12 keV equivalent B10H x+ data
and was in line with the B10H x+ curve in Fig. 5.4. Although the monomer B + and B10Hx+
data appear to be similar at low doses, implants at higher doses need to be carried out to
verify that there is no significant difference in the sputtering of B atoms by B 10 Hx+ and
equivalent B + implants.
Additionally, B10Hx+ was implanted into a 90 nm SiO 2 deposited film on Si.
Table 5.3 gives a summary of the nominal and retained dose data. At the highest nominal
dose of 8 x 10 15 B/cm2 at 12 keV and 1.18 x 10 16 B/cm2 at 5 keV, the retained fraction
decreased to 63% and 87%, respectively. Initial results indicate that there is less
B retained in the SiO 2 samples (~ 60% less) compared to the bare Si samples implanted at
the same energy and similar doses. This could be attributed to the higher sputtering rate
of SiO2 . Further experiments must be performed to validate these initial results and to
fully understand the effect of sputtering with B 10 Hx+ ions in SiO 2 .
x

Table 5.3 Summary of Nominal and Retained B + Doses for 5 keV and 12 keV B10H +

Implants in SiO2

Energy
(keV)

Nominal Dose
(x 10 14 B/cm2 )

5

5.00
80.00
118.40
5.02
30.00
80.00

12

Retained Dose

(x 10 14 B/cm 2 )
4.90
21.20
15.50
5.02
27.49
29.89
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5.1.3 Interpretation of the Retained Dose Data
Sputtered dose is designated as SB = N - R or R = N - SB, where N is the nominal dose and
R is the retained dose. The sputtering yield (YB) is defined as the number of sputtered
atoms per incident ion given as:

The sputtering yield is also proportional to the amount of boron in the target, which is
proportional to R.

where a is the proportionality factor. From Eq. (5.1) and Eq. (5.2),

Upon integration of both sides of Eq. (5.3):

where In c represents the integration constant.

Eq. (5.4) yields:

Upon rearrangement,

but for N = 0, also R = 0, therefore c = 1, so that:

where the proportionality factor a is the reciprocal of the saturated value.

Best fits exponential functions shown in Fig. 5.4 were found for these two energies.
The values of the a parameter are 140 for 5 keV and 310 for 12 keV which corresponds
to the maximum retained doses of 1.4 x 1016 B/cm²

and 2.6 x 10 16

B/cm² respectively as

shown in Table 5.4. Error bars on the experimental points correspond only to the
statistical uncertainty in the NRA measurements. The fits are reasonable and the
differences between the exponential fits and experimental points may be attributed to the
still remaining uncertainties in the absolute values of the nominal doses. A graphical
representation of the sputtering yield, YB, data in Table 5.4 as a function of retained dose is
shown in Fig. 5.5.
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Table 5.4 Summary of Sputtering Yield YB Calculated from an Exponential Function

Nominal Dose
x10" B/cm² )
0.0
50.0
100.0
150.0
200.0
250.0
300.0
350.0
400.0
450.0
500.0
550.0
573.3

0.0
50.0
100.0
150.0
200.0
250.0
300.0
350.0
400.0
450.0
500.0
550.0

5 keV
R = 140(1-EXP(-N/140))
dR/dN
Retained Dose
x10'4 Wan)
1.000
0.000
0.699
42.032
0.489
71.445
0.343
92.027
0.240
106.430
0.168
116.508
0.117
123.561
0.082
128.497
0.057
131.950
0.040
134.367
0.028
136.058
0.020
137.242
0.017
137.664
12 keV
R = 310(1-EXP(-N/310))
1.000
0.000
0.851
46.176
0.724
85.474
0.616
118.918
0.525
147.381
0.446
171.604
0.380
192.219
0.323
209.763
0.275
224.694
0.234
237.400
0.199
248.214
0.170
257.418

YB

0.000
0.301
0.511
0.657
0.760
0.832
0.883
0.918
0.943
0.960
0.972
0.980
0.983

0.000
0.149
0.276
0.384
0.475
0.554
0.620
0.677
0.725
0.766
0.801
0.830
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Fig. 5.5 Sputtering Yield, YB, of 13'' vs. Retained Dose of B ± for 5 keV and 12 keV

B10Hx+ Implanted in Si
5.2

Sputtering of Si with B10Hx+ Ions

5.2.1 Sputtering Yield of Si with %AL+ Ions
x

Experiments were carried out to determine the sputtering yield of Si, Y s , by B 10 H + ions
using a novel technique. Special samples were fabricated to obtain an accurate measure
by Rutherford Backscattering Spectroscopy (RBS), of the amount of Si atoms removed by
sputtering. Si wafers with a thin diamond-like carbon (DLC) film were supplied by Epion,
in Billerica, MA. The DLC film is chemically inert, electrically conductive (0.1 W-cm)
and ultra smooth Ra < 2A. Ra is defined as the arithmetic roughness average of the
absolute values of the measured profile height deviations. A silicon layer was then grown
on top of the DLC film in a custom made Molecular Beam Epitaxy (MBE) System of base
pressure 10 -11 Ton, at Bell Laboratories, Lucent Technologies (now Agere Systems) in
Murray Hill, NJ. The resulting wafer had three layers, Si/C/Si, which could be measured
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by RBS. Carbon was chosen as the substrate since it has a lower mass than Si therefore,
the corresponding RBS peak could be clearly separated from the deposited Si peak.
The thickness of the carbon film was chosen so that the Si substrate and deposited Si
peaks could be distinguished. The thickness of the Si layer was measured by RBS before
ion implantation. The sputtering yield of Si, Ys„ was based on the number of atoms
ejected from the surface per incident ion.

5.2.2 The Principles of Rutherford Backscattering Spectroscopy
Rutherford Backscattering Spectroscopy (RBS) is used to quantitatively measure the
distribution of elements in thin films and surface layers. It is based on the elastic collision
of energetic He ions with target atoms. The energy loss of the 2 MeV He projectile ion
(backscattered 170 °) to the target atom is calculated from collision kinematics. The mass
of the target atom is determined from the energy of the backscattered

He ions but, for

analyzing the atomic composition of a complex target, the information on the scattering
cross sections and ion stopping power is needed [56].
A solid state detector, preamplifier and linear amplifier generate a voltage signal
proportional to the energy of the backscattered ion [56]. The signal is processed by a
multichannel analyzer (calibration for Agere RBS system is 4 keV/channel) and a plot of
backscattered particles energy spectrum counts vs. channel number is obtained. An RBS
computer simulation program, RUMP, was used to analyze the data. A schematic of the
RBS setup is shown in Fig. 5.6.
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Fig. 5.6 Schematic of a Rutherford Backscattering Spectroscopy Measurement Setup [56]
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5.2.3 Evaluation of Si Sputtering Yield by RBS
Before implantation, the thickness of the Si layer grown on carbon, measured by RBS was
310 A = 1.55 x 10" Si atoms/cm ² which agreed with the MBE process data. Measured
and simulated spectra using the RUMP simulation program are shown in Fig. 5.7.

Fig. 5.7 RBS Spectra of the Si/C/Si Wafer Before Ion Implantation
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To verify the method of the sputtering yield measurement, the sputtering yield of Si
by Ar+ ion bombardment was measured from samples implanted at 5 keV to a dose of
5 x 10 15 AT atoms/cm² . The amount of Si removed, measured by RBS, was 3.5% of
1.55 x 10 17 Si atoms/cm² = 5.425 x 10 15 Si atoms/cm² . The thickness of the Si removed
was calculated by dividing the amount of Si lost by the density of Si which equals,
(5.425 x 10 15 Si atoms/cm² ) / (5 x 10²² atoms/cm3 ) equals 1.09 x 10 -7 ~ 11

A.

The sputtering yield (ejected/incident) of Si, Ys„ using Ar + ions was calculated to be:

The yield is comparable to the published sputtering yield of Si using 5 keV Ar + ions which
equals 1.3 [57]. This experiment verified the capability of this process to measure the
sputtering yield of Si atoms by B1 0H ,7- ion bombardment. Measured and simulated RBS
spectra for this Ar + implant are shown in Fig. 5.8.
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Fig. 5.8 RBS Spectra of Si Implanted with Ar + with 5 x 10 15 atoms/cm 2 at 5 keV
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Samples were then implanted with B 10 Hx+ ions at 12 keV to a dose of
5.0 x 10 16 B atoms/cm² . The amount of Si removed, measured by RBS, was 15% of
1.55 x 10 17 Si atoms/cm² = 2.325 x 10 16 Si atoms/cm² . The thickness of the Si removed
after B10Hx+ implantation, measured by RBS, equals (2.325 x 10

16

Si atoms/cm² ) /
x

(5 x 10 ²² atoms/cm ³ ) = 4.65 x 10 -7 = 47 A. The sputtering yield of Si, Ysi, with B10H +
ions (ejected/incident B atom) was calculated to be:

Measured and simulated RBS spectra for this measurement are shown in Fig. 5.9.
Since the loss of Si atoms was so small, another implant experiment was performed with a
higher dose to obtain a more accurate measure of Ysi. Samples were implanted to a dose
of 1 x 10 17 B atoms/cm² at 12 keV. The amount of Si, measured by RBS, was 24% of
1.55 x 10 17 Si atoms/cm² = 3.72 x 10 16 Si atoms/cm² . The thickness of the Si removed
equals (3.72 x 10 16 Si atoms/cm² )/(5 x 10 ²² atoms/cm) = 7.44 x 10 -7 = 74 A. The sputter
yield of Si with B10Hx+ ions equals:

Measured and simulated spectra for this measurement are shown in Fig. 5.10
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The weighted average of the results of (5.9) and (5.10) is 0.41 ± 0.07, assuming that
the measurement errors are inversely proportional to the amount of Si removed from the
samples. Thus, 0.41 Si atoms are ejected by each incident B atom. Since a decaborane ion
contains 10 B atoms, the sputtering yield per ion is ten times larger (i.e. 4.1 Si atoms are
ejected for every incident B10H x+ ion). To our knowledge, there are no data in literature
on sputtering yields of Si with B or any other dopant ions. This dissertation reports the
first measurements of Ys„ with B 10 H x+ ions or with any other molecular complex ion.

Fig. 5.9 RBS Spectra of B10H x+ in Si with 5 x 10 16 B/cm² at 12 keV, Ys, = 0.465
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Fig. 5.10 RBS Spectra of B10H x+ in Si with 1 x 10 17 B/cm 2 at 12 keV, Ys, = 0.372
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5.2.4 The Principles of Tapping Mode Atomic Force Microscopy
The surface roughness of the Si/C/Si samples was measured before and after ion
implantation by Atomic Force Microscopy (AFM). AFM is used to quantitatively measure
surface roughness with a high lateral and vertical resolution on different types of samples.
In the tapping mode operation of the AFM, an atomically sharp tip (made of Si ³N 4 or Si)
at the end of a leaf spring or "cantilever" is alternately placed in contact with the surface to
provide high resolution and lifted off the surface to avoid damage [58]. The cantilever
assembly oscillates at or near the cantilever's resonant frequency, which is held constant by
a feedback loop using a piezoelectric crystal and is then moved toward the surface until it
begins to lightly touch, or tap the surface [58].
When the tip contacts the surface during scanning, the amount of energy that is lost
(which causes the cantilever oscillations to decrease) is used to identify and measure
surface features. The tip is attached to the underside of a reflective cantilever onto which
a diode laser is focused [59]. The oscillation amplitude of the tip is measured by a
detector and input to the AFM controller electronics. The digital feedback loop maintains
a constant amplitude and force on the sample. Figure 5.11 is an illustration of an AFM
cantilever above a sample surface, and the positions of the laser and the detector are
shown in Fig. 5.12. Three-dimensional topographical maps of the sample surface are
obtained by plotting the local sample height (z) versus horizontal probe tip position (x,y)
[60].
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Fig. 5.11 Illustration of a Laser Focussed on the Head of an AFM Cantilever [58]

Fig. 5.12 Illustration of the Positions of the Laser and the Detector [58]
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Surface roughness is defined in many ways, such as R max, the maximum peak-tovalley height, Rtm, the mean depth of roughness, or R q , the root-mean-square roughness.
For this experiment, R a is used which is the arithmetic roughness average of the absolute
values of the measured profile height deviations, given by:

where, Ra is the arithmetic roughness average, n the number of height positions along the
line profile, zi the height at position i and z the average height [61].

5.2.5 Si Surface Roughness Measurement by AFM
The surface roughness R a of the amorphous silicon films on DLC used for the sputtering
experiment was measured before and after 12 keV argon and decaborane ion implantation
at Epion, in Billerica, MA using a Digital Instruments Nanoscope AFM.
The measurements were made over square areas, which measured 3µm x 3 µm and
10µm x 10 µm on each sample. The results of the AFM sample analyses with 3µm and
scans are listed in Table 5.5. An AFM 3µm scan image of the Si surface before Ar +
and B10Hx + ion implantation is shown in Fig. 5.13. AFM 3µm scan images of the Si
surface after Ar+ (5 x 10^15Ar/cm ² ) and B 1
0H x+ (1 x 10 17 B/cm² ) ion implantation are shown
in Fig. 5.14 and Fig. 5.15, respectively.
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The data indicate that there was no significant smoothing effect after monomer Al .+
ion implantation. However, there was evidence of a smoothing effect after implantation
with B 10 Hx± ions. The AFM image of the Si surface implanted with B 10 Hx± ions, with a
3µm scan, smoothed from Ra = 0.37 nm (unimplanted control) to R a = 0.24 nm
(after implant). The Si surface smoothed from R a = 0.56 nm (unimplanted control) to
R a = 0.29 nm (after implant), as measured by a 10µm scan.

Table 5.5 AFM Surface Roughness Measurement Results for the Si/C/Si Samples
Sample

Condition

AFM Image Size (pm)

Ra (nm)

1
1
1
1

Unimplanted
5 x 10^15Ar/cm²
Unimplanted
5 x 10^15Ar/cm²

3
3
10
10

0.38
0.35
0.37
0.37

2
2
2
2

Unimplanted
5 x 10 16 B/cm²
Unimplanted
5 x 10 16 B/cm²

3
3
10
10

0.59
0.25
0.37
0.30

3
3
3
3

Unimplanted
1 x 10 17 B/cm²
Unimplanted
1 x 10 17 B/cm²

3
3
10
10

0.37
0.24
0.56
0.29
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Scan Image of the Si Sample Surface Before Ar + and B 10 Hx+ Ion
Fig. 5.13 AFM 3
Implantation (X = 1 µm/div, Z = 5 nm/div)
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Fig. 5.14 AFM 3

Scan Image of the Si Sample Surface After Ar + (5 x 10^15Ar/cm² )
Ion Implantation (X = 0.5
Z = 10 nm/div)
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Fig. 5.15 AFM Image of Si Sample Surface After B10Hx+ (1 x 10' 7 B/cm² ) Ion
Implantation (X = 1 µm/div, Z = 10 nm/div)

The differences in the surface morphologies of surfaces irradiated with monomer Ar +
ions and B 10Hx± ions can be attributed to the difference in the collision process of these
two ions. Upon impact, cluster ions disintegrate and the total energy of the cluster is
shared among the constituent atoms [62]. It has been postulated that in the cluster
breakup process, many of the cluster atoms move along the surface and produce a
so-called "lateral surface sputtering". The micro-scale surface smoothing and
planarization effects have been demonstrated for large clusters consisting of tens to
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thousands of atoms [63]. In this dissertation we show, for the first time, that 10 atoms
can produce a smoothing effect. This experiment shows that there is no detrimental effect
on surface morphology as a result of ion implantation with decaborane molecular ions and
the surface is as good or maybe better than before the implant. The surface subjected to
B 10 Hx+ ion impact was initially very smooth. A more dramatic smoothing effect may be
demonstrated on a rougher surface, as mentioned for the future work in Chapter 6.

Fig. 5.16 Illustration of Lateral Surface Sputtering due to Cluster Ion Impact [62]
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5.3 Depth Profiles of Implanted Atoms
5.3.1 Principles of Secondary Ion Mass Spectroscopy

Secondary Ion Mass Spectroscopy (SIMS) measurements were performed by Evans East
Corp. using a Physical Electronics, Inc. Quadrupole SIMS system to obtain depth profiles
of implanted atoms in silicon. An energetic primary ion beam is directed at the sample
surface in an ultrahigh vacuum environment. The transfer of momentum from the
impinging primary ions to the sample surface causes sputtering of surface atoms [52].
Those particles that are ionized (secondary ions) are mass analyzed and detected in a
quadrupole mass spectrometer. In a depth profiling analysis, the secondary ion signals are
monitored as a function of sputtering time (converted to depth). Detection limits for both
electropositive and electronegative elements are optimized utilizing either oxygen or
cesium ion bombardment. A spatial resolution of <5µm and depth resolution of < 20 A
are achieved for ultra-shallow dopant measurements by using very low energy primary ion
bombardment [52]. The extent to which these capabilities can be obtained depends on the
nature of the sample, the instrument design and parameters, and the methods used in the
analysis. The principle of SIMS is represented schematically in Fig. 5.17.
The profiles of the hydrogen and boron atoms implanted by decaborane ions before
and after activation annealing have been investigated. There is interest in the effects of
hydrogen implanted with B1 0}1x+ ions because it is believed that hydrogen may affect the
transistor performance if a substantial amount of these ions remain in the Si lattice after
annealing.
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Fig. 5.17 Principle of Operation of SIMS [52]

5.3.2 Experimental Procedure

Two n-type Si (100) samples (0.5" in height x 0.95" in width) were implanted at a 0 ° tilt
angle with B10Hx+ ions at an energy of 12 keV to doses of 2.0 x 10 16 B/cm2 and
6.07 x 10 16 B/cm2 . The samples were dipped in buffered hydrofluoric acid for 40 seconds
before implantation to remove the surface oxide layer. Each sample was implanted
separately and continuously without breaking vacuum in the sample chamber, which was
in the low 10-6 Ton range near the silicon wafer target. After implant, the two samples
were cut into four equal sections (0.25" in height and 0.475" in width) so that the total
number of samples to be analyzed was eight. A "P-Clean" was performed to remove any
metal contaminants from the samples before annealing. The samples were dipped in a
50/50 solution of sulfuric acid (H2SO4 ) and hydrogen peroxide (H202) for 5 minutes while
the mixture was agitated and then rinsed three times in DI water and dried in nitrogen.
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Two sections of each sample with the same dose were annealed at
1045 °C ± 5 °C/0.9s (based on a typical annealing schedule for source and drain extensions)
in flowing argon gas ambient in a Heatpulse 8108 Rapid Thermal Processing (RTP)
furnace at Bell Laboratories, Lucent Technologies (now Agere Systems), Murray Hill, NJ.
A special wafer setup was used to align the samples within the susceptor of the furnace to
obtain uniform temperature across the samples. Large sections of a dummy 8" Si wafer,
which served as an apron, were positioned around the smaller sample sections and were
placed directly upon another whole 8" wafer for support. The RTP has a "slip free" ring
surrounding the wafer. The ring is comprised of 4 segments supported by separate quartz
pins. Figure 5.18 is a schematic of the sample orientation on the RTP susceptor.
Figure 5.19 is a graphical representation of the annealing record for the implanted
samples. The white, yellow and purple lines in Fig. 5.19 represent the signals from three
different sensors used for temperature control. A Ripple pyrometer, T_rip, adjusts for
emissivity compensation and controls the annealing temperature (white line). The second
pyrometer T_pyro (yellow line) has a fixed emissivity and the third is a thermocouple
probe, T_tc (purple line). The profiles of hydrogen, oxygen and boron atoms were
measured by SIMS before and after activation annealing. Table 5.6 is a summary of the
sample conditions and the type of analysis carried out for each sample.
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Fig. 5.18 Schematic of the Si Apron Pieces Surrounding the Samples (5) on the

Susceptor of the RTP Furnace
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Fig. 5.19

Rapid Thermal Annealing Record for the B10Hx ± Implanted Samples
White Line = T_rip (Main Temperature Control), Yellow Line = T_pyro
and Purple Line = T_tc (Thermocouple Probe). Maximum Annealing
Temperature = 1045 °C ±5 °C. Horizontal axis units are 10 seconds.

Table 5.6 Summary of Sample Conditions for SIMS Analysis
Sample
No.
1

2
3
4
5
6
7
8

Nominal Dose
(B/cm2)

6.07 x 10 16
2.0 x 10 16
6.07 x 10 16
2.0 x 10 16
6.07 x 10 16
2.0 x 10 16
6.07 x 10 16
2.0 x 10 16

Sample Condition

Type of Analysis

as-Implanted
as-Implanted
Annealed
Annealed
as-Implanted
as-Implanted
Annealed.
Annealed

Hydrogen
Hydrogen
Hydrogen
Hydrogen
Boron
Boron
Boron
Boron
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5.3.3 Hydrogen and Boron Depth Profiles by SIMS

The detection limits for the hydrogen and boron species monitored are listed in
Table 5.7. They are defined as the lowest concentration that can be measured for a given
element due to the presence of either a background or due to a limitation in count rate.
The detection limits depend on the analytical protocol and on the matrix. The limits in
Table 5.7 are based on the lowest levels found in the B10H x+ implanted samples.
Table 5.7 SIMS Detection Limits in Si
Element

Detection Limit
(atoms/cm 3)

H
B

lx 10 19
3x 1017

Quantification of the profiles is accomplished by measuring, along with the B 10 H x+
implanted sample, a Si reference sample implanted with a known dose of elemental ions.
Quantitative accuracy using a reference material is typically ± 10-20% (one sigma) for
analyses where the elemental content of the unknowns is similar to that of the reference
material. An unimplanted, unannealed reference sample was also used as a control for the
hydrogen analysis. The depth scales were determined using a sputter rate standard
(EE-1025). The accuracy of the depth calibration is within ± 3% (one sigma).
The instrument conditions for these measurements were optimized for high depth
resolution. Table 5.8 gives a summary of the conditions for the measurements.
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Table 5.8 SIMS Measurement Conditions

Instrument
Elements Monitored
Primary Ion Species
Primary Ion Energy
Primary Ion Angle of Incidence
Secondary Ion Polarity
Oxygen Leak
Charge Neutralization
Surface Conductive Coating

Condition 1
PHI Quadrupole SIMS
H, Si, 0
Cs+
500 eV
60°
Negative
No
No
No

Condition 2
PHI Quadrupole SIMS
B, Si
02+
1 keV
45°
Positive
No
No
No

The profiles of the as-implanted and annealed samples (#2 and #4) implanted with a
dose of 2.0 x 10 16 B/cm2 are shown in Figures 5.20 and 5.21 respectively. The H profiles
are plotted in atoms/cm³ indicated on the left y-axis. The 0 and Si profiles are plotted in
intensity units only, on the right y-axis. A comparison of the hydrogen profiles before and
after annealing of Samples # 2 and #4 is shown in Fig. 5.22. The profiles of the
as-implanted and annealed, Samples #1 and #3, implanted with a dose of 6.07 x 10

16

B/cm2 are shown in Figs 5.23 and 5.24 respectively. A comparison of the hydrogen
profiles before and after annealing for these samples is shown in Fig. 5.25. The profiles of
hydrogen and oxygen, for the unimplanted and unannealed control sample is shown in
Fig. 5.26. This control sample was actually Sample #1 tested in the unimplanted area.
Table 5.9 gives the peak positions (depth in A) of oxygen in the samples.
Table 5.9 Oxygen Peak Positions
Sample No.
1
1
3

2
4

I

Sample Condition
Control
as-Implanted
Annealed

as-implanted
Annealed

I

Oxygen Peak (A)
5
9
24

15
24
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Fig. 5.20 SIMS Profiles of B10H x+a s -Implanted Sample #2: 2 x 10 16 B/cm2 at 12 keV
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Fig. 5.21 SIMS Profiles of Annealed Sample #4: 2 x 10

16

B/cm2 at 12 keV
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Fig. 5.22 H Profile Comparison of Samples #2 and #4 with the Control
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Fig. 5.23 SIMS Profiles of B10Hx+as-Implanted Sample #1: 6.07 x 10 16 B/cm 2 at 12 keV

Fig. 5.24 SIMS Profiles of Annealed Sample #3: 6.07 x 10 16 B/cm2 at 12 keV
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Fig. 5.25 H Profile Comparison of Samples #1 and #3 with the Control

Fig. 5.26 SIMS Profile of the Control/Unimplanted Sample #1
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It is interesting to note, that the surface oxide layer is significantly thicker over the

B10Hx + implanted area relative to the unimplanted control area. Based on the
measurements, there appears to be hydrogen at the oxide/Si interface. The peak for
implanted H+, for the as-implanted Sample #2, is observed at 69 A and after annealing it
disappears. For annealed Samples #3 and #4, the projected range of H + from the SIMS
measurement is 31 A. Hydrogen implanted with B10H x+ ions had the energy of
approximately 100 eV and for this energy, the TRIM (Monte Carlo) simulated range is
44 A. It was concluded that the range of implanted I-1 + is at the expected depths in Si.
After annealing, the hydrogen concentration decreases by an order of magnitude and
is approximately the same as in the control sample. The hydrogen areal density for the
2 x 10 16 B/cm² implanted samples decreased from 5.86 x l0 15 atoms/cm² to
5.02 x 10" atoms/cm² after annealing. For the 6.07 x

10^

16B/cm²iplanteds,h

hydrogen areal density also decreased after annealing from 1.04 x 10 16 atoms/cm² to
8.92 x 10 14 atoms/cm² . These changes represent out diffusion of H during the rapid
thermal annealing process. The residual H content is no more than twice of that in the
control sample and will likely have no significant effect on Si device performance.
Since the B doses are so high, there may be significant ion yield effects that could
cause the calibration, which is based on a standard at lower B concentration, to be
inaccurate. Evidence of this error is observed in the boron profiles, which have peak
concentrations equal to or greater than the atom density of Si. Therefore, the boron
concentration profiles for these samples have a significantly higher error bar than typical
SIMS measurements of approximately 50-100%. Because of this, the experiment was
repeated with a lower implant dose.
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Due to the limitation of the SIMS analysis, an additional implant experiment was
performed with a lower dose so that the B and H profiles together could be accurately
measured. In this experiment, a Si (100) n-type sample (0.5" in height x 0.95" in width),
was implanted at a 0 ° tilt angle with B 10Hx+ ions at an energy of 12 keV to a dose of 2.0 x
10 15 B/cm² . The sample was dipped in buffered hydrofluoric acid for 40 seconds before
implantation to remove the surface oxide layer.
After implant, the sample was cut into equal sections (0.25" in height and 0.475" in
width) so that the total number of samples to be analyzed was four. Two sections were
annealed at 1045 °C ± 5 °C/0.9 seconds in flowing argon gas ambient in the RTP furnace.
The annealing setup was the same as described above in Section 5.2.1. The profiles of the
hydrogen and boron atoms implanted by decaborane ions before and after activation
annealing were measured by SIMS. Table 5.10 is a summary of the sample conditions and
the type of analysis carried out for each sample. The detection limits for the hydrogen and
boron species monitored are listed in Table 5.11. The detection limits in Table 5.11 are
based on the lowest levels found in the B 10Hx+ implanted samples. Quantification of the
B profile was accomplished by analyzing, along with the implanted samples, a bulk
standard of B in Si (EE-461). The B content was calibrated against a NIST Reference
Material (SRM-2137) and is ± 10% (one sigma). The depth scales were determined using
a sputtering rate standard (EE-1025) by measuring the time required to sputter through
the peak of the standard. The accuracy of the depth calibration is within ± 3%
(one sigma). The measurements were performed using the PHI Quadrupole SIMS
instrument under the same conditions listed in Table 5.8 except that oxygen leak was used
for Condition 2.
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Table 5.10 Summary of Sample Conditions for SIMS Analysis
Sample
No.
1A
2A
3A
4A

Nominal Dose
B/cm2
2.0 x 10 15
2.0 x 10 15
2.0 x 10 15
2.0 x 10 15

Sample Condition

Type of Analysis

As-implanted
Annealed
As-implanted
Annealed

Hydrogen
Hydrogen
Boron
Boron

Table 5.11 SIMS Detection Limits in Si
Element
H
B

Detection Limit
(atoms/cm 3)
5x 10 17
6x 10 15

Figures 5.27 and 5.28 show the H profiles of the implanted region of Samples #1A
and #2A. The profiles for the control (unimplanted) region of Samples #1A and #2A are
shown in Figs 5.29 and 5.30, respectively. A comparison of the two controls is shown in
Figure 5.31. The control regions for Samples #1A and #2A are very similar.
In Figure 5.32, the hydrogen profiles of Samples #1A and #2A are compared to the
control region of Sample #2A. Table 5.12 gives the peak positions (depth in A) of oxygen
in the samples.

Table 5.12 Oxygen Peak Positions
Sample No
1A
2A
1A
2A

I

Sample Condition
Control
Control
as-Implanted
Annealed

I Oxygen Peak (A)
5
5
9
11
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For the as-implanted Sample #1A, the peak for implanted H+ is observed at 47

A

and after annealing it disappears. Based on TRIM, the projected range of 100 eV II + is
44 A. It was concluded that the range of the implanted II + is at the expected depth in Si
considering the limitation of TRIM at these low ion energies. The position of the
hydrogen peak at 15 A may indicate segregation of hydrogen at the interface of Si and the
native oxide or at the boundary of a region damaged by the large decaborane molecule.
After annealing, the hydrogen concentration near the peak at 47

A decreases by two

orders of magnitude and is approximately twice as in the control sample. At the shallow
peak, near the Si/SiO2 ² interface, the decrease is only one order of magnitude.
The hydrogen areal density for the 2 x 10 15 B/cm² implanted samples decreased from
1.0 x 10 15 atoms/cm² to 5.95 x 10" atoms/cm² after annealing. The difference in the H
doses between the as-implanted and annealed samples (#1A and #2A) is clearly due to
out diffusion of H during the rapid thermal annealing process, which was also observed for
Samples #1 and #2 from the first set of measurements.
An Evans East Corp. control sample was used to validate the analytical conditions
for the SIMS boron measurement. The control consisted of 500 eV "B implanted into
pre-amorphized Si. The "B dose and junction depth at 11 B = 1 x 10 17 atoms/cm³ were
consistent to within 15% of the long-term average values obtained for the control under
similar primary ion beam conditions.
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Fig. 5.27 SIMS Profiles of B10Hx+ as-Implanted Sample #1A: 2.0 x 10" B/cm 2 at 12 keV

Fig. 5.28 SIMS Profiles of B 10Hx+Annealed Sample #2A: 2.0 x 10 15 B/cm2 at 12 keV
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Fig. 5.29 SIMS Profiles of the Control (Unimplanted) Region of Sample #1A

Fig. 5.30 SIMS Profiles of the Control (Unimplanted) Region of Sample #2A
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Fig. 5.31 Comparison of the Control (Unimplanted) Regions of Samples #1A and #2A

Fig. 5.32 Comparison of H Profiles of Samples #1A and #2A and the Control
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Figures 5.33 and 5.34 are plots of the B profiles obtained on Samples #3A and #4A.
A comparison of Sample #3A and #4A profiles is shown in Fig. 5.35. The projected range
of B in Sample #3A is 47A and the boron areal density is 2.58 x 10 15 atoms/cm² .
The TRIM (Monte Carlo) simulated range for 1.1 keV B is 63 A. It was concluded that
the range of implanted B is at the expected depth in Si considering limitations of TRIM at
these low ion energies. The projected range of B in Sample #4A is 86 A and the boron
areal density is 2.29 x 10 15 atoms/cm2 . The B doses are very close to the expected values
and show typical behavior for as-implanted and annealed conditions.
The junction depth (Xi) at 1 x 10 18 atoms/cm ³ (accepted value for 100 nm
technology node) for Sample #4A is 569 A as shown in Fig. 5.35. It is approximately
40% larger than the published X, value of 400 A reported for a 1 keV 3 x 10 14 , 1050 °C/1s,
boron implanted sample [64]. It has been thus confirmed that shallow junction depths can
indeed be achieved by B10Hx + ion implantation. The results of the SIMS analysis of B10Hx +
implanted Si appears to be very similar to the results obtained in the past with monomer
13 + ions supporting the concept that decaborane is a viable alternative to shallow junction
formation in Si.
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Fig. 5.33 B Profile of B10Hx+ as-Implanted Sample #3A: 2.0 x 10" B/ce at 12 keV

Fig. 5.34 B Profile of Annealed Sample #4A: 2.0 x 10 15 B/cm 2 at 12 keV
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Fig. 5.35 Comparison of B Profiles of Samples #3A (as-Implanted) and #4A (Annealed)
The Junction Depth (N) at 1 x 10" atoms/cm ³ is 569 A.

5.4 Transient Enhanced Diffusion
A serious problem for shallow junction formation is diffusion, which significantly affects
the final dopant distribution for very shallow dopants. Diffusion of p or n-type dopants is
mediated by the interaction with Si self-interstitials or vacancies, especially at high
concentration. Of particular concern for shallow junction formation is the phenomenon
known as transient enhanced diffusion (TED). TED occurs when silicon interstitials,
produced by ion implantation, interact with species that diffuse by the interstitialcy
mechanism such as boron [21, 22].
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The dopant-defect interactions and TED in Si have only recently become
understood. After implantation, most interstitials and vacancies recombine at room
temperature, but those remaining form small stable clusters. These clusters have been
shown with transmission electron microscopy to be in the form of rod-like {311} defects
[21]. Upon annealing these defects emit interstitials and drive TED until the supply of
excess interstitials is exhausted. The number of remaining self-interstitials was thought to
be equal to the implant dose, "+1 model", but seems to be somewhat larger "+1.4 model"
[23, 24]. The B diffusivity DB at a particular point in a sample is proportional to the
interstitial concentration at that point. Placing a number of B spikes into Si and measuring
the spread of the B profiles by SIMS, yield a measure of the self-interstitial concentration
and thus TED. In this dissertation, TED in B 10 H x+ and equivalent B ± implanted Si was
evaluated using boron doping superlattice (B-DSL) marker layer samples.

5.4.1 Experimental Procedure
Molecular decaborane or atomic boron ions were implanted into boron doping
superlattices (B-DSLs), grown in a custom-made low-temperature Molecular Beam
Epitaxy (MBE) System with an operating pressure of 8 x 10 40 Torr, at Bell Laboratories,
Lucent Technologies (now Agere Systems) in Murray Hill, NJ. The B-DSLs consisted of
six 10 nm wide B spikes that were doped with B to a concentration of 2 x 10 18 atoms/cm³
and spaced 100 nm apart (Sample No. 951106). Implantation of samples with 12 keV
B 10H x+ ions and 1.2 keV B + ions was performed to compare TED in Si implanted with B
atoms of the same energy by means of atomic and molecular ions. In addition, TED
measurements were performed on samples implanted with B10Hx+ ions at 2 and 5 keV.
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Two samples were used as controls, one unimplanted and unannealed and one
unimplanted and annealed. The six samples were dipped in buffered hydrofluoric (HF)
acid for 60 seconds to remove the surface oxide. Four samples were mounted on the
sample block within twenty minutes of the HF dip. Before each implant, the dose
uniformity along the vertical direction was verified, as described in Section 4.2.2.
The amount of implanted boron was measured by ion current integration and by NRA
(Section 4.4.2) on additional Si samples that were mounted on the sample block side by
side with the B-DSL samples during implantation. Table 5.13 gives a summary of the
implant conditions and NRA measured doses. Typical operating pressures in the source
for B 10 Hx+ were 1.3 x 10" 5 Toff and 5.0 x 1 0-5 Toff for B+ ions.
An annealing step followed the implantation step. The samples were cleaned before
annealing to remove silicon grease from their backsides, which was used to secure them to
the sample block. The samples were dipped in trichloroethylene (ClCH:CCl2²) for
5 minutes, followed by a rinse in electronic grade acetone ((CH³)2C0), electronic grade
methanol (CH ³ OH), and DI water. The samples were then cleaned with a standard
"P-Clean", described in detail in Section 5.3.1, to remove any metal contamination.
The four implanted samples, along with an unimplanted DSL control sample, were
simultaneously annealed at 850 °C/15 minutes in the RTP system, described in
Section 5.3.1. All six samples were analyzed by SIMS with 3.0 keV 0 2+ ions at an
incident angle of 60 ° . The SIMS detection limit based on the B level detected in the
substrate of sample Al22 for this analysis was 3 x 10 15 atoms/cm3.
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Table 5.13 Implant Conditions for the TED Experiment
SAMPLE
ID

IMPLANT
SPECIES

ENERGY
(keV)

MEASURED DOSE
(B/cm2)

A 121
A 122
A 321
A 322
A 221
A 222

B10Hx+
B10Hx+
B10Hx+
B+
Unimplanted
Unimplanted

5
12
2
1.2
-

1.04 x 10 14
1.32 x 10 14
7.11 x 10 1³
1.22 x 10 14
-

ANNEAL

Yes
Yes
Yes
Yes
No
Yes

5.4.2 Transient Enhanced Diffusion Analysis

The boron SIMS profiles of the six B-DSL markers for the control Samples A221 and
A222 are shown in Figs. 5.36 and 5.37, respectively. For the SIMS B profiles of the
implanted samples, the first B-DSL marker was masked by the implant so only the second
through sixth B-DSL markers are considered in further analysis. A comparison of the B
profiles of the 12 keV B 10Hx+ and equivalent 1.2 keV B+ implants with the controls is
shown in Fig. 5.38. After implantation and annealing, each of the doping spikes has
broadened beyond the initial width of 10 nm due to diffusion of Si interstitials, which is the
evidence of transient enhanced diffusion. A comparison of the B profiles of the 12 keV
B 10 Hx+ and 1.2 keV 13 + profiles alone is shown in Fig. 5.39. It is clearly seen that the
spread of the marker layers due to TED in the 1.2 keV B+ and 12 keV B 10Hx+ implanted
samples is very similar. Figure 5.40 gives a comparison of the B profiles of the 2, 5, and
12 keV B10Hx+ implanted samples. The difference in the implanted B profiles for different
ion energies are evident but the profiles of the marker layers are very similar.
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Fig 5.36 B profile of Six B-DSL Markers of the Unimplanted/Unannealed Sample (A221)

Fig 5.37 B profile of Six B-DSL Markers of the Unimplanted/Annealed Sample (A222)
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Fig. 5.38 B Profile Comparison of the 12 keV B 10 Hx+ , 1.2 keV B + and the Controls
(The Second through Sixth B-DSL Markers are Shown)

Fig. 5.39 B Profile Comparison of 1.32 x 10 14 B/cm 2 , 12 keV B10H x + and
1.22 x 10 14 B/cm2 , 1.2 keV B +
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0Hx+ Implanted Samples
Fig. 5.40 B Profile Comparison of 2, 5, and 12 keV B 1
(The Second through Sixth B-DSL Markers are Shown)

Each marker layer after diffusion was analyzed separately by comparing it with its
corresponding counterpart before diffusion. The one-dimensional diffusion equation was
solved with the process simulator PROPHET [65]. Concentration dependence of
diffusivity was taken into consideration in this analysis. It can be seen in the shape of the
depth profile in that it is flat at the peak and has steep shoulders. The B diffusion
coefficient is given by DB = D BA [ 1 + βc(z) I n,], where c(z, t) is the dopant concentration as
,

a function of depth at time t, n, is the intrinsic carrier concentration, and fi is the
concentration factor [66]. If c(z)

DB,int= DB,x (1 +

coefficient. An optimization shell varies

DB,int

/1) is called the intrinsic B diffusion

and a depth parameter zo for each doping

spike until a best fit is obtained between the experimentally determined, discrete
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concentrations ci(zi,t), i = 1, 2, ...n and the output of the process simulator, ci(zi,t ) by
minimizing the norm of the residual vector, II r 11, with r, = ci(zi,t)

— c

i (zi — z[0,6t)].

The residuals are the noise resulting from the difference between the calculated annealed
and experimentally annealed sample.
The parameter z0 , helps to line up both depth profiles to prevent errors arising from
varying SIMS depth scales. The main sources of error in the diffusion coefficient include
the statistical fluctuations in the determined concentrations, errors in the depth scale due
to slowly varying SIMS sputter-beam current, and measurement errors in the
determination of the SIMS crater depth or variations in the Si deposition rate during MBE
growth. The influence of these errors on the diffusion coefficients has been estimated
using a Monte Carlo approach [67].
The 12 keV B10Hx + and 1.2 keV 13 + enhancements in boron diffusivity D B/D B * , where
DB * is the equilibrium boron diffusivity extracted from the unimplanted control sample, are

shown in Fig. 5.41. A comparison of the 2, 5 and 12 keV B10H x+ diffusivity enhancements
is shown in Fig. 5.42. The relative error due to the SIMS analysis is given as error bars in
the figures.
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Fig. 5.41 Diffusivity Enhancements Extracted from the Data in Figs. 5.38 and 5.39, for

the Second through Sixth B-DSL Markers as a Function of Marker Depth
for both 12 keV B10H x+ (Blue) and Equivalent 1.2 keV B + (Red)
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Fig. 5.42 Diffusivity Enhancements Extracted from the Data in Fig. 5.40, for the

Second through Sixth B-DSL Markers, as a Function of Marker Depth
for the 2 keV (Pink), 5 keV (Teal) and 12 keV (Blue) B10Hx+
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Figure 5.41 shows that there is TED from both 12 keV mass-analyzed decaborane
and equivalent 1.2 keV monomer boron implants. The enhancements derived from the
spread in 5 marker layers are very similar; 5.28e-16 ± 0.43 cm ² s-1 (1.2 keV B + ) and
4.95e-16 ± 0.30 cm ²s-¹ (12 keV B ¹ 0Hx+) . The data show that decaborane does not lead to
less TED than atomic boron implants as was suggested in the initial decaborane study by
Goto et al. from Kyoto Japan [1]. However, the present results are in agreement with an
earlier study which shows that TED with unanalyzed B 10Hx+ and B + of equivalent energy
implanted in Si are the same [22].
Figure 5.42 indicates a higher diffusivity enhancement at higher ion beam energies.
The average diffusivity enhancement at 2 keV is 3.03e-16 ± 0.08 cm ² s-1 , at 5 keV is
3.83e-16 ± 0.12 cm ²s-¹ , and at 12 keV is 4.95e-16 ± 0.30 cm ²s-¹ . Boron diffuses
predominantly by an interstitial-type mechanism. The closer to the surface the implants
are, the less TED because the surface acts as a sink for interstitials. The data reported in
this dissertation reinforces that fact. In addition, the reduced TED observed in the Kyoto
study at a lower implant energy also agrees with the present findings.

CHAPTER 6
SUMMARY AND CONCLUSIONS
6.1 Summary
The feasibility of the formation of shallow p-type junctions in silicon using implantation
of B 10 H x+ ions obtained by ionization of decaborane (B 1
0H14 ) vapor has been investigated.
An experimental ion implantation system with magnetic mass analysis and electrostatic
scanning of the beam was built to study the ionization and transport properties of a beam
of B10H x+ ions. The length of the beam path from the source to the target was
approximately 2.5 m.
The ion mass spectra of B y H x+ ions, measured in the experimental implanter, were
found to be in agreement with an earlier quadrupole mass spectrometer study. Beams of
B1
0Hx+ ions of a few microamperes were obtained on the target. No measurable neutral
beam component (< 1 %), no significant break up of the B10H x+ ions (< 2 %) and no
vapor phase transport of decaborane were found in the system.
Implantation of B10H x+ ions into silicon was carried out in the range of energies
1.2-12 keV and doses 10 1³ -10 16 decaborane ions/cm2 . The effects of these ions in Si,
specifically, depth profiles, sputtering, surface morphology, and transient enhanced
diffusion (TED) have been investigated. Depth profiles of hydrogen and boron were
measured by Secondary Ion Mass Spectroscopy (SIMS). The profiles show that a
junction depth in Si of 57 nm (at 10 18 cm-³ B concentration) can be achieved by 12 keV
B10Hx+ ion implantation followed by rapid thermal annealing (1045 ° C ± 5 ° C/0.9s).
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Outdiffusion during rapid thermal annealing resulted in the reduction of the concentration
of the implanted H by two orders of magnitude to the level of only twice the
concentration in an unimplanted control sample.
The boron dose retained in Si was measured by nuclear reaction analysis (NRA)
and compared with the implanted dose determined by decaborane ion beam current
integration. Saturation of the implanted dose was attributed to sputtering of the
implanted B atoms by the ion beam. The maximum (equilibrium) doses of
2.67 x 10 16 B/cm2 at 12 keV and 1.35 x 10 16 B/cm2 at 5 keV, represent 50% and 77% of
the implanted doses, respectively.
Sputtering yield of Si by B10H x+ ions was also measured. Such measurement is
reported for the first time in this dissertation. The amount of silicon removed by a high
dose of decaborane ions (1 x 10 16 B10Hx+ ions/cm2 at 12 keV) from an amorphous Si film
deposited on a DLC substrate, was measured by Rutherford Backscattering Spectroscopy.
The sputtering yield of silicon by B10H x+ ions was found to be 4.1 ± 0.07, which
corresponds to 0.41 ± 0.07 Si atoms sputtered by each incident B atom. Also for the first
time, we show that B 1
0Hx+ ion bombardment smoothes amorphous Si, as measured by
Atomic Force Microscopy (AFM).
Transient Enhanced Diffusion (TED) of B in Si implanted with B10H x+ and
equivalent B + ions has been quantified and compared for doses of 1.32 x 10 14 B/cm2 at
12 keV B10Hx+ and 1.22 x 10 14 B/cm2 at 1.2 keV B + . Boron diffusivity during annealing
was extracted from SIMS depth profiles of boron doping-superlattice (B-DSL) marker
layers. The actual implanted B dose was independently measured by NRA.
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It was found that TED following decaborane implantation is the same as with boron
implantation of equivalent energy and dose and that it decreases with the decreasing ion
energy. This confirms earlier preliminary findings with unanalyzed decaborane beams
and agrees with current TED theory (+1 model).

6.2 Conclusions
The goals set out for this dissertation have been fulfilled. The successful construction of
an experimental apparatus has enabled many experiments, which clearly demonstrate that
beams of ions containing 10 boron atoms can be generated, transported, and implanted
into silicon. It has been shown that neutralization and breakup of the molecular ions are
negligible, as is the vapor phase transport of boron in the vacuum environment of the
experimental apparatus, which had dimensions comparable to industrial implanters.
Operation of the experimental implanter provided valuable experience in handling of the
exotic B10Hx+ ion beams and safe working with toxic decaborane.
An important contribution of this dissertation is in the area of the fundamental
science of interaction of molecular ions with a solid. Saturation of the boron dose that
can be implanted into silicon with decaborane ions has been determined and attributed to
the sputtering of implanted atoms. The sputtering yield of silicon by decaborane ions has
been measured for the first time. It was also found, by AFM measurements, that
decaborane ions tend to smooth rather than roughen the silicon surface.
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The issue of TED in silicon implanted with decaborane has been finally settled by
measurements with mass analyzed beams, which confirmed the preliminary results of an
earlier study made without ion mass separation. The result confirms that TED of boron is
the same in silicon implanted with decaborane ions and with monomer ions. TED in both
cases decreases with ion energy, in agreement with the current theory (+1 model).
The final conclusion from all experiments is that the effects of implantation with
decaborane ions and boron ions of equivalent energy and dose are the same. Thus it has
been shown that implantation with decaborane ions is indeed an alternative to ultra low
energy boron ions. Successful application in Si devices will require fine-tuning of
activation annealing (RTA) and availability of industrial equipment for implantation of
decaborane. Such developments are already under way and they were accelerated by the
results of the work presented in this dissertation.
This work has enjoyed considerable interest within the research community and
among the industrial partners from its inception. Effective technical help and
collaboration have been provided by Bell Laboratories - Lucent Technology (presently
Agere Systems). Substantial equipment donations were made by a leading implantation
equipment manufacturer, Eaton Corporation (presently Axcelis Technologies).
The benefits of these collaborations were mutual. As the work progressed, the results
were reported through personal contacts with interested researchers and in formal
presentations at conferences, meetings organized by the sponsors (Sematech and SRC)
and published papers.
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A critical meeting was held at Eaton in November 1999, at which results obtained at
NJIT were presented to the management and technical staff of the company. This
exchange, together with the results of Eaton's own research, prompted their interest in
commercializing the decaborane technology. Earlier this year Axcelis announced
development of an ion source for decaborane implantation. At the last International
Conference on Ion Implantation Technology (IIT-2000), held in September 2000 in
Austria, two presented papers described MOS devices made with decaborane ion
implantation in test production runs. One of them was a joint paper of the NJIT team
with Lucent and Axcelis and reported some of the results of this dissertation. There are a
number of research problems that have only begun to be addressed in this dissertation and
should be continued to advance the emerging field of cluster ion - solid interactions.
The results obtained to date confirm that this is a fertile area for basic scientific research
as well as for industrial applications.

APPENDIX A
DECABORANE
Decaborane (B10H 4) is the largest and most stable molecule among the boron hydrides.
1

In this section, general information regarding its structure, physical and chemical
properties, and safety and handling are described.

• Structure, Physical and Chemical Properties
The decaborane molecule comprises a cage of ten covalently bonded boron atoms with a
single hydrogen atom bonded to each of them, as shown in Fig. A.1. The remaining four
hydrogen atoms form single-atom bridges between four pairs of ten boron atoms.
The average boron-boron bond distance in the molecule is 1.76 A.U. [68]. Each bridge
bond is asymmetrical with a short leg of 1.34 A.U. and a long leg of 1.42 A.U. [68].
A summary of the properties of decaborane is given in Table A.1.

Fig. A.1 Structure of Decaborane Molecule [68]
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Table A.1 Properties of Decaborane
Formula

B10H14

Molecular Weight
Description of Substance

122.31
Colorless to white crystalline solid with
an intense, bitter, chocolate-like odor
99.6°C
213°C
0.94 g/cc at 20 °C
0.15 Torr at 20 °C, 19 Torr at 100 °C
19.4 kcal/mole

Melting Point
Boiling Point
Density
Vapor Pressure
Heat of Sublimation
• Material Handling and Detection

Decaborane reacts with natural rubber and destroys latex on contact thus, bunanitrile gloves should be used. Alcohol should be used to clean machine parts since acetone
is known to react with decaborane. Areas spilled with decaborane can be decontaminated
with methanol or aqueous ammonia. A scrubber with active carbon is effective for
decontamination of exhaust from vacuum pumps. Several methods have been developed
for the detection and determination of decaborane. Decaborane can be determined by
ultra-violet spectroscopy in aqueous triethanol-amine solution or calorimetrically from its
red adduct with quinoline. Neither diborane nor pentaborane interfere with these methods
nor with a calorimetric method based on the orange red solution formed with N,
N-diethylinicotinamide. Matheson Kitagawa toxic gas detection tubes are used for detection
of decaborane in the NJIT implanter. Although the tubes are calibrated for arsine, they are
also able to detect decaborane. A summary of the safety and handling of decaborane is
given in Table A.2.
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Table A.2 International Chemical Safety Card for Decaborane [69]
International Chemical Safety Card
DECABORANE
TYPES OF
HAZARD/
EXPOSURE
FIRE

ACUTE HAZARDS/
SYMPTOMS

PREVENTION

Combustible. Gives off irritating or toxic NO open flames. NO contact with
fumes (or gases) in a fire.
halogenated compounds, oxidizers.

ICSC:
0712
FIRST AID/
FIRE FIGHTING
Special powder, dry sand, NO
other agents.

EXPLOSION

In case of fire: cool cylinder
Above 80°C explosive, vapor/air
Above 80°C use a closed system,
mixtures may be formed. Finely dispersed ventilation, and explosion-proof electrical by spraying with water but
avoid contact of the substance
particles form explosive mixtures in air. equipment.
with water.

INHALATION

Cough. Dizziness. Drowsiness.
Headache. Sweating. Nausea. Sore
throat. Weakness. Tremors.
Incoordination.

Ventilation (not if powder), local exhaust, Fresh air, rest. Refer for
or breathing protection.
medical attention. Prevent
dispersion of dust! Strict
hygiene!

Remove contaminated
clothes. Rinse skin with
water, get medical attention.
Face shield.
First rinse with plenty of
EYES
Redness.
water for several minutes
(remove contact lenses if
easily possible), then take to a
doctor.
INGESTION
(See Inhalation).
Do not eat, drink, or smoke during work. Induce vomiting (ONLY IN
CONSCIOUS PERSONS!).
Wash hands.
Refer for medical attention.
SPILLAGE DISPOSAL
CHEMICAL DANGERS:
PACKAGING & LABELLING
Sweep spilled substance into containers; if
May explode on heating or contact with flames. Do not transport with food and
appropriate, moisten first to prevent dusting.
The substance decomposes slowly on heating to feedstuffs.
UN Hazard Class: 4.1
Remove to safe place (extra personal protection: 300°C to form boron and the flammable gas,
complete protective clothing including selfhydrogen, on burning producing toxic fumes
UN Subsidiary Risks: 6.1
contained breathing apparatus).
(boron oxides). Reacts slowly with halogenated UN Packing Group: II
materials and ethers to form impact-sensitive
materials. Undergoes explosive reaction with
STORAGE
oxidants. Reacts with water or moisture to form Fireproof Separated from food and
feedstuffs, halogens and other
flammable gas. Attacks natural rubber, some
oxidants. Cool. Dry.
synthetic rubbers, some greases and some
lubricants.
INHALATION RISK:
EFFECTS OF SHORT-TERM EXPOSURE: EFFECTS OF LONG-TERM OR
The aerosol irritates the eyes and the skin the
A harmful contamination of the air can be
REPEATED EXPOSURE:
reached rather quickly on evaporation of this
respiratory tract. The substance may cause effects The substance may have effects on the
on the central nervous system , resulting in
central nervous system, resulting in
substance at 20°C.
fatigue, inability to concentrate and
fatigue, hyperexcitability and narcosis.
ROUTES OF EXPOSURE
lack of coordination.
The substance can be absorbed into the body by
inhalation of its aerosol, through the skin and by
ingestion.
PHYSICAL DANGERS:
ONSET OF SYMPTONS
OCCUPATIONAL EXPOSURE LIMITS
Is frequently delayed for 24 to 48 hours after
Dust explosion possible if in powder
(OELs):
TLV: 0.05 ppm; 0.25 mg/m³ (as TWA); 0.15
or granular form, mixed with air.
exposure. Explosive limits are unknown in
literature. Reacts violently with fire extinguishing ppm; 0.75 mg/m3 (as STEL) (skin) (ACGIH
agents such as halons. The odor warning when
1997).
the exposure limit value is exceeded is
insufficient. Do NOT take working clothes home.
SKIN

MAY BE ABSORBED! Redness.

Protective gloves and clothing.
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