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The physical scaling associated with integrated circuits is exhausting the
properties of Si and requires that advanced materials be used for future device
generations. Ge is widely regarded as a possible replacement for Si due to its
enhanced mobility and reduced contact resistance. Due to the extensive use of SiyGeix
in current devices, the implementation of Ge into future devices could be considered a
mere evolution from Si rather than a revolutionary change. However, the information
regarding technologically relevant ultra-shallow dopant implants into Ge and their
associated activation behavior is currently sparse and must be fully understood prior to
implementation into future devices.

The activation behavior of ultra-shallow B* implants in Ge has been investigated
using micro Hall effect and micro four point probe techniques. It has been observed
that the activation behavior of ultra-shallow B* implants are anomalous in that the
electrically active dopant fraction is independent of the implanted B” fluence for both
crystalline and pre-amorphized Ge. lon beam analysis techniques have been employed

which have confirmed that a small fraction of B is located substitutionally and the

substitutional fraction does not increase appreciably with thermal processing for
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temperatures < 600°C. Activation is observed to increase with increasing B* energy
which is attributed to the effect of the surface proximity and its associated effect on
vacancy annihilation.

The activation behavior is further explained through the largely immobile B atoms
which have a distinctly low probability of recombining with a vacant site due to the
overwhelmingly large population of interstitials created during implantation as simulated
by SRIM. The excess interstitial population increases competition for B recombination
on a vacant lattice site and thereby reduces B activation. B* implantation at increased
energy increases the number of vacancies created and reduces the effect of the surface
on vacancy annihilation which explains the observed increase in activation.

The observed activation behavior in this work is a strong departure from what
has been observed previously for B in Si. The results suggests that previous activation
and dopant solubility models implemented for activation in Si do not apply for shallow B*

implantation in Ge.
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CHAPTER 1
INTRODUCTION

1.1 Technological Motivation

The semiconductor industry has evolved tremendously over the preceding half
century. One of the industry pioneers, Gordon Moore, originally claimed that the
number of components in an integrated circuit will double every year, but has since
been taken to mean a doubling every 1.5-2 years and is known as Moore’s Law.! In an
attempt to maintain the pace dictated by Moore’s Law, the semiconductor industry is
faced with physically scaling down the size of components built on integrated circuits.
However, silicon, whose natural abundance and stable native oxide has propelled it as
the traditional workhorse of the semiconductor industry, is reaching its physical scaling
limits. To continue the scaling, the industry has recently chosen to shift away from
planar processing towards three-dimensional device structures. However, the need for
advanced semiconducting materials for future device generations still looms on the
horizon.

Germanium is regarded as one of the possible replacement materials for Si in
future device generations due to its enhanced electron and hole mobility in comparison
to Si.? Ge was studied extensively several decades ago and the first transistor was
actually constructed from Ge. The recent implementation of high-k gate dielectric has
circumvented the issues regarding the unstable native oxide of Ge.

In order for Ge to be realized as a replacement for Si in future generation
devices, further fundamental understanding of the activation behavior of B must be
realized. At present, there is a significant dearth of information available regarding

technologically relevant ultra-shallow B* implants in Ge. The few reports available only
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mention a single implant or anneal condition with little analysis of the general activation
behavior.

1.2 Objective and Statement of Thesis

There is significant technological motivation to understand the electrical
activation behavior of ultra-shallow B* implants in Ge. The research discussed in this
document seeks to understand the electrical characteristics of implanted B in Ge as well
as the effects the ion implantation process has on the substrate. The following aspects
will be given significant attention. The activation behavior of ultra-shallow ion implanted
behavior will be investigated using micro Hall effect and micro four point probe
techniques. lon beam analysis will be used to provide further evidence of activation
results. The thermal stability of B activation in Ge will be investigated for a wide range
of annealing times and temperatures. The formation and evolution of implant-related
damage and its effect on activation will also be investigated.

1.3 Background Information
1.3.1 lon Implantation, Amorphization and Solid Phase Epitaxial Growth

lon implantation involves the use of an accelerated beam of charged particles
directed towards a solid in order to effect change on the surface properties of the
material. It has been used extensively by the semiconductor industry for several
decades in order to alter the electrical properties of the material by altering the chemical
composition of the near-surface regions. It is the preferred method for introducing high
concentrations of dopant atoms in precise locations. A substantial benefit of ion
implantation is its ability to self-align the placement of the dopant. For example,
implantation over a masked substrate will not allow for incorporation of dopant below

the masked region while implanting dopant where the surface is bare. Its self-aligning
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capabilities enable the accurate and highly repeatable control of dopant profiles which
have proven invaluable for the processing of semiconductor devices.>™®

During ion implantation, a gaseous source of the intended dopant is ionized,
accelerated and mass-separated based on its mass to charge ratio. The ionization
process will create a series of ions with the same atomic mass, but with varying charge
based on the number of electrons removed. The desired ion charge is typically chosen
based on the fraction of the total beam to create the highest number of ions per second
or in simpler terms, beam current. Once the desired charge is separated from the
beam, it is steered towards the substrate where it eventually comes to rest or is
implanted in the target.

The dopant of mass, m, is ionized to obtain a charge, g, and is accelerated by a
potential difference, V. The accelerating voltage can vary from a few eV to several
hundred MeV, but is typically near the 1-100 keV range for typical semiconductor
applications. The accelerating voltage imparts kinetic energy and dictates the ion
velocity using the classical mechanics equation:

MV = QVace = Egin (1-1)

Once the accelerated ion impacts the surface, a series of ion-solid interactions is
set in motion. As the ion reaches the target surface, it is likely that the ion will displace
target atoms through sputtering or the accelerated ion may be rejected from the solid
through backscattering. For sputtering, the fraction of ions sputtered increases
increasing ion mass or namely the ratio of atomic mass of the ion and the target; the
opposite is true for ion backscattering. Once the ion enters the solid, the ion slows

through a combination of electronic (elastic) and nuclear (inelastic) scattering
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processes. Near the surface, the ion slows primarily through electronic interactions
between the charge associated with the ion and the electronic clouds of target atoms.
As the ion travels further in to the solid, it is continually slowed by electronic means and
begins to lose a larger fraction of its kinetic energy through nuclear collisions. Electronic
stopping is dominant for ion travel near the surface where the ion is generally slowed
while nuclear stopping begins to dominate as the ion travels deeper into the solid as the
ions are travelling at a slower velocity. The probability of nuclear scattering increases
as the energy and velocity of the incoming ion is decreased. Due to this, nuclear
stopping dominates near the end of the ion range while electronic stopping is more
prominent near the surface; however, both mechanisms are active throughout the entire
ion range. The energy lost to the ion-solid interactions are described by:

— 52 = N(Sn(E) + So(E)) (1-2)
where dE/dx is the energy lost through the depth of the sample, S, is the nuclear
stopping power, Seis the electronic stopping power, and N is the number of atoms in the
solid per unit volume.

Both elastic and inelastic scattering mechanisms are important for loss of ion
energy, but nuclear collisions are the primary source of ion stopping and radiation
damage to the lattice. The displaced target atoms, or knock-on atoms, have kinetic
energy which is subsequently lost through nuclear collisions with other host atoms. This
pyramid process is known as a cascade and creates a number of vacancy and
interstitial (Frenkel) pairs in the target material. Once all kinetic energy is lost by
electronic and nuclear means, the ion becomes implanted in the target. A schematic

representation of the ion-solid interaction is shown in Figure 1-1.
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The implanted ion comes to rest in the solid at a controllable depth for a given set
of implantation conditions. The total distance travelled through the solid is called the ion
range, R, while the perpendicular distance travelled from the surface is termed the
projected range, Rp. These definitions hold true for single ions; however, an implanted
fluence for semiconductor applications, to a rough approximation, is typically over
5.0x10"%ions. The implantation process is largely statistical in which two identical ions
implanted at identical conditions into the same substrate can have radically different
paths through the target. For given conditions, the average projected range of an
implanted dose creates a Gaussian distribution of dopants with respect to depth in the
sample. The peak of the profile is the average Rp for a given set of implant conditions.

A side effect of the ion implantation process is the introduction of implant-related
damage to the material. The point defects created during the implantation process have
been shown to have deleterious effects on dopant activation, dopant diffusion, and
device leakage.” ™ For a low fluence, isolated point defects may form in the crystal
lattice. Upon annealing these point defects may coalesce to form extended defects
which are referred to as sub-amorphization defects or the occurrence of defects when
ion implantation damage is insufficient to create an amorphous layer.®

As the ion fluence is increased, a proportionally larger amount of Frenkel pairs
are created and damaged regions may coalesce. The damage accumulation is
assumed to be linear with implanted fluence until a certain value is obtained. A critical
threshold of damage imparted to the crystalline lattice exists which upon reaching, the
crystal relaxes to an amorphous state which renders the lattice devoid of any long-range

order. The transition to an amorphous solid is deemed a first order phase transition.*’
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The critical fluence required for amorphization is deemed the amorphization threshold
and varies for different ion species. The amorphization process is directly dependent on
the creation of point defects and therefore dependent on ion mass and energy, ion
beam current, implant angle, substrate temperature, etc., where heavier ions create
denser damage cascades and the amorphization occurs at a reduced fluence.’®*® The
amorphization threshold can be determined by alternate means, namely through the
accumulation of vacancies created during the implantation process called the threshold
damage density. In doing so, the amorphization threshold can be described in terms of
damage created to allow for better prediction of the amorphous layer depth independent
of the implanted species.?

The formation of an amorphous layer has been shown to be advantageous for
semiconductor processing. The amorphization of the semiconductor prior to dopant
implantation, or preamorphization, has several advantages over dopant implantation
alone following a subsequent annealing step. Following annealing, preamorphization
enables increased dopant activation, a reduction of implant damage, and shallower
dopant concentration profiles. Self-implants allow for amorphization with a reduced
implant fluence which decreases implantation time and are typically used prior to the
dopant implant. The amorphization threshold for Ge has been well-studied and occurs
at a fluence of approximately 5.0x10™ cm™for a 120 keV Ge"* implant at room
temperature.?>**  This amorphization threshold corresponds to a threshold damage
density of approximately 3.0x10%° keV/cm?®.?

In addition, amorphization allows for shallower dopant profiles in comparison to

implants into crystalline substrates. When crystalline substrates are irradiated, ions
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have a tendency to channel down open crystallographic axes. These pathways allow
for deeper penetration into the solid then the same implant into a randomly ordered or
amorphous solid. In doing so, a channeling tail is created which effectively increases
the dopant depth into the solid. The channeling tail is evident in a plot of a B implant

into crystalline and preamorphized Ge as shown in Figure 1-2.

During annealing, the amorphous layer regrows from the crystalline seed below
through a process called solid phase epitaxial growth (SPEG) Figure 1-3 displays a
schematic of the introduction of an amorphous Ge (a-Ge) layer and the subsequent
regrowth of that layer from the crystalline (001) Ge below. During this process, an
increased fraction of dopant atoms are incorporated into substitutional sites rendering
them electrically active. The SPEG process allows for approximately an order of
magnitude increase in electrical activation in Ge.>*?* During regrowth, the SPEG
process allows for a reduction of point defects upon regrowth due to the direct
rearrangement of bonds as the crystalline interface advances through the amorphous
layer; however, the region just beyond the amorphous-crystalline interface is highly
damaged and is often the source of point defects responsible for extended defect
formation known End of Range (EOR) damage. The EOR defects are denoted as
being defects that occur when implantation damage is sufficient to produce an
amorphous layer.*

1.3.2 Activation of B in Ge

Germanium is a rather resistive material with intrinsic Ge having a resistivity on
the order of 50 Q-cm.?® However, the introduction of a minute concentration of dopant
atoms can alter the resistivity of the material drastically by several orders of magnitude.

Herein lies the beauty of semiconducting materials. However, the mere presence of
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dopant atoms in the lattice is sufficient to effect change to the electrical properties of the
material. For a dopant to be electrically active in Ge, it must be located on a
substitutional lattice site. The process of finding a lattice site is typically completed by
pairing with a vacant lattice site or replacing an interstitial from its site through a kick-out
mechanism. Once situated on a substitutional site, the B atom has acts as an acceptor
in which it accepts an electron from the Ge crystal to complete the fourth of its covalent
bonds to the lattice and binds a hole which can be ionized to aid in conduction of the
lattice. A semiconductor that is doped with an impurity that acts an acceptor is
considered to be p-type.

By increasing the number of B atoms situated on substitutional sites, the
conductivity of the crystal is affected positively. The conductivity, o, of a material is
defined by:

O = qpin + qnie (1-3)
where ¢ is the fundamental charge, p and n are the concentrations of holes and
electrons, and u, and pe are the hole and electron mobilities, respectively. For B
implantation in Ge, the acceptor concentration far outweighs any intrinsic electron
contribution. The conductivity then becomes:

o= qPin (1-4)
Upon first inspection of this equation, it appears that by increasing the concentration of
active dopants, the conductivity of the material will decrease. To a first approximation,
this is true; however, there is a finite limit on the number of B atoms that can be
incorporated in solution with Ge.?®*’ The maximum chemical solubility of B in Ge is

reported to be approximately 5.5x10*® cm™ as determined from diffusion experiments.?*"
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% From these experiments, it has been shown that B atoms in Ge are relatively
immobile for all practical thermal treatments. For example, Uppal et al. implanted B* at
20 keV to a fluence of 6.0x10* cm™ and annealed for 3 h in the range of 675-800°C
following which no significant diffusion was observed.*

Despite the low solubility of B in Ge, the ion implantation process often allows for
an active concentration of carriers above the reported solubility limit.>*3! In effect, the
non-equilibrium ion implantation process introduces a metastable increase in the
solubility of B atoms.

The activation of B in Ge following ion implantation was studied several decades
ago and has just recently regained interest due to Si reaching its physical scaling limits.
For low fluence implants implanted to a high energy, it has been shown that a large
fraction of implanted B ions are substitutional and active immediately following
implantation and prior to any annealing step.*?*

Recently, the investigations into the activation of high fluence B* implants in Ge
have been underway.?®*! Specifically, several authors have shown that
preamorphization allows for an increased fraction of the implanted dopant as compared
to dopant implants alone. In some cases, electrical solubility was reported to
concentrations as high as 5.5x10%° cm™ and additional authors have reported similar
values.?*31343> |t was observed that the preamorphization energy and subsequent
depth of the resulting amorphous layer has an effect on activation where a shallow
amorphous layer allowed for dynamic annealing during B* implantation.*> Dynamic
annealing occurs when B ions traverse the amorphous crystalline interface and allows

for regrowth of the amorphous layer during dopant implantation. To prevent dynamic
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annealing, the preamorphization implant must be sufficiently deep to not allow for a
significant fraction of B ions to interact with the amorphous crystalline interface.

However, the maximum active concentration allowed by B* implantation in
crystalline Ge without a preamorphization step is not as well documented. The
electrical solubility for B* implants into c-Ge vary by approximately an order of
magnitude. Satta et al.** has determined the maximum activation to be 1.2x10'° cm™
while other authors have reported values in excess of 1.0x10%° cm™®.23® |t has been
speculated that that electrical solubility of B* implants in Ge is directly related to the
damage imparted into the crystal lattice during the implantation process.*® For 35 keV
B*implants, it has been shown that increasing the fluence to 2.8x10® cm™yields similar
activation values as produced by using a preamorphizing implant. Conversely,
implanting B at liquid nitrogen temperature reduces the dynamic annealing and
subsequently increases the damage production which enables similar activation values
as preamorphized Ge for reduced fluences.?® It has been elucidated that sub-
microscopic amorphous pockets form with increasing B” fluence which increase the
activation upon annealing.?*?**" The wide range of reported electrical solubilities of B*
implants into c-Ge raises questions on whether electrical solubility arguments used for
activation in Si apply, as the literature does not suggest a single solubility value for Ge.

There have been reports of the formation of a B-Ge cluster which renders
implanted B atoms inactive.***=° These reports were observed in crystalline Ge only
and not when a preamorphization implant is used. The inactive cluster has been shown
to affect approximately 50% of the implanted fluence.®” The inactive complex was

studied by Impellizzeri et al. with Rutherford backscattering spectrometry to determine
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the ratio of the number of displaced Ge atoms to the inactive B atoms. From this
investigation, it was determined that the B-Ge cluster has the stoichiometry of 8:1
(Ge:B).*" Bisognin et al. investigated the same sample set with high-resolution X-ray
diffraction and determined that each inactive B atom has a positive volume expansion of

14.8 +1.7 A* which they conclude is due to the formation of a B-Ge cluster with a

stoichiometry of 8:1.%

A few studies have investigated the thermal stability of B activation in Ge and
have found that the activation shows little change with additional annealing.?*3**°
Bruno et al. investigated the change in sheet resistance for samples implanted at 35
keV to various fluences as a function of annealing temperature between 400 and 600°C.
A slight decrease in sheet resistance was reported for c-Ge while a slight increase was
observed for PA-Ge samples.?® Although fewer data points were presented, similar
behavior was reported by other authors.***° For all reports regarding the thermal
stability of B implants in Ge, no anomalous activation behavior was discussed and
activation was reported as being remarkably stable across the investigated annealing
range.

Electrical data for samples annealed at high temperature (>600°C) is not
available in great quantities which is likely due to the surface desorption of the native
Ge oxide.** Satta et al. studied the sheet resistance of both P and B implants in Ge
following flash lamp annealing. Results showed little change in activation with flash
lamp annealing for 20 ms at high temperature as opposed to an anneal at 500°C for 1h.

42 The lack of sheet resistance variation observed could be attributed to the short time

spent at high temperature.
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It has been reported that the activation of high energy B* implants in Ge exhibits
full activation if implanted to a concentration below the electrical solubility and subjected
to an anneal at 360°C for 1h.*! If the concentration of implanted B exceeds the
electrical solubility, the dopants are rendered electrically inactive.* Experiments
investigating the thermal stability of B activation have shown that the activation is
remarkably stable showing very little change with annealing for temperatures up to
550°C for 1h.*

However, there is a significant lack of information regarding the activation of
ultra-shallow B* implants in Ge. Satta et al. reported values for sheet resistance for 6
keV B implants in Ge. From these values, the electrical solubility was determined to be
1.2x10% /ecm® and 2.4x10%° /cm®for crystalline and preamorphized Ge, respectively.
However, these values were obtained by measuring sheet resistance and not directly
measuring the active concentration.”*** Other reports encompass only a few data
points and follow a similar procedure.*®* To accurately characterize the activation
behavior, the carrier density and drift mobility should be measured directly using the
Hall effect.

However, prior to this work, only two reports have investigated the activation
following B implantation in Ge using the Hall effect. Hellings et al. implanted B*to a
fluence of 8.0x10* /cm? at 2.4 keV into preamorphized Ge and determined that nearly
75% of the dopant was rendered active upon annealing for 5 min at 550°C.*® However,
this was a systematic study of ultra-shallow junction formation and no other B activation

values were provided. Bennett et al. used a single 500 eV B* implant to a fluence of
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1.0x10"° /cm?into PA-Ge and determined the maximum solubility to be 2.0x10%° /cm?
using a differential Hall effect technique.*’

It is clear that further information regarding the activation of ultra-shallow B*
implants in Ge is sparse at this present time. The available literature on this subject is
sparse which creates discrepancies when comparing results from different experiments.
The literature presently available does not allow for a comprehensive understanding of
B activation in Ge.

1.3.3 Diffusion of B in Ge

It has been established that B diffuses through an interstitial mediated
mechanism in Ge. The high formation energy of an interstitial in Ge limits the ability for
B to diffuse. It is well-established that B does not appreciably diffuse under typical
processing conditions.?®=%**3* However, recent reports have given evidence that
excess interstitial populations may spur B diffusion to lengths greater than those
observed under equilibrium conditions.

It has been reported by Napolitani et al. that a transient diffusion component
exists for B following implantation. Figure 1-4 displays the transient B diffusion behavior
observed. In this work, a Ge" implant was used to create a band of damage in close
proximity to a B-doped layer. Following annealing, it was evidenced that the B-doped
layer exhibited a diffusion behavior which slowed with increasing annealing
temperature. The decreased diffusion was attributed to the removal of implant damage
with increasing annealing temperature.*® This behavior is similar to, but with a much
smaller magnitude of the well-researched transient enhanced diffusion behavior of B in

Si which will be discussed in the following section.
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In addition, there have been other reports of abnormal diffusion of B in Ge;
however, these were observed under extreme conditions such as during proton
irradiation*®=?, diffusion through thick amorphous Ge layers>?, or following oxygen
precipitation after implantation.>* While these reports provide insight to the interstitial-
mediated mechanism of B diffusion in Ge, they are not directly relevant to conventional
integrated circuit processing. Fortunately, under typical processing conditions, it is well-
28,34,35

agreed that diffusion is not a concern for B* implants in Ge.

1.3.4 Activation and Diffusion of B in Si

In silicon, the most common p-type dopant is boron due to its high dopant
solubility.>® As such, the activation and diffusion properties of ion implanted B in Si
have been studied extensively over the last several decades.®® Similar to what has
been reported previously for B* implants in Ge, activation in Si has been approached by
invoking an electrical solubility limit above which dopants are inactive. However, the
behavior of B in Si is dominated by the dopant interaction with point defects present in
the crystal through the ion implantation process.

Following implantation, damage to the crystalline lattice can vary from excess
point defects to the complete amorphization of the surface region depending on the
implant conditions. Upon annealing, these excess point defects strongly affect the
activation and diffusion of B in Si. In the case of non-amorphizing implants, excess
interstitials coalesce to form defects near the projected range. In the case of
amorphizing implants, the region just beyond the amorphous-crystalline interface is
heavily defective as it should be assumed to be just below the damage level required to

transition to the amorphous state which spurs the formation of extended defects.
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The activation of B in Si is largely influenced by interactions with excess
interstitials present in the lattice.>” Upon defect dissolution, a wave of excess
interstitials migrates through the crystal where they interact with B atoms to form
electrically inactive B-interstitial complexes commonly referred to as BICs.”®®° The
formation of BICs can restrict the activation of B in Si to a level well below the
solubility.>®%2 B activation in Si undergoes a ‘reverse annealing’ phenomenon where
the sheet resistance of the sample which upon annealing, increases before decreasing
towards a reduced value.**® The increase in sheet resistance is attributed to cluster
formation while the reduction is due to cluster dissolution and an increase in B solubility
with increasing temperature.

Similar to the activation behavior of B in Si, diffusion is also influenced by dopant-
defect interactions. It has been widely observed that during annealing, implanted B
exhibits diffusion is typically much faster than what is predicted by equilibrium diffusion

64—

models.®*®® |t has also been observed that this diffusivity enhancement decreases with

annealing time and hence is called transient enhanced diffusion or TED."8>7:646367
Figure 1-5 displays the enhanced diffusion of a B-doped layer following an Si
implant at 40 keV to a fluence of 1.0x10"™ /cm?and annealing at 810°C for 15 min as
adapted from Stolk et al.®® This amorphizing implant created a band of highly defective
band of Si that is rich in excess interstitials. The observed observed diffusion is typical
for TED in Si and is much more significant than that observed in Ge.
The enhanced diffusion has been shown to be due to interstitials released from

extended defect dissolution kicking out B and allowing it to diffuse through the lattice.

TED has also been observed in the absence of extended defects.®® The transient
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nature of the enhanced diffusion is created by the reduction of excess interstitials
available during the annealing process.”® Several techniques have been adapted to
reduce the excess interstitial concentration in Si as well as its effects on activation and
diffusion. The use of co-implantation with C or F to sequester interstitials through a so-
called point defect engineering mechanism has been successful in reducing TED.”*™"
In addition, vacancy engineering involves a high energy (a few MeV) implant to
introduce an excess concentration of vacancies near the surface with excess interstitials
driven further into the bulk due to forward momentum transfer. The excess vacancies
invoke recombination with excess interstitials and have been shown to reduce TED in

. 74-77
Si.

1.3.5 Summary

lon implantation is the preferred method for dopant incorporation into
semiconductor devices due to its ability to efficiently locate well-defined dopant
guantities has earned. However, ion implantation is a non-equilibrium process that
introduces damage to the lattice. The damage to the crystalline lattice can vary from
excess point defects to the complete amorphization of the surface region depending on
the implant conditions

The activation and diffusion behavior of B in Si and Ge have been reviewed. For
B in Ge, It has been established that B does not diffuse any appreciable amount in Ge
under normal processing conditions. Complete activation has been observed with the
electrical solubility limit as high as 5.5x10%° /cm?following a preamorphization implant.
An inactive B-Ge cluster with the stoichiometry 1:8 was reported to occur for implants

into crystalline Ge in which approximately half of the dose is rendered inactive. B
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activation has been reported to be remarkably stable with no significant change during
annealing.

In contrast, B in Si is susceptible to anomalous transient diffusion labeled TED
which is characterized by diffusion far in excess of equilibrium values that decreases
with time. TED is due to the excess interstitial population produced during extended
defect dissolution diffusing and subsequently kicking out B from their lattice site allowing
them to diffuse through the lattice. TED decreases as the extended defects evolve and
the excess interstitial population decreases. Similarly, B activation in Si is controlled by
the release of excess interstitials from extended defects forming interacting with B
atoms to form inactive BICs. It has been shown that BIC formation and dissolution is a
thermal process and that activation of 100% of the B concentration can be achieved
given proper annealing conditions up to a certain temperature-dependent dopant
solubility.>

It should be noted that both the activation and diffusion behavior of B in Si as
compared to Ge are widely different. The activation behavior of B in PA-Ge is reported
to fully activate following an anneal at 360°C for 1h and maintain its activation with
increased annealing. In contrast, the activation and diffusion behavior of B in Si is
dependent on dopant-defect interactions and as such, varies as a function of annealing

and subsequent defect environment.
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Figure 1-1. Schematic of the ion-solid interactions during ion implantation.

34



[\S]
—

[a—y
=]

— PA-Ge 3
c-Ge ,

i
=]

B Concentration (cm's)
=

%

[y
o]

50 100 150
Depth (nm)

<
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CHAPTER 2
EXPERIMENTAL TECHNIQUES

This chapter serves to outline the various methods used to process and
characterize the samples used for the experiments in this work. It is not intended to be
a thorough explanation for the layman, but rather a brief introduction and explanation of
the experimental details to assist the reader in understanding the steps taken in this
work.

2.1 Materials Processing

2.1.1 lon Implantation

In this work, ion implantation was used for the introduction of all dopant atoms
into the Ge lattice. It was also used to induce the formation of an amorphous layer prior
to dopant implantation by using a self-implant with a fluence above the amorphization
threshold of Ge; commonly referred to as a preamorphization implant. All implants were
completed using commercial ion implantation tools under high beam current conditions.

Boron implants were completed using fluences ranging from 5.0x10%°5.0x10%°
cm™at energies ranging from 1-6 keV. The corresponding projected range of the
implants varied from 4.0 to 16.5 nm as simulated by SRIM.”® Ge amorphization was
completed using self-implants with a fluence of 2.0x10* Ge*/cm?at 120 keV which
amorphized the substrate to a depth of approximately 100 nm as verified by
transmission electron microscopy. The preamorphization conditions were chosen to
encompass the peak of the implanted dopant concentration profile for all investigated B*

implant conditions. The inclusion of the B profile within the amorphous layer was done

to reduce dynamic annealing and regrowth during B* implantation.
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2.1.2 Dicing Saw

Group IV semiconductors are notably brittle which makes sample preparation
difficult. Sectioning of wafers into research samples is typically completed using a high-
speed wire saw or diamond-coated wire blade. The blade thickness is on the order of
100 um and the blade speed is approximately 25 krpm. The high speed blade enables
the dicing of brittle semiconductors into small samples, but creates kerf or chips along
the edge of the samples. Kerf can be reduced by changing dicing parameters such as
blade type or spindle speed, but can never be removed.

Edge kerf is a major problem for samples to be characterized using the micro
Hall effect as a clean edge is of utmost importance. To circumvent this issue, samples
were diced with the implanted surface down and programming the saw to not cut the
last 50 um of the wafer. In doing so, the wafer was not diced completely, but rather, the
dicing was used to simulate a deep scribe to enable a clean cleave of the remaining 50
pum of material. The technique enables the manufacture of small samples with edges
that are much sharper and cleaner than capable by dicing or cleaving alone.

2.1.3 Thermal Processing

Following ion implantation, thermal processing is necessary to activate the
implanted dopant and to remove any residual implant or regrowth-related defects from
the crystal lattice.”® Activation, dopant diffusion, defect evolution and solid phase
epitaxial growth (SPEG) are all thermally activated processes that follow an Arrhenius
behavior. With all of the processes occurring simultaneously, it is necessary to find an
ideal combination of temperature and time, or thermal budget, that produces the best
combination of favorable material properties. For example, while a high temperature

anneal for a long time may provide the best dopant activation,* it will also increase
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dopant diffusion or may allow for the formation of extended defects that will be
detrimental to device properties. It is this balancing act that has warranted the
advancement of annealing technology towards temperatures in excess of the melting
temperature, Tp, for ultra-fast times with femtosecond laser pulses.®°

For Si device processing, the primary focus towards these thermal budgets was
driven by reducing transient enhanced diffusion (TED) which is a non-equilibrium
diffusion process that is driven by dopant-defect interactions during annealing.>”®”
TED is characterized by dopant concentration profiles that extend to much greater
depths than those created immediately after implantation or even those expected from
typical diffusion processes.

In addition, equilibrium diffusion of B in Ge is not significant which reduces the
need for extreme thermal processing techniques.?®*° Although TED of B is not an
important concern with Ge, rapid thermal annealing at increased temperature for shorter
times allows for decreased processing times which is more relevant for industry as they
reduce the total time required to process a device. The reduced time devoted to
processing each has a direct economic benefit.

In this work, samples were thermally processed using two methods: standard
furnace annealing and rapid thermal annealing. Standard furnace anneals were
completed in a quartz tube furnace which is characterized by a heating coil that is
wrapped around a 48” long quartz tube to adjust the temperature. The method is
categorized as having a long sample ramp up and cool down period which is on the
order of several minutes. Tube furnace anneals were completed with N, flowing at a

rate of approximately 1 L/min to reduce surface oxidation. The sample was placed in a
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pre-heated quartz boat and inserted to the center of the tube. The temperature was not
measured directly at the sample, but rather the temperature of the boat was monitored
with a thermocouple prior to beginning the annealing process. Due to the long duration
of tube furnace anneals, for those anneals completed at 500°C or higher, samples were
capped with SiO to resist surface desorption.

In contrast to the long anneals completed with standard annealing, rapid thermal
annealing (RTA) employs the use of high-powered incandescent tungsten lamps to
control the temperature. The lamps are placed above and below the sample on the
outside of an ambient-controlled quartz chamber which allows for rapid heating and
cooling with rates on the order of 100°C/s. The sample is placed on a carrier wafer
which is then placed on a quartz tray that is only in contact with the wafer by three small
pins to reduce thermal conductivity. Due to quartz being transparent to the radiation
produced by the lamps, RTA anneals are considered a cold wall process because only
the sample and carrier wafer are heated during processing. The lack of chamber
heating reduces chamber contamination and allows for short down times between
processing runs.

Samples were processed in an N, ambient with actual annealing times on the
order of 60 s with a ramp rate of approximately 50°C/s. The processing temperature
was monitored in real-time with the use of a thermocouple sandwiched between two
carrier wafers rather than bonding the thermocouple directly to the carrier wafer. The
carrier wafer sandwich was employed to reduce the risk of carrier wafer breakage
during processing. During processing, the thermal stress of quick ramp rates is

significant and capable of fracturing large samples which is exacerbated by bonding the
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thermocouple to the wafer. The temperature of the sample is not directly measured, but
error in the actual processing temperature is believed to be due less than +3%. Due to
the short duration of the anneals, no special surface preparation was employed for RTA
anneals at or below 600°C. Above this temperature, an SiO, capping layer was
employed to reduce Ge surface desorption.* An AG Heatpulse 4100 was used for all
RTA anneals in this work.
2.2 Electrical Characterization

2.2.1 Four Point Probe

A four point probe (4PP) test is a quick and simple testing procedure that is
capable of producing the electrical resistivity of semiconducting materials. As the name
suggests, the test is conducted with four equidistant probes through which two of the
probes a current is passed and through the two remaining probes a voltage is sensed.
There are three probe configurations used for 4PP measurements, but the most
common is the ‘C’ configuration in which current is passed between 1 and 4 with voltage
sensed between 2 and 3. This type ‘C’ probe configuration is displayed in Figure 2-1.

In this configuration, the electrical resistivity can be easily acquired if a few
geometrical measurements are reasonably well known or if a few assumptions are
made. As seen in Figure 2-2, for a sample with an area, A, length, L, resistivity, p, is

related to the resistance, R, by the following equation:
L
R=p~ (2-1)

By separating sample thickness, t, and width, w, from the area term and combining the
resistivity and thickness values, the resistance can be defined by a sheet resistance, Rs.

In doing so, the resistance can be described independent of sample thickness which is
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advantageous when describing doped layers created through an implantation process in
which layer thicknesses are not always known. The relation between resistivity and
sheet resistance is as follows:

L BX
t

L
R=p-= =Rs (2-2)

L
w
The units of sheet resistance are ohms (Q), but it is typically represented as
ohms/square (Q/sq) to delineate between bulk resistance.

Assuming an equidistant probe spacing of s and a sample size in which L, w >>

s, and t << s, the sheet resistance is then measured from:

mV_¢ ;
=7 (2-3)

)
where | is the current applied through contacts 1 and 4, V is the voltage sensed
between contacts 2 and 3, and t is the thickness of the conducting layer. However, as
mentioned previously, for ion implanted samples, the thickness of the conducting layer
is not always readily apparent. In addition, the reporting of sample resistivity may
obscure the true electrical behavior of the conducting layer because it is a function of
thickness; ie, a thin layer with the same Rs as a thick layer will be much more
conductive in comparison. Therefore, sheet resistance is typically reported instead of
resistivity values for ion implanted substrates.

2.2.2 Hall Effect

Although four point probe yields a quick and simple measure of sheet resistance,
further characterization needs to be completed to fully comprehend the electrical
behavior of implanted dopant atoms. The sheet resistance does not yield any
information regarding the total number of electrical carriers or active dopants, commonly

referred to as sheet number (ng) or the drift mobility (up) of charge carriers in the
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semiconductor. The sheet resistance is related to the sheet number and drift mobility

by::

1
R¢ = 47— (2-4)
S f;;”f qupnsdt

where Rg is related to the integral of the elementary charge q, up, and ns from the
surface to the depth of the implanted layer t. Hall effect characterization enables the
determination of whether any change in Rsis governed by ns or up and is crucial for full
understanding of the electrical characteristics of the implanted layer.

The Hall effect enables the characterization of ns or up by measuring the
electrical properties of a semiconductor in the presence of a magnetic field.®> The
governing principle behind the Hall effect is the Lorentz force which states that when an
electron with the elementary charge, g, is driven by an electric field to a velocity, v, in a
direction perpendicular to an applied magnetic field, B, it experiences a force equal to (-
gv x B) acting normal to both directions. Conversely, the same is true for holes where
the charge is reversed. By applying a force to the charge carriers as they flow through
the semiconductor, the path of the carriers is bent towards one side of the sample which
creates a measurable electrical potential denoted the Hall voltage, V4. An example of
the Lorentz force in an n-type semiconductor is shown in Figure 2-3.

Typical Hall effect measurements are conducted on square samples 1cm on a
side with contacts placed at the corners. For p-type Si or Ge samples, the use of InGa
eutectic is an excellent contact material. The corner contact configuration also enables
the characterization of the sheet resistance through the van der Pauw technique.?38

For both Hall and van der Pauw techniques, electrical contacts should be less than

1/10" the length of the sample and placed near the corner to reduce measurement
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error.®% An illustration of the typical contact placement is given in Figure 2-4. The Rs
can be calculated by measuring characteristic resistances through pairs of parallel
contacts. For example passing a current through contacts 1 and 2 creates a
measurable potential in contacts 3 and 4.(Figure 2-5) The characteristic resistance for
this measurement is denoted Rj2 34 and is calculated by dividing the measured potential
by the applied current. The sheet resistance of the sample can be calculated by the

following equation:

exp (—_ﬂilz'“) + exp (—_nR“"“) =1 (2-5)

S Rs
where the R, 34and R23 41 values are measured which allows for the calculation of sheet
resistance.

For Hall measurements completed in the van der Pauw configuration, a defined
current on the order of 1 mA is passed through a pair of diagonal contacts (contacts 1
and 3 in Figure 2-5) in the presence of a perpendicular magnetic field on the order of 1
tesla which is typically produced by an electromagnetic magnet. The magnetic field
deflects the carriers which creates the Hall voltage which is measured through the other
pair of diagonal contacts (contacts 2 and 4 in Figure 2-5). The process is completed
iteratively for all contact combinations and measured values averaged to minimize
measurement noise.

The magnitude of the Hall voltage, V4, is relates both the applied current and

magnetic field through the following relation:

IB
Vgl = o (2-6)
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where | is the applied current, B is the applied magnetic field, q is the elementary
charge of the carrier, and ny is the Hall sheet carrier density. From the Vy
measurement in which all terms are well-known, it is possible to calculate the Hall sheet
carrier density. Similar to sheet resistance which is independent of thickness, the sheet
carrier density (or sheet number) is the number of electrically active carriers in the
sample independent of sample thickness and is given in the units of (cm™). Once ny is

known, the Hall mobility can be calculated from the following equation:

1

Hy = (2-7)

qnygRs

Due to the complex band structure of Ge, and the presence of neutral and
ionized impurities creating scattering sites, a correction factor needs to be applied to the
Hall values obtained to determine the true drift mobility and sheet number.*% The Hall
scattering factor, ry relates Hall values to sheet number and drift mobility value by:

ng = Ny X ry (2-8)
Up = Uu /Ty (2-9)
where ng is the sheet carrier density and g is the drift mobility. The scattering factor
can be determined through simulation or determined empirically.**%¢ The
measurements completed in this work were corrected using a scattering factor of 1.21
as determined empirically by Mirabella et al. for high dose B* implantation into Ge.**

2.2.3 Micro Hall Effect & Micro Four Point Probe

The length scales associated with modern and future IC devices are ever
decreasing which creates issues with device metrology.?” The narrow band gap of Ge
(0.66 eV) compared to that of Si (1.21 eV)? in conjunction with the shallow and box-like

ion profiles creates an environment primed for junction leakage from the implanted
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9-103 The increased leakage current is significant for next-generation devices, but

layer.
also for device metrology which has driven the need for advanced metrology
techniques. An example of leakage current affecting a Hall effect measurement is
displayed in Figure 2-6.

A micro Hall effect and micro four point probe tool is a characterization method
that is capable of measuring the electrical characteristics of ultra-shallow profiles. Its
operation is very similar to that of conventional 4PP and Hall effect characterization in
that four contacts are used, but with the a few caveats. The probe spacing is on the
order of 20 ym as opposed to 1 mm which works to reduce or eliminate any influence
from junction leakage. In essence, by decreasing the horizontal probe spacing, the
vertical characterization depth is also decreased as seen in Figure 2-7.'%* By
decreasing the probe spacing to the pm-scale, the techniques have earned the names
micro four point probe (m4PP) and the micro Hall effect (MHE).

For 4PP characterization, the conversion from conventional to m4PP is rather
straightforward in that the only change to the experimental method is that not only is C
configuration used, but configuration A and B is also used to reduce measurement
error. With reduced probe spacing, characterized volume shifts further towards the
surface and leakage current effects are reduced.***’

However, the conversion of Hall effect measurements to the um-scale are not as
straight-forward. As opposed to the traditional van der Pauw configuration used for
conventional Hall effect measurements, MHE measurements utilize the same in-line

probes used for M4PP samples.’®® For conventional Hall effect measurements, the use

of in-line contacts would not be feasible as the measurement relies on the deflection of
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the current to create the Hall voltage. In order for MHE measurements to utilize in-line
probes, it relies on the presence of an insulating boundary such as a cleaved edge. In
addition to the influence of a magnetic field, the cleaved edge alters the current flow
near the injection point which is detectable using the contact probes in the B-B’
configuration as seen in Figure 2-8. The cleaved edge creates a resistance difference,
ARpgp, measured between the B and B’ probe configurations. Figure 2-9 gives evidence
of the measurable resistance difference near the edge which is non-existent a mere 60
pum from the edge. Once the 4Rgg term is measured, the Hall sheet resistance, Ry can

be extracted from the following equation:
ARgg, = 2Ru\3arctan [i] — 3arctan [ﬁ] (2-10)
T 2y0 2y0

where s is the probe spacing and yy is the distance from the sample edge. Once Ryis
known, the drift mobility and sheet number can be calculated from:

UH ZRy

up == 27 (2-11)
— B ]
ng = - (2-12)

where the constants are the same as those used in conventional Hall effect
calculations.

In this work, all samples were characterized using a CAPRES microRSP M-150
at CAPRES in Kgs. Lyngby, Denmark.

2.3 Structural Characterization
2.3.1 Transmission Electron Microscopy

The transmission electron microscope (TEM) is an indispensable tool for studying

semiconductors. It provides valuable information regarding ion implantation processing
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of semiconductors and produces corroborating information for electrical data. A TEM
relies on a high energy electron beam that is highly focused through a series of
electromagnetic lenses towards an electron transparent specimen. Figure 2-10 shows a
schematic diagram of a TEM. The interaction of the accelerated electron beam with the
thin sample is capable of providing a wealth of information regarding the crystal
orientation, chemical composition, and microstructural imaging to be brief. The
significant advantage of TEM characterization over other methods is that the instrument
has a tremendous spatial resolution owing to the ultra-small wavelength of accelerated
electrons. %9110

According to the de Broglie principle regarding wave-particle duality,"** an

electron’s wavelength, 4, is related to Planck’s constant, h, and its momentum, p, by:

h
A== 2-13
. (2-13)
It is possible to calculate the momentum of the accelerated electron because the

momentum of the electron can be determined from:

p = myv = /2myqV (2-14)

where mg is the mass of an electron, v is the electron velocity, q is the fundamental
charge, and V is the accelerating voltage of the microscope. Substituting Equation 2-15
into Equation 2-13 and excluding any relativistic effects, the wavelength of an

accelerated electron as a function of voltage can be determined by:

A= (2-15)

Assuming a typical accelerating voltage of 200 kV, the electron wavelength is on the

order of 2.7 pm. However, the resolution of contemporary microscopes are not close to
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this value due to the inability to manufacture a perfect electromagnetic lens which
introduces aberrations during operation. However, modern-day instruments are
capable of sub-Angstrom resolution which enables the characterization of nanometer-
scale features to be commonplace.

2.3.1.1 TEM Sample Preparation

For TEM characterization to be effective, the sample must be thin enough to be
transparent to the beam. With increasing sample thickness, the beam undergoes
additional elastic and inelastic scattering processes which decrease spatial resolution.
Due to increased scattering in the sample, a fraction of electrons will lose a small
amount of their initial energy which is typically on the order of 10 eV. Due to the
difference in energy, chromatic aberration will be introduced which will greatly reduce
the resolution of the TEM.**® Unfortunately, scattering increases with increasing atomic
mass which makes the sample preparation for Ge much more difficult than for Si. For
high-resolution imaging of Ge, the sample thickness should typically be under 50 nm.**2

The preparation of electron transparent semiconductor samples is not a trivial
task. Itis commonly more involved and time-consuming than the TEM characterization
that follows. In general, there are two primary orientations for TEM characterization of
semiconductors: 1. Cross-section or XTEM and 2. Plan-view or PTEM. In both
orientations, it is critical to protect the surface as most ion implant processes place the
region of interest (ROI) within 1 ym of the surface. Modern sample preparation relies
heavily on ion beam preparation of TEM samples with both focused ion beam (FIB) and
broad ion beam (BIB) milling tools widely used.

In this work, plan-view TEM samples were prepared using a broad ion beam (or

ion mill) to produce electron transparent samples. PTEM samples were created by
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dicing a 1 x 2 mm rectangle of the material followed by the mechanical thinning the
back side of the sample to a thickness of approximately 10 yum as monitored by optical
microscopy. A piece of Si was polished on the same stub to use a thickness reference
because Si is well-known to be transparent to infrared when approximately 10 ym thick.
Once thinned, a 3 mm Cu grid with oval opening was affixed to the back of the sample
using M-Bond 610. The samples were then polished using a Fischione 1010 ion mill at
an accelerating voltage of 3kV, a beam current of 5 mA, and a milling angle of 15°.

Cross-sectional TEM samples were prepared using a focused ion beam (FIB). A
FIB is essentially an SEM which has a high-current focused Ga* beam mounted at 52°
to the electron column which enables a sample to be milled from the surface of interest.
In order to protect the sample from Ga* implantation and damage, an approximately 100
nm thick layer of carbon is thermally evaporated ex situ prior to beginning sample
preparation. In situ Pt is deposited on top of the ROI to further protect from ion milling
damage. Sample preparation proceeds by milling trenches on both sides of the ROI
which progress closer to each other until the sample is thinned to approximately 1 ym
thick lamella. The sample is then transferred in situ to a Cu grid where is it thinned to
electron transparency. As thinning progresses, beam energy and current is decreased
to reduce the amount of damage imparted to the sample.

In comparison to a broad ion beam system, FIB preparation is advantageous for
its site-specificity, ease and quickness of operation, and low volume of material needed
for sample preparation. However, a significant downfall of the FIB is the incredible
difficulty of creating a PTEM sample which typically results in low quality. In general,

FIB samples are of lower quality than other traditional methods due to the high current
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and high ion energy which creates a layer of damaged or amorphous material on both
sides of the sample. The damaged layer can be reduced by decreasing the ion energy
for the final milling steps, but the resulting sample is still hindered by a damaged
surface. Typical edge damage of ion milled and FIB milled samples is depicted in
Figure 2-11. Despite the low energy polishing mill used in the FIB, it is evident that ion
milled samples exhibit less surface damage. However, both methods provide adequate
samples when proper care and attention is given during the preparation.

2.3.2 Secondary lon Mass Spectrometry

Secondary ion mass spectrometry, or SIMS, is a destructive chemical analysis
technique that is used to quantify minute dopant and impurity concentrations in
semiconductors with a sensitivity to levels as low as 1 x10™® cm™>.1*31* The ability of
SIMS to detect minute impurity concentrations lends itself well to semiconductor
characterization which is the biggest proponent of its use. In addition, it is capable of
providing a dopant concentration depth profile from the surface to a depth of several
microns with a resolution of approximately 1 nm.

SIMS profiling of B in Ge is carried out by accelerating a focused beam of
primary Cs or O ions at a fixed flux towards the surface of interest. The impact of the
primary ion at the surface induces the ejection of surface atoms from the surface of the
material through a sputtering process. A fraction of these ejected atoms are ionized
and are called secondary ions. The primary and secondary ions that escape the
material are then passed through a mass-analyzer which separates the ions based on
mass and charge by varying the magnetic field. Once the secondary ions are

separated, they are sent to a mass spectrometer and the counts collected. The mass
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spectrometer allows for the detection of all elements and provides an elemental profile
of the impurities in the sample.

The primary ion beam sputtering of the material creates a crater in the surface
which can be measured ex situ to determine the sputtering rate and profiling depth. The
combination of secondary ion counts and sputtering rate is used to create the dopant
depth profile. However, the construction of the concentration profile is not trivial due to
differences in sputtering and ionization yields between the primary ions and the impurity
and substrate atoms.'™ The differences in sputter and ionization yield is a function of
the surface chemistry and primary ion. Because of these differences, the use of a
calibration standard is required for accurate depth profiling. Typically, for ion implanted
samples, an as-implanted sample is used as a calibration standard by averaging the ion
signal with the ratio of the implanted fluence to the sputtered depth.*'® In addition, the
near-Gaussian shape and the assumed +1% implant uniformity provides further
confirmation that the implanted species is being measured rather than some other
interfering species. The use of an as-implanted sample is assumed to be valid because
both samples should have the identical chemical compositions in the absence of any
dopant out diffusion. Fortunately, this is not an issue for B in Ge under typical
processing conditions.

An important issue for characterizing dopant profiles of ultra-shallow implants is
the presence of profile artifacts produced during the sputtering of a surface or interface.
These issues arise due to differences in dynamically changing ion yields in these near-
surface and near-interface regions and exhibit themselves as an anomalous change in

concentration unique to each sample characterized. These effects can be reduced by
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using a primary ion with increased mass, decreased sputtering angle, or by evaporating
a thin film of the substrate material on the surface™”*'%; however, the complete removal
is not possible. Due to the presence of surface artifacts, SIMS profiling of ultra-shallow

B in Ge is not capable of producing absolute fluence measurements, but is satisfactory

for comparison between as-implanted and processed concentration profiles.

2.3.3 Rutherford Backscattering Spectrometry

Rutherford backscattering spectroscopy, or RBS, is an ion beam analysis
technique that takes advantage of the inherent structure of a crystalline material to
monitor the composition and structure of the surface of a sample.**® The technique
utilizes a beam of light ions, typically H* or He?*, that is accelerated to an energy in
excess of 0.5 MeV and directed towards a target precisely aligned along a crystal axis.
The primary ions enter the sample to a given depth and collide with a target atom.
Following collision with the sample, ions are backscattered and collected by an energy-
sensitive detector. A plot of backscattered ion counts versus energy is then created
from which information regarding the crystal structure is determined. For example,
Figure 2-12 displays the channeling yield for a (001) Ge sample amorphized to a depth
of 100 nm (black) and an as-received (001) Ge wafer. The randomized structure of the
amorphized sample increases ion counts significantly over the pristine sample. In
contrast, the pristine Ge sample allows for ion channeling down the (001) axis which
reduces ion counts. The peak for the virgin crystal is due to increased scattering at the
surface due to the presence of a surface oxide. The energy spread of the increased
damaged counts of the amorphized sample corresponds to the thickness of the

amorphous layer in which energy of the backscattered particles directly corresponds to
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a distance or depth travelled through the crystal. From the difference in counts between
two samples, the number of displaced Ge atoms can be determined.

One of the primary drawbacks of RBS is the low sensitivity for light elements,
which often requires the combination of other nuclear based methods like nuclear
reaction analysis (NRA) or elastic recoil detection analysis (ERD) which will be
discussed in following sections. .In addition, its chemical sensitivity**® and depth
resolution™*® are orders of magnitude less than that of other techniques. However, its
ability to accurately monitor crystal damage is an advantage that few other techniques
offer.

2.3.4 Nuclear Reaction Analysis

Nuclear reaction analysis, or NRA, is a technique that provides quantitative
information regarding the chemical concentration and lattice location of light impurities
in semiconductors. Similar to RBS, it utilizes the interactions of accelerated light ions
and target nuclei to characterize the target.*** However, the primary advantage of NRA
characterization is its ability to quantify absolutely the concentration and location of light
elements such as B.

During NRA characterization, the primary ion undergoes a characteristic nuclear
reaction with the impurity atom of interest where the reaction byproducts are counted.
For example, a typical reaction induced protons reacting with boron is described by
1B(p, o)®Be where the reaction produces an alpha particle and are directly proportional
to the B concentration in the target. (Figure 2-13) More significant to this work, by
analyzing the target along known orientations such as <001>, <011>, and <111>, itis

possible to determine if the dopant is sitting in a preferred crystallographic orientation.
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To complete NRA and lattice location characterization of B lattice location in Ge,
several standards are needed to complete the experiment. Namely, a sample with B
randomly distributed in amorphous Ge simulates the yield for a completely random or
off-lattice distribution of B and a pristine (001) Ge wafer simulates the yield for a
completely substitutional distribution of B. Typical yield profiles for the emitted a-
particles are shown in Figure 2-18. Using these spectra as a reference, it is possible to
determine the fraction of B that is substitutional in an unknown sample through the use
of the following equation:

1

1 e

fs(B) = (2-16)

where f5(B) is the fraction of substitutional B, 7 is the ratio of the off-lattice and random
yield, and 4°° is ratio of the number of displaced atoms measured in the pristine (001)
sample to the number of displaced atoms measured in the random sample. The
normalized channelling yield y (x®® and %&, for Ge and B atoms, respectively) is defined
as the ratio of the aligned yield to the yield of randomly directed beam. %° is obtained
from the a particle yield normalized to the random yield and is proportional to the
fraction of B displaced out of the lattice. y°° is measured just below the surface peak of
the backscattered proton spectrum. The characterization is completed along the three
major axes which enables the determination of lattice location of displaced B atoms.

2.3.5 Elastic Recoil Detection

Elastic Recolil Detection, or ERD, utilizes similar principles to those discussed in
preceding sections on RBS and NRA where an accelerated ion impacts a target and the
reaction products measured. NRA relies on elastic scattering between the primary ion

and the target atom for the ability to monitor elemental concentration and depth profiling
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of light impurity atoms in heavy atomic mass targets. However, in contrast to RBS and
NRA, ERD typically utilizes a heavy ion, such as Si, to forward-scatter light recoil ions,
such as B, towards a detector for characterization. The forward scattered yield of light
ions is directly proportional to the chemical composition in the solid which allows for
quantitative elemental analysis.*'® Similar to RBS, ERD allows for absolute
guantification of dopant concentration in the absence of a calibration standard. In
addition, it sensitivity to light elements makes it an ideal candidate to determine the
chemical concentration of B in Ge.

In an ERD experiment, a beam of heavy atomic mass ions are accelerated
toward a target consisting of a matrix of heavy atomic mass atoms with an unknown
concentration of impurity atoms of interest. The primary ion is angled at grazing
incidence with the detector also placed at grazing exit incidence. A thin mylar foil on the
order of 10 um thick is placed in front of the detector as depicted in Figure 2-15. The
light atomic mass of the impurity atoms allows for easy penetration through the foil
whilst stopping the primary ions as well as any forward scattered matrix atoms. The
detected counts allow for the conversion into an elemental areal concentration.*?*

2.4 Summary

In this work, a combination of electrical and structural characterization yielded
information regarding the properties of ion implanted B in Ge following thermal
processing.

lon implantation was used to introduce a precise amount of B into (001) Ge
substrates. Elastic Recoil Detection was used to quantify the residual implanted B
fluence as a function of energy. It was shown that a significant fraction of implanted

dopant was lost due to ion backscattering in good agreement with simulations.
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Secondary ion mass spectrometry was used to monitor the B concentration profile as a
function of annealing temperature. Electrical characterization was carried out with micro
Hall effect and micro four point probe techniques to determine the sheet resistance,
sheet carrier density and the drift mobility of B* implanted samples. Nuclear reaction
analysis and Rutherford backscattering spectrometry was used to yield information

regarding the lattice location of B following processing to corroborate electrical data.
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Figure 2-1. Schematic of four point probe configuration used to determine sheet

resistance, Rs.
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Figure 2-2. Sample geometry for a four point probe measurement

60



Lorentz Force

Coordinate

F=-gv X B System

B
z
Y

v B [k

i X
F I V=0

“|| b
4 \
|
! ?7/ _-° =
s /- /
:‘I]HH"II.
v=vy |l

Figure 2-3. lllustration of the electrons passing through a solid in the presence of a
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Figure 2-4. Schematic of the van der Pauw contact scheme
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Figure 2-5. lllustration of the contact scheme typically used for Hall effect
measurements. Current is passed through contacts 1 and 3 and Vy is
measured through contacts 2 and 4.
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Figure 2-6. Leakage current into the n-type substrate can dominate a measurement if
the metallurgical junction is not sufficient.
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Figure 2-7. Decreased horizontal length scale of measurement probes reduces the
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Figure 2-8. Current paths near contacts for MAPP measurements under the influence of
a magnetic field. A) In the bulk, current travels tangentially around current
injection contact. B) Near an insulating boundary, the current fields in the
sample undergo a detectable shift.
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Figure 2-9. The presence of a cleaved boundary gives rise to a resistance difference,
ARgg, between B and B’ during micro Hall effect measurements. At A) 4 um
from the cleaved edge which is not evident in B) at 60 um from the cleaved
edge.
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Figure 2-10. Schematic diagram of a TEM.
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Figure 2-11. Representation of typical damage layer produced by FIB milling A) at 7 kV
with Ga* beam and B) ion milling at 3 kV with Ar* beam.
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Figure 2-12. Typical data produced from c-RBS experiment. (001) Ge crystal
amorphized to a depth of 100 nm with a 100 keV Ge" implant to a fluence of
2.0x10* cm™ and a virgin substrate.
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Figure 2-13. lllustration of a nuclear reaction between a proton and a B atom as it
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Figure 2-14. Representation of a particle counts produced by analyzing B atoms in
different confirmations; randomly oriented (grey), fully substitutional (green)

and off-lattice (red).
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CHAPTER 3
ACTIVATION OF ULTRA-SHALLOW BORON IMPLANTS IN GERMANIUM

3.1 Activation of B" Implants in Ge

As the scaling associated with traditional Si metal oxide semiconductor (MOS)
devices reaches fundamental limits, changes in MOS design or material composition
are becoming necessary. Ge is a promising alternative material for next-generation
MOS devices as its increased carrier mobility makes it an attractive replacement for Si.?
In addition, its reduced melting temperature may allow for less aggressive annealing
recipes which could prove advantageous for process integration of high-k/metal gate
device structures.

In the case of B, it is known that the equilibrium chemical solid solubility limit in
Ge?® is 5.5x10*® cm™ at 850°C, which is significantly lower compared to Si at the
homologous temperature.®>*?? However, electrical activation in excess of this value has
been reported for B*-implantation into single-crystal (c) as well as pre-amorphized (PA)
material 233+:34353746.123 £or B*implants at 35 keV into PA-Ge, complete activation was
observed for all doses up to 7.6x10™® cm™ implying active B concentrations as high as
5.7x10%° cm™ following an anneal at 360°C for 1 h.** In the case of PA-Ge, annealing to
induce solid-phase epitaxial growth (SPEG) of the amorphized layer results in the
incorporation of a concentration of substitutional B greater than the equilibrium chemical
concentration; analogous behavior has been similarly reported for the case of B*-
implantation into Si.***
Although B activation has been characterized for deep B*-implantation into both

c-Ge and PA-Ge, the activation of low energy B*-implantation in Ge remains poorly

understood and characterized. In the few studies which utilized low energy B*-
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implantation, the activation level, if determined, was calculated indirectly by fitting
resistance values to a mobility model.?**>'** This model was developed using Hall
effect measurements and may suffer from possible error introduced from Hall scattering
factor assumptions.** In order to accurately characterize the activation behavior, the
sheet carrier density and mobility should be measured directly using a Hall effect
technique.

Characterization of shallow implant activation is very challenging and in some
cases impossible with conventional four-point probe and Hall effect techniques partially
due to high junction leakage.'*'?>'?® Due to the smaller band gap of Ge compared to
Si and the larger number of intrinsic carriers?, junction leakage is increased for Ge*®*?’
which exacerbates the characterization challenges. Recently, instruments and
techniques have been developed which perform four-point probe and Hall effect
measurements using probes with um-scale spacing as described in detail
elsewhere!04107108.128. thase micro four-point probe (M4PP) and micro Hall effect (MHE)
measurements have been shown to greatly reduce the effects of junction

104,125,126

leakage and have previously been used for successful characterization of active

shallow dopants in Ge.*®*?°

In addition to the electrical characterization of ultra-shallow B* implants, the
chemical dose following ion implantation can not be assumed to be equal to the
implanted dose due to ion-solid interactions reducing the total amount of implanted B.
Due to the relatively light atomic mass relative to Ge, the B ions are highly susceptible

to backscattering which is caused by elastic collisions between the implanted B* and the

target Ge matrix which expels B from the lattice (Figure 3-2). The effect of
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backscattering is increased with reducing ion mass and ion energy which creates an
environment primed for dose loss for ultra-shallow B* implants into Ge. As shown in
Figure 3-1, for a 2 keV B implant, greater than 20% of the implanted fluence is
expected to be lost to backscattering in Ge while only 6% is lost for Si.”® Due to the
susceptibility of ultra-shallow B* implants to backscatter, it is necessary to measure the
residual chemical dose for accurate quantification of the implanted dopants.

Following implantation and annealing, it is also important to structurally
determine the location of residual B atoms to fully understand the activation behavior. It
has been shown previously that Ge is p-type immediately following B* implantation with
no annealing treatment.>® Deep level transient spectroscopy (DLTS) characterization
was used and it was determined that the p-type activation was due to implant damage
related acceptor centers and not as-implanted substitutional B atoms. Nuclear reaction
analysis (NRA) is an ion beam analysis technique that is able to determine the lattice
location of B following implantation in Ge. In addition, the lattice location results
obtained by using NRA are useful for corroborating electrical data if results are atypical.

In this chapter, the activation of low energy B*-implantation into c-Ge and PA-Ge
was studied using M4PP and MHE measurements. lon beam analysis techniques and
transmission electron microscopy are used to further explain the electrical behavior
observed upon annealing.

3.2 Experimental Details

Czochralski-grown n-type (001) wafers (resistivity ~ 50 Qcm) were used for this
work. A set of c-Ge samples was produced by B* implantation at 2 keV to doses of
5.0x10™%— 5.0x10" cm™ while a set of PA-Ge samples was produced by first performing

Ge'-implantation at 120 keV to a dose of 2x10* cm™ before the same B*-implantation
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step. In the case of PA-Ge samples, a continuous amorphous layer extending ~100 nm
from the surface was produced as verified by high-resolution cross-sectional
transmission electron microscopy (HR-XTEM). Samples were annealed in N, ambient
at 400 °C for 1 h to activate the implanted B. HR-XTEM was used to image the
microstructure of the specimens before and after annealing with samples prepared
using focused ion beam (FIB) milling. Secondary ion mass spectrometry (SIMS) was
performed on selected samples to determine B concentration profiles before and after
annealing.

Sheet resistance, Hall sheet number (ny), and Hall mobility (uy) were measured
using a CAPRES microRSP M-150 M4PP with Au-coated probes, a probe spacing of 20
Mm, and a permanent magnet with a magnetic flux density of 0.475 T. Hall sheet
number and mobility values were adjusted to obtain the carrier sheet number (ns) and
drift mobility (ug) by using a scattering factor (ry) of 1.21 as determined empirically by
Mirabella et al. for high dose B*-implantation into Ge.®* The carrier density and drift
mobility are related to the Hall values by ns = ny x ry and g = up / ry, respectively.

It has been speculated that a large fraction of the implanted B* fluence is lost to
ion backscattering.?***° To characterize the as-implanted chemical dose of ultra-
shallow B* implants in Ge, a set of variable energy samples were implanted at 2, 4, and
6 keV and characterized using elastic recoil detection (ERD). Any losses due to
backscattering would be independent of implanted dose; therefore, a dose of 5.0x10%
cm?was used to increase measurement counts and decrease experimentation time for
all implant energies investigated. ERD characterization was performed using the *'B

(*®si, B) reaction with a 28 MeV Si** beam with the Ge target tilted at 75° from
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incidence and a recoil angle of 30°. A 12 ym mylar foil was used to shield forward
scattered Siions and to allow the recoiled B atoms to enter the detector. The B counts
enabled the calculation of the areal density of the implanted boron.**

Nuclear Reaction Analysis (NRA) is an ion beam technique to detect B atoms in
Ge by measuring the yield of of a particles from the reaction *'B(p,a)®Be. >33 NRA
and channelling measurements along the <100>, <110> and <111> axes were
performed using a proton energy of 650 keV on a set of B* implanted samples. The a
particle detector was placed at 160° with respect to the incident beam direction and it
was covered with a 10-um-thick aluminised mylar film to prevent backscattered protons
to reach the detector. A second detector was placed at 165° and was used to detect
protons backscattered from Ge atoms and to perform the Ge sample alignment
procedure. The normalized channelling yield x (x°¢ and x®, for host Ge and B atoms,
respectively) is defined as the ratio of the yield obtained when the beam is oriented
down a channelling axis to the yield obtained in a randomly oriented or amorphous
crystal. x® is proportional to the fraction of B that is sitting in off-lattice positions. x°° is
a measure of the off-lattice Ge atoms with respect to a perfect crystal. If the off-lattice B
atoms do not have a preferential position, then similar x® values will be detected along
the main crystal axes. Given the measured x® values, the apparent substitutional

fraction fs is defined as:

£.B) = £ @)

3.3 Characterization of Residual Implanted Dose

To confirm the residual implanted dose of ultra-shallow B* implants in Ge,

samples as-implanted to a dose of 5.0x10° cm™ were characterized using ERD. The
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residual implanted dose for samples implanted at 2, 4, and 6 keV was found to be
3.84x10™ cm™, 3.88x10™ cm™, and 4.12x10" cm™, respectively. The deviation from
the implanted dose is significant as the loss is in excess of 20% of the implanted dose
for the lowest implant energy. As speculated in previous reports, it is believed that ion
backscatter is a large source of dose loss and at first inspection could seemingly reduce
the activation of the B*implant.?* Due to the low atomic mass relative to Ge and the
1/E? dependence of backscattering, boron is highly susceptible to ion backscattering
during low-energy implantation which reduces the chemical dose before any other
processing is completed. Taking into account that samples were characterized as-
implanted, it is assumed that the deviation from implanted dose is due completely to
backscattering losses during implantation. Boron is known to diffuse very slowly in Ge?*~
%0 and no further significant dose loss is expected due to surface desorption following
annealing at 400-600°C for 60 s.**°

Figure 3-2 shows the percentage of implanted B” lost to backscattering as a
function of implant energy as measured with ERD plotted in conjunction with SRIM
simulations.’® The simulations compare favorably with the dose loss values
experimentally determined through ERD and confirm that a large fraction of the
implanted dose is lost to ion backscattering. Given that backscattering is an energy-
dependent phenomenon, it is assumed that this behavior is identical for lower doses.
The experiment confirms that SRIM simulations are sufficient for estimating the retained
implanted dose for ultra-shallow B* implants in Ge.

3.4 Hall Effect Characterization

Figure 3-3 presents measured Rs and nsvalues as a function of implanted B*

dose for both c-Ge and PA-Ge samples following annealing at 400 °C for 1 h. As shown
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in Figure 3-3(a), the Rsvalue decreases with increasing B* dose for both c-Ge and PA-
Ge samples with c-Ge samples exhibiting higher sheet resistance values compared to
the PA-Ge samples. The reduced Rsvalues for the PA-Ge samples are explained by
the increased solubility and B incorporation during SPEG as previously reported by
others for different implant conditions.?*3*> The carrier sheet number is plotted as a
function of implanted B* dose for both c-Ge and PA-Ge samples after adjustment with a
Hall scattering factor of 1.21 as shown in Figure 3-3(b); the PA-Ge samples exhibited
higher ns values compared to c-Ge samples, similar to previous reports.?*=>*3* More
interestingly, for B* doses less than 5.0x10"*> cm™, the percent activation for both c-Ge
and PA-Ge samples is relatively independent of dose at ~7 and ~30 %, respectively.
At a dose of 5.0x10° cm?, the difference in percent activation is much smaller, ~10 and
15 % for c-Ge and PA-Ge samples, respectively. Figure 3-4 shows HR-XTEM images
of a c-Ge sample B*-implanted at 2 keV to a dose of 5.0x10% cm™. As shown in Figure
3-4(a), a damage layer extending 18+0.5 nm from the surface is evident, which matches
well with the expected range® of the implant. At higher magnifications, as shown in
Figure 3-4(b), amorphous pockets are evident within the damaged layer. Thus, the
smaller difference in Rs between c-Ge and PA-Ge for the case of a B* dose of 5.0x10%
cm? is likely due to enhanced incorporation of substitutional B within the amorphous
regions during SPEG upon annealing.

To better understand the activation behavior, samples B*-implanted to doses of
5.0x10" and 5.0x10% cm?into c-Ge and PA-Ge were analyzed using SIMS before and
after annealing to determine B concentration profiles, as shown in Figure 3-5. The

measured B concentration profiles (both before and after annealing) were very similar to
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as-implanted simulations.”® The lack of dopant diffusion is in excellent agreement with
previous reports.** The maximum active concentration was estimated using the SIMS
profile and the corresponding measured ng values presented in Figure 3-2(B). For c-Ge
and PA-Ge samples B*-implanted to a dose of 5.0x10'° cm, the maximum active B
concentrations were estimated at 2.0x10%° and 4.0x10%° cm, respectively; the value for
PA-Ge is similar to prior results while the results for c-Ge are the highest
reported.23’31‘34'35’46’123

The observed activation behavior for both c-Ge and PA-Ge samples is very
interesting; incomplete activation is observed for even the lowest B* fluences in both
sample sets. Based on the reported maximum active B concentration of 5.5x10%° cm™
31 full activation should be expected for B*-implantation at 2 keV to a dose of 5x10" cm’
2 for both c-Ge and PA-Ge, yet the measured percent activation in each case was ~7
and ~30 %, respectively. It should be further noted that this behavior implies that a
single electrical solubility limit does not exist for these shallow implants in Ge. This is
unexpected and may have resulted from chemical dose loss or a unique dopant
clustering/precipitation that scales with B* fluence. Boron is not known to diffuse readily
or suffer dose loss through the surface upon annealing at 400°C and Is thus not
expected to be a contributor to the reduction of active carriers.?®*

One contributing factor for the low levels of activation could be due to the shallow
nature of the implant, even slight surface oxidation is capable of consuming a non-
negligible portion of the implanted B* dose. HR-XTEM analysis revealed the presence

of a 3.0+0.2 nm-thick surface oxide on all as-implanted samples, as shown in Figure 3-

3. As per simulations’®, ~8 % of the implanted dose is rendered inactive via the
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presence of a GeOy layer of this thickness. Finally, it should be noted that the percent
of dose rendered inactive due to both oxidation and ion backscattering should be
independent of implanted dose; however, the combination of losses due to
backscattering and surface oxidation can only account for ~28% of dose loss. Thus, the
bulk of the inactive fraction cannot be explained by these factors.

Another possible source of inactive B is due to the formation of an inactive
cluster or complex, which has been observed and extensively studied in Si.**®" In the
case of Si, for a given processing condition, full activation is expected for low B* doses
until a certain concentration threshold is reached after which clustering occurs.
However, for the presented data, incomplete activation is observed even for the lowest
B* dose with the percent activation remaining relatively constant with increasing dose for
doses <5.0x10™ cm™. Work by Impellizzeri et al.*” revealed incomplete activation for
B*-implantation at 35 keV into c-Ge, which was attributed to the formation of a B-Ge
cluster; however, incomplete activation observed in this work is much more pronounced
and is observed in both c-Ge and PA-Ge samples. The physical explanation behind the
observed anomalous activation behavior is unclear; however, the close proximity of the
surface is a possible contributing factor, since it is known that defect production and
annihilation can be influenced by surface proximity.**® Sample characterization using
structural techniques is necessary to corroborate the electrical data and to gather
further data regarding the anomalous activation behavior.

3.5 Nuclear Reaction and Channeling Analyses

It is expected that the formation of an inactive complex would be dependent on
the implanted fluence or overall B concentration with respect to a solubility limit. If the B

concentration were to exceed this limit, clustering and inactive dopants would be
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expected; below this limit, substitutional and active dopants would be the case. This
behavior is what is typically observed for dopant implantation and activation in Si. It
should be noted that this behavior is much different from what has been reported
previously regarding B clustering in Ge®***"= for two reasons: 1. Although not as
prominent, dose-independent clustering also occurred in ultra-shallow B* implants in
PA-Ge and 2. The behavior is independent of fluence and the activation percentage is
fixed even for a 5.0x10" B*-cm™ implant for both c-Ge and PA-Ge. Since the electrical
activation behavior deviates far from what has been observed previously in Ge as well
as in Si, select samples were structurally characterized through channeling analyses
utilizing nuclear reactions to determine the substitutional fraction of B after processing.
Table 3-1 shows the fraction of substitutional B as measured using channeling
and NRA following a 400°C 60s anneal. For both c-Ge and PA-Ge, low and high
fluence samples were characterized to obtain structural data on samples that would be
expected to be below and above electrical solubility, respectively. For all characterized
samples, the normalized channeling yield () obtained along the <100>, <110>, and
<111> orientations are all approximately equal. This suggests that the non-
substitutional B fraction is randomly distributed throughout the lattice. The substitutional
fraction for each sample was obtained by using Equation 3-1 and averaging the
channeling yield obtained along each crystal orientation. The substitutional fractions
obtained using channeling analyses and electrical measurements agree favorably for all
characterized samples. For even a modest B* fluence of 1.0x10* cm™ (peak B
concentration of approximately 6.0x10'° cm™)’8, the substitutional fractions as

measured by Hall and channeling analyses are in agreement at approximately 10%.
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The data obtained from NRA and channeling analyses confirm the efficacy of
electrical measurements of ultra-shallow B* implants in Ge and suggest that electrical
results obtained using different processing conditions, ie different implant fluences or
annealing thermal budgets, should be considered to be accurate.

3.6 Summary

In summary, residual implanted dose following ultra-shallow B* implantation was
characterized using ERD and is in good agreement with values obtained through Monte
Carlo simulations. The results permit the use of SRIM simulations for the evaluation of
backscattering loss. The activation of B*-implantation at 2 keV into crystalline and pre-
amorphized Ge was studied using micro four-point probe and micro Hall effect
measurements. For B* doses of 5.0-x10" — 5.0x10% cm™, pre-amorphized samples
exhibited greater activation compared to crystalline samples following a 400 "C anneal
for 1 h. In the case of B*-implantation to a dose of 5.0x10™® cm™, the discrepancy in
activation between crystalline and pre-amorphized samples was much smaller; this was
attributed to solid-phase epitaxial growth within amorphous pockets formed in crystalline
samples as a result of only B*-implantation.

Notably, for both crystalline and pre-amorphized samples, the measured percent
activation was approximately independent of implanted dose; this behavior is in stark
contrast to reported activation behavior of shallow B*-implantation in Si and deeper B*-
implantation in Ge. In conjunction with Hall measurements, samples were
characterized using NRA and have determined that a large fraction of the residual
implanted fluence is off-lattice and electrically inactive. It should be noted that these
activation values are well below reported electrical solubility. These results suggest the

possibility of the formation of a dose-independent B-Ge cluster which is unique to ultra-
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shallow B*-implantation in Ge; the physical explanation of this anomalous behavior is
unclear, though the close proximity of the surface and reduced B* implant energy may

be a contributing factor.
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Table 3-1. Channeling yields and corresponding substitutional B fractions as measured
by channeling analysis using nuclear reactions along three axes (<100>,
<110>, and <111>) and Hall effect measurements after annealing 400°C for

60s.

+

(E;C;'Z‘)’ence 26<100>  75<110>  z<111> NRA®  HallP
c-Ge 1.0x10* 0.92+0.05 0.90+0.05 0.91+0.05 9.0 11.9
c-Ge 1.0x10*® 0.81+0.01 0.83+0.01 0.84+0.01 18.3 12.0
c-Ge 5.0x10° 0.91+0.01 0.89+0.01 0.92+0.01 11.0 11.7
PA-Ge 1.0x10®° 0.41+0.01 0.39+0.01 0.43+0.01 62.0 53.9
PA-Ge 5.0x10*° 0.76+0.01 0.75+0.01 0.79+0.01 24.6 19.0

2 Determined by averaging 4° values from <100>, <110>, and <111> orientations
P Ratio of carrier sheet density divided by the residual fluence
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Figure 3-1. The effect of B* backscattering for implantation into Ge and Si as simulated
by SRIM.
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Figure 3-2. Percent of B ions backscattered as a function of implant energy into Ge as
simulated by SRIM and experimentally determined through ERD for a
5.0x10™® cm™2 implant into Ge.
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Figure 3-3. Electrical characteristics as a function of B* fluence implanted at 2 keV into
crystalline and preamorphized Ge, respectively, after annealing at 400°C for
1h. A) Measured sheet resistance (Rs) and B) sheet number (ng) as a function
of B* dose implanted
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Figure 3-4. HR-XTEM micrographs of a crystalline Ge sample B implanted at 2 keV to
5.0x10"™ cm™as-implanted in c-Ge showing: A) a surface GeO, layer and a
damaged layer extending 18 nm from surface and B) amorphous pockets and
lattice defects in close proximity to the surface.
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Figure 3-5. B concentration profiles of a pre-amorphized Ge sample B*-implanted at 2
keV to doses of 5.0x10"® or 5.0x10* cm™ as-implanted (dashed line) and
after annealing at 400 °C for 1 h (solid line) as measured using SIMS. The
horizontal dotted lines indicate the estimated maximum active B concentration
for both implant conditions.
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CHAPTER 4
EFFECT OF IMPLANT ENERGY ON B ACTIVATION

4.1 Low Energy B* Implantation in Ge

This work is the first report of the anomalous activation behavior observed for
shallow B* implants in c-Ge and PA-Ge which raises the question as to why it has not
been observed previously. A minute body of research exists regarding the electrical
behavior of shallow B* implants in Ge which may explain how this behavior has gone
unnoticed In addition, the experiments that have been completed typically measured
sheet resistance of a single sample or small sample set implanted to a high fluence
which does not yield significant information regarding carrier activation.3*3#4%4% The
use of a single high fluence implant is capable of masking the incomplete activation
observed for low energy implants in this work by pushing the peak concentration well
above electrical solubility values reported in the literature.

To further understand the fluence-independent activation behavior of B in Ge, a
systematic study of increasing implant energy as a function of fluence is necessary. In
this chapter, the activation of low energy B*-implantation into c-Ge and PA-Ge was
studied using M4PP and MHE measurements. The effect of increasing B* implant
energy and its effect of increasing point defect formation is studied. The consequence
of increasing the distance between the surface and the B profile on electrical activation

is also investigated.

4.2 Experimental Details

Czochralski-grown n-type (001) wafers (resistivity ~ 50 Qcm) were used for these
experiments. A set of c-Ge samples was produced by B* implantation at 2, 4, and 6

keV to doses of 5.0x10"*— 5.0x10* cm™ while a set of PA-Ge samples was produced
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by first performing Ge*-implantation at 120 keV to a dose of 2x10** cm™ before the
same B-implantation step. Samples were annealed in N, ambient at 400 °C for 60s to
activate the implanted B.

Sheet resistance, Hall sheet number (ny), and Hall mobility (uy) were measured
using a CAPRES microRSP M-150 M4PP with Au-coated probes, a probe spacing of 20
Mm, and a permanent magnet with a magnetic flux density of 0.475 T. Hall sheet
number and mobility values were adjusted to obtain the carrier sheet number (ns) and
drift mobility (ug) by using a scattering factor (ry) of 1.21 as determined empirically by
Mirabella et al. for high dose B*-implantation into Ge.** The carrier density and drift
mobility are related to the Hall values by ns = ny x ry and g = up / ry, respectively.

4.3 Effect of Increased B* Implant Energy

Figure 4-1 shows profiles for 2, 4, and 6 keV B* implants to a fluence of 5.0x10"3
cm™ as simulated using SRIM.”® The profiles show that as B implant energy is
increased, the B profile is pushed further from the surface as well as broadened. In
doing so, the peak B concentration is reduced. A fluence of 5.0x10% cm™ was
simulated to show that the majority of the B concentration is below the reported
electrical solubility of B in Ge for the low fluence implants. The maximum reported
electrical solubility of B in c-Ge is approximately 2.0x10% cm™ as reported in the
previous chapter.

Figure 4-2 shows the sheet resistance (Rs) for samples implanted at 2, 4, and 6
keV to B* fluences ranging from 5.0x10™* to 5.0x10"° cm™ after annealing for 400°C for
60s. In Figure 4-2(A) and 4-2(B), it is evident that Rs decreases with increasing fluence
and energy for both c-Ge (diamonds) and PA-Ge (circles). Following a 400°C 60s

anneal, the minimum Rs achieved was 45.9 and 105.9 Q/sq for PA-Ge and c-Ge,
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respectively. The lower Rs values for PA-Ge with respect to c-Ge have been

documented previously®*>?°

and are due to increased B incorporation upon SPEG. The
decrease in Rswith increasing implant energy can be explained by the increase in the
fraction of implanted B with a concentration below the solubility limit. SRIM simulations
show that the projected range of the implant shifts from 9.5 to 24.0 nm as the implant
energy is increased from 2 to 6 keV. In doing so, the B peak widens at higher energies
and allows for a larger fraction of dopant activation for identical fluences. The B
concentration profiles following B* implantation to a fluence of 5.0x10' cm?is shown in
Figure 4-1 It should be noted that the fluence used for this figure is only for
representation of the effect of energy as similar behavior would be observed for
increased or decreased B” fluence.

In Figure 4-3(A) and 4-3(B), sheet number (as adjusted using ry = 1.21) is plotted
as a function of implant fluence. It is evident that the decrease in Rswith increasing
fluence is due to an increase in the overall number of active dopants. With increasing
implant energy, a larger fraction of implanted dopant is incorporated into the lattice for
reasons described in the previous paragraph. For 5.0x10™ B*-cm™ implants at 6 keV,
the ns obtained was 7.4x10% and 2.2x10° cm™for c-Ge and PA-Ge, respectively. The
corresponding activation value, defined as the ratio of sheet number divided by the
residual implanted fluence, was 18 and 52% for c-Ge and PA-Ge, respectively. These
low activation values are not entirely surprising given the peak B concentration, which
was simulated by SRIM to be approximately 1.4x10%* cm™ and thus is well above

solubility values reported in the literature.?*"
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Figure 4-4 (A) and 4-4 (B), the drift mobility (as adjusted using ry = 1.21) is
plotted as a function of B" implant fluence for both c-Ge and PA-Ge samples. It can be
seen that drift mobility is higher for c-Ge with respect to PA-Ge samples across the
investigated range. In addition, the data shows a trend of decreasing mobility with
increasing B” fluence. Comparing this data with the sheet number values in Figure 4-3
(A) and 4-3 (B), these trends can be explained by the increase in the number of active
dopants for these conditions as ionized carriers exhibit a stronger effect on carrier
mobility than neutral dopant atoms.

In conjunction with the anomalous activation behavior of ultra-shallow B* implants
in Ge that has been reported previously,?* a large discrepancy between the implanted
and active fluence exists for both c-Ge and PA-Ge. For the lowest B* fluence of
5.0x10" cm?implanted at 2 keV, the peak B concentration as simulated by SRIM’® is
expected to be only 3.0x10"® cm™ which is lower than the reported solubility of B in both
c-Ge and PA-Ge.?* Despite the low concentration, only a small fraction of dopant is
rendered active following a 400°C anneal for 60s. The short annealing time is not the
source of poor activation as previous reports have shown that 400°C for 1h have yielded
similar results.®* The decrease from complete activation is not due to any electrical
solubility argument.

The large concentration of inactive B observed in c-Ge and PA-Ge is well-
behaved across the investigated energy range and is intriguing due to its fluence-
independent nature. The sheet number values obtained increase as a function of
energy which suggests that inactivity may increase when the boron profile is located

near the surface.
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With decreasing implant energy, the concentration profile shifts towards the
surface as shown in Figure 4-1. This increases the concentration of B above the
solubility limit and also reduces the activation of B. The simulated concentration profile
and the measured sheet number were used to determine the corresponding maximum
active B concentration as described elsewhere.®® For the highest fluence across all B
energies investigated, the average active concentration was determined to be 1.3 + 0.3
x10%° and 4.5 + 0.5 x10%° B-cm™for c-Ge and PA-Ge and correlates well with values in
the literature 23243134

However, it needs to be stressed that the inactivity exhibited for these ultra-
shallow B* implants is not due to electrical solubility constraints. Completing the same
procedure for the 5.0x10'° cm™fluence returns an electrical solubility value well below
the lowest reported electrical solubility values. This suggests that the activation
behavior of these ultra-shallow B* implants in Ge do not follow traditional electrical
solubility rules in which all dopant above the solubility concentration is inactive while all
dopants below the solubility concentration is electrically active. Rather, the observed
behavior suggests that B activation is dependent on the local B concentration in which
the electrical solubility limit mimics the chemical dopant profile decreased by a factor
less than unity.

4.4 Role of Implant Energy

To investigate the effect of increasing implant energy, the electrical activation
values obtained by variable B energy implants into c-Ge to a fluence of 5.0x10** cm™
following annealing at 400°C for 60s were used. Data from Bruno et al.?® and Suh et
al.*® which used 35 keV and 60 keV B* implants, respectively, is used to gain further

insight into the effect of implant energy and surface proximity. Indeed, increasing the
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implant energy while implanting a fixed fluence widens the B profile and decreases the
peak concentration. However, it has been shown previously in this work that the
fraction of electrically active dopant atoms is approximately constant as a function of
fluence and not a function of electrical solubility which is typically invoked for implants
into Si. In addition, the effect of varying annealing conditions is not expected to change
activation values appreciably as will be discussed in the following chapter.

The activation results as a function of variable B energy is plotted in Figure 4-5.
It is evident that activation is observed to strongly increase for the ultra-shallow implants
completed in this work. However, upon fitting the low energy implants to the data
obtained from other works, it is evident that the increase in activation observed with
increasing energy begins to level off. Extrapolating the fit, complete activation is not
expected until an implant energy of approximately 190 keV is used. It should also be
noted that this fit predicts 0% activation as the B* energy approaches 0 keV. However,
this finding is not entirely unreasonable if the surface truly is a sink for vacancies which
would create the greatest interstitial super saturation as the B energy approaches 0
keV.

Similar results of surface proximity have been reported by Priolo et al. for low
energy B* implants into Si. Figure 4-6 shows a representation of the percentage of
electrically active B atoms as a function of the implant Rp for a fixed fluence of 1.0x10™
cm™. It is evident that a sharp decrease in electrical activation is evident for low energy
implants. The authors were able to show that high-energy Si implants used to enrich
the surface with vacancies were successful in increasing the activation of these low-

energy implants by a factor of 2.5. Successive high energy Si* implants were
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successful in further increasing the B activation. Therefore, this behavior of incomplete
activation for low-energy B* implants in Si was attributed to a decrease in the vacancy
population in the near-surface region which increased the formation of inactive B-
complexes.™®

In recent publications, it has been shown that the Ge surface may act as a sink
for vacancies while reflecting interstitials. In work by Bracht et al., B-doped layers
grown by MBE showed no change as a function of proximity to the surface during
annealing. Simulations of the diffused B profile showed that a homogenous interstitial
supersaturation existed. Conversely, P profiles showed a reduction of diffusion during
proton irradiation. Considering that B and P diffuses through interstitial and vacancy
mechanisms, respectively, it can be concluded that the near-surface region may be an
interstitial-rich environment following implantation.°

Other work by Scapellato et al. have also concluded that the Ge surface does not
allow for interstitial recombination through the use of diffusion studies of B-doped layers
grown by MBE.>* In this work, B-doped Ge layers were implanted with oxygen at 235
keV to a fluence of 4.0x10* cm™ which has an Re of approximately 500 nm. Following
annealing at 650°C for various times, it was shown that B profiles diffused
homogenously for times less than and equal to120 min through a form of enhanced
diffusion due to oxygen precipitation. From these results, it was suggested that the
homogenous B diffusion further proves that the surface does not allow for interstitial

recombination, but rather reflects them to the bulk.>*
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In addition to increasing the distance from the surface, increasing the B* implant
energy also increases the number of vacancies created during implantation. As the B
ion comes to rest, it loses its energy to the lattice through nuclear collisions which result
in the creation of target vacancies and interstitials. If the B ion energy is increased, the
amount of energy lost to nuclear collisions, and therefore the creation of point defects,
increased.

Figure 4-7 displays the number of vacancies created per incoming B ion for
variable energy B* implantation in Ge as simulated by SRIM.” The observed increase
in activation with increasing energy could also be attributed to the introduction of a
larger vacancy population. For an off-lattice B atom to become electrically active, it
must recombine with a lattice vacancy. By increasing the implant energy, the number of
vacancies created is increased which increases the probability that an off-lattice B atom
will react with a vacant.

It should also be mentioned that the Ge surface is known to undergo a radical
transformation into a nanoporous structure following high-dose implantation.****%? This
structure is attributed to a barrier between interstitial-vacancy recombination and the
formation of vacancy clusters that increase in size with fluence.**'** Although high-
dose Ge" implants were not used in this work, the effects of this barrier to interstitial-
vacancy recombination may still be affecting the activation results. It has been shown
that Ge* implants to a fluence of 2.0x10*® cm™at energies from 30 to 120 keV were not
observed to create the nanoporous structure, but SPEG was slowed near the
surface.'™ The reduction of SPEG velocity was increased as the energy of the implant

was reduced. Despite the lack of porous formation, the reduction of SPEG velocity was
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attributed to the presence of sub-microscopic voids formed due to the barrier of
interstitial-vacancy recombination in the near-surface region.'*

By increasing the implant energy, the effect of surface proximity is reduced,;
however, the number of vacancies created is also increased. Both of these properties
may explain the increase in activation observed in this work for B" implants at an energy
between 2 and 6 keV. Although clustering has been previously observed for 35 keV B*

implants in Ge in which approximately 50% of implanted B was rendered active,®"*° th

e
guantity of inactive B is much more significant for ultra-shallow implants as exhibited in
this work. The work presented here is the first systematic report of ultra-shallow B
activation in Ge which may explain why this phenomenon has not been observed
previously. The results suggest that the role of implant energy has a significant effect

on the electrical activation of shallow B* implants in Ge.

4.5 Summary

In this chapter, it has been shown that moderate increases in the percentage of
activated dopants occurs with increasing B* implant energy. However, as was observed
in the previous chapter, for a fixed implant energy, activation remains relatively
independent of implanted B* fluence.

The surface proximity and associated point defect populations was speculated to
have an impact on B activation as increasing implant energy deepens the B profile from
the surface. For a B*implant to a fluence of 5.0x10™ cm™, the percent of electrically
active dopants as determined through micro Hall effect was found to be 10.1, 18.5 and
25.1% at an energy of 2, 4, and 6 keV, respectively. Given these implant conditions,
the peak B concentration investigated is approximately 3.0x10° cm™for the 2 keV

implant and decreases with increasing implant energy. Full activation would be
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expected for all of the investigated energies. As such, it has been determined that the
effect of increasing activation with increasing implant energy is due to the creation of a
larger vacancy population as well as the B profile being further removed from the

surface and thereby reducing its effects on vacancy annihilation.
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Figure 4-1. SRIM simulations depicting the shift in the B concentration profile produced
with increasing implant energy.”
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Figure 4-2. Measured sheet resistance of samples B* implanted at 2, 4, and 6 keV to
fluences ranging from 5.0x10™to 5.0x10'° cm™ after annealing 400°C 60s in
A) c-Ge and B) PA-Ge.
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Figure 4-3. Measured sheet number of samples B* implanted at 2, 4, and 6 keV to
fluences ranging from 5.0x10" to 5.0x10® cm™ after annealing 400°C 60s.
The dotted line represents complete activation for A) c-Ge and B) PA-Ge.
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Figure 4-4. Measured drift mobility of samples B* implanted at 2, 4, and 6 keV to
fluences ranging from 5.0x10*to 5.0x10® cm™ after annealing 400°C 60s.
The dotted line represents complete activation A) c-Ge and B) PA-Ge.
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Figure 4-5. Measured percentage of electrically active B at variable implant energies.
A 35 keV implant corresponds to an Rp of 90 nm. The crossed and dotted
data points are from Bruno et. al.?® and Suh et al.*°, respectively.
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CHAPTER 5
THERMAL STABILITY OF BORON ACTIVATION IN GERMANIUM

5.1 Activation Stability of B in Ge

In recent years, several studies have investigated the electrical behavior of ion
implanted B in both crystalline (c-Ge) and preamorphized (PA-Ge) Ge 2331:35-37.145.146
Similar to Si, it has been shown that preamorphization increases dopant activation
during the solid phase epitaxial growth (SPEG) process.** However, the majority of the
experiments published in the literature have used high energy B* implants that are not
directly relevant for ultra-shallow junctions.

Limited data exists regarding the thermal stability of B activation in Ge which can
be explained by the adequate stability evidenced in the available reports. Impellizzeri et
al. has shown that 35 keV B implants exhibit stable activation following a modest
activation anneal. They have shown that a modest 360°C anneal results in a high level
of boron activation®! which remains stable for anneals up to 550°C for 1h.%’

Bruno et al. has shown similar results for c-Ge and PA-Ge samples in which
activation remains stable for anneals up to 550°C for 1h. However, although not
explicitly mentioned in this work, a qualitative decrease in Rsis evident for c-Ge
samples while a similar increase is evident for PA-Ge samples.?

Similarly, Simoen et al. has shown 4.5 keV B implantation to a fluence of
1.0x10™ cm™ and 1.0x10"® cm™ into c-Ge returns stable Rs values following RTA
anneals between 400 and 600°C.*° Satta et al. reported similar results for 6 keV B*
implantation to a fluence of 3.0x10% cm™in which Rs remains stable for RTA anneals

up to 600°C.*® Similar to the work by Bruno,?® the results shown by Simoen*° and
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Satta®® et al. displayed a decrease in Rswith increasing annealing temperature for c-Ge
samples.

Previously, it has been shown that the activation of 2 keV B* implants Ge has an
anomalous activation behavior which is characterized by an incomplete activation
independent of implanted fluence for both c-Ge and PA-Ge. The behavior is believed to
be due to a B-Ge cluster formation which renders a large fraction of the implanted
fluence inactive.?* Although far less pronounced, the presence of B-Ge clusters has
been reported previously, but has only been observed for implants into c-Ge.***"~*° For
Si, the formation and evolution of boron-interstitial clusters is well-characterized and
understood,*®**"° but to date, a comprehensive study has not been completed for B*
implants in Ge.

In this work, a systematic study of the effect of isochronal annealing on the
electrical activation of ultra-shallow B* implants in Ge is presented. High temperature
anneals are used to determine if the activation is stable as temperatures approach the
melting temperature of Ge. Transmission electron microscopy and secondary ion mass
spectroscopy (SIMS) is used to further explain the electrical behavior observed upon

annealing.

5.2 Experimental Details

Experiments were performed on Czochralski-grown n-type Ge (001) wafers with
resistivity larger than 50 Q-cm. Samples were B* implanted at 2, 4, and 6 keV with
fluences ranging from 5.0x10* to 5.0x10% cm™. An identical set of PA-Ge samples
was produced by first implanting a Ge* fluence of 2.0x10* cm™ at 120 keV prior to B*

implantation to produce an amorphized surface layer to a depth of 100 nm as verified by
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high-resolution cross-sectional transmission electron microscopy (HR-XTEM). The
beam current was fixed at 1.1 mA for all B* implants and the platen was held at 25°C.

Samples were processed in a Heatpulse 4100 rapid thermal annealer (RTA) in
an N, ambient at 400-600°C for 60s to activate the implanted B. Select samples were
isothermally annealed at 400°C for times ranging from 30s to 5 h. Additional samples
were underwent high temperature isochronal anneals.

Micro Hall effect measurements were used for their ability to accurately measure
the electrical properties of ultra-shallow junctions.*****"**® Micro Hall effect
characterization was completed using a CAPRES microRSP M-150 M4PP fitted with
Au-coated probes, a probe spacing of 20 um, and a permanent magnet with a magnetic
flux density of 0.475 T. Hall sheet number (ny) and mobility values (uy) were adjusted
to obtain the carrier sheet number (ns) and drift mobility (ug) by using a scattering factor
(rv) of 1.21 as determined empirically.3* The carrier density and drift mobility are related
to the Hall values by ns= ny x ry and g = un / ry, respectively.

5.3 Isothermal Annealing

For this experiment, a small sample subset was implanted at 2 keV to a fluence
of 1.0x10° cm™ into c-Ge and PA-Ge. The electrical behavior of these samples was
monitored as a function of annealing at 400°C for times ranging from 30s to 5h. For
short annealing times (<960s), samples were annealed using an RTA while longer
anneals were completed in a tube furnace. Both annealing environments utilized
flowing N,. Samples were processed concurrently meaning that an RTA sample
annealed for 960s received all ramp-up and ramp-down cycles accumulated during all

shorter annealing durations. RBS characterization was completed with a 2 MeV He"
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beam at normal incidence was used to monitor the number of displaced Ge atoms as a
function of annealing time.

Figure 5-1 shows the sheets resistance values obtained for isothermal annealing
sequence at 400°C for B* implants at 2 keV to a fluence of 1.0x10'® cm™. In Figure 5-1
(A), the data for c-Ge samples is displayed. It is evident that sheet resistance
decreases for times less than 120s and increases thereafter. The changes in sheet
resistance are slight as the minimum Rs measured was 430.8 and 473.9 Q/sq,
respectively for 120s and 5h anneals. Figure 5-1 (B) shows the sheet resistance values
obtained for PA-Ge samples. It should be noted that 60s at 400°C is the minimum time
necessary to complete the SPEG process which explains why data for the PA-Ge series
does not begin prior to this annealing time. In stark contrast to what is observed for c-
Ge, PA-Ge samples show minimal change as a function of annealing time.

To provide further evidence that the Rs values do in fact decrease for short
annealing times, a line scan comprising 40 individual measurements as a function of
distance were completed on the sample annealed for 30s as shown in Figure 5-2. Itis
evident that the deviation from the mean is slight as the standard deviation is 1.76 Q/sq
across the entire 4 mm scan. From this line scan data, it can be assumed that every
data point is reproducible and the trends observed are accurate.

Figure 5-3 displays the sheet number values obtained following the isothermal
annealing sequence. In Figure 5-3 (A), it is clear that c-Ge samples show a strong
decrease in active carriers with increasing annealing time. Conversely, Figure 5-3 (B)
shows little change in active carriers for PA-Ge. It should be stated that the observed

deactivation for c-Ge samples is significant in that slightly over 20% of the active
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dopants become electrically inactive with further annealing; however, the overall fraction
of active dopants remains near 10% for all annealing times investigated. The

deactivation observed is not believed to be due to any sort of chemical dose loss as the
PA-Ge samples were processed identically and did not exhibit any significant dose loss.

Comparing the Rs and sheet number data, it becomes clear that the increase in
Rs for c-Ge samples annealed longer than 120s is due to a deactivation of dopant
atoms. The decrease in Rsobserved for short annealing times is believed to be due to
annealing of implant damage which allows for an increase in the drift mobility.

Figure 5-4 shows the drift mobility for c-Ge samples annealed for times ranging
from 30 to 1920s. Itis clear that a quick uptick in drift mobility is evident for short
annealing times which corresponds with removal of implant damage. After this
increase, the drift mobility values begin to stagnate. The removal of implant damage
and subsequent increase in drift mobility coupled with the deactivation of B atoms
explains the Rstrends observed in Figure 5-1 (A).

Similar to the fluence-independent activation documented in previous chapters,
the deactivation observed for c-Ge samples with increasing annealing times is believed
to be due to the large interstitial population that exists following ion implantation which
may spur the formation of an inactive cluster. The displaced Ge population can be
measured using RBS which may provide insight into the deactivation behavior of the c-
Ge samples.

Figure 5-5 (A) shows the RBS spectra acquired for c-Ge samples B* implanted at
2 keV to a fluence of .1.0x10" cm™following furnace annealing for 1, 3, and 5h. A virgin

Ge sample is shown as well for comparison. Figure 5-5 (B) highlights the surface
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region of the investigated samples. The area under the surface peak displayed in
Figure 5-5 (B) is directly proportional to the displaced Ge concentration.

From this characterization, it is evident that the number of displaced Ge atoms
does not change appreciably with annealing despite the deactivation observed as the
surface peaks are nearly overlaid. Itis, however, evident that there is a population of
Ge atoms that are displaced from their lattice sites as the peaks are larger than that of a
virgin crystal.

The number of displaced Ge atoms were calculated and tabulated in Table 5-1 in
conjunction with the inactive number of B atoms as determined from the micro Hall
effect characterization. It is clear that the number of displaced Ge atoms remains
relatively constant with annealing time across the investigated range. Following a 1h
anneal, 4.93x10" Ge/cm? atoms are displaced in comparison to 4.56x10"° Ge/cm?
following a 5h anneal. To gain perspective on the deactivation behavior, the ratio of
displaced Ge atoms to electrically inactive B atoms (displaced Ge:inactive B) was
determined and found to be approximately 6.66. The Ge:B ratio is relatively constant
across the annealing range which thereby fails to yield information regarding the
deactivation observed for c-Ge samples.

It should be noted that the RBS technique is unable to determine the
confirmation of displaced Ge; whether it is situated as a unique point defect, an
interstitial cluster, or an inactive Ge:B complex among other possibilities. This
shortcoming of RBS limits the characterization ability of inactive B in Ge. However, the

data obtained shows that a substantial fraction of Ge is situated off-lattice despite a
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400°C anneal for 5h. This information gives further credence to the notion that the
interstitial Ge population may be a driving force in the inactivity of ultra-shallow B in Ge.

5.4 Activation Thermal Stability Between 400-600°C

Figure 5-6 shows the sheet resistance values obtained for 2 keV c-Ge (Figure 5-
6(A)) and PA-Ge (Figure 5-6(B)) samples after annealing between 400°C and 600°C for
60s. Itis evident that large changes in Rs exist for samples implanted at a reduced
fluence while minimal changes exist for those samples implanted at an increased
fluence. The trends hold true for both c-Ge and PA-Ge, but the Rs data trends in
opposite directions for both c-Ge and PA-Ge. For c-Ge samples, with increasing
annealing temperature, a reduction in Rsis observed while for PA-Ge samples, an
increase in Rsis evident.

Figure 5-7 shows the change in sheet resistance between annealing at 400°C
and 600°C for 60s for samples implanted at 2, 4, and 6 keV. Rather than presenting all
measured data, the relative change in Rswas used to highlight the trend observed for
all implant energies while maintaining a concise plot. Interestingly, with increasing
annealing temperature, it was apparent that Rs decreased for all c-Ge implant
conditions and increased for all PA-Ge implant conditions. As implant fluence was
decreased, the relative changes in Rs became more prominent for both c-Ge and PA-
Ge. For the lowest influence implanted at 2 keV in c-Ge, Rs decreased 33.70% while
for the highest fluence Rs decreased only 4.86%. A trend of increasing Rs was
observed between the lowest and highest implanted fluences for PA-Ge as well.

Bruno et al. reported the thermal stability of high energy B activation following 35
keV implants in Ge with similar annealing conditions (360 to 550°C for 1 h).?® The data

appears to follow a similar trend to what is observed for ultra-shallow implants in this
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work in which Rs decreases for c-Ge and increases for PA-Ge. However, it appears to
occur to a lesser extent which is not surprising as the data presented in this work
suggests that the trend decreases with implant energy. For example, for a B fluence of
5.0x10" cm?into c-Ge, the decrease in Rsis 34% and 26% for 2 keV and 6 keV,
respectively.

The trends in Rs behavior are intriguing and can be explained by examining the
components of the resistance term itself. Figure 5-8 shows the thermal evolution of
active carriers and drift mobility for a B* implant to a fluence of 5.0x10* cm™?into c-Ge
and PA-Ge for anneals between 400 and 600°C. Notably, it should be mentioned that
no significant change in activation was observed across the investigated temperature
range for both c-Ge and PA-Ge samples. Previous reports have shown that the
activation of B in Ge is remarkably stable.?>3**%4° However, Panciera et al. have
reported that the dopant-defect interactions involved with end of range dissolution has
an effect on activation values.'*® The observed changes were slight (approximately 10%
change in activation/ deactivation) and suggests that dopant-defect interactions in Ge
behave much differently from that which has been extensively studied in Si in which
large fluctuations in activation are observed upon annealing.**

In Figure 5-8(A), ns is observed to increase with increasing annealing
temperature for PA-Ge samples; conversely, nsvalues slightly decreased for c-Ge
samples. Similar to the work by Panciera et al.,**® the observed changes in activation
are subtle and do not have significant effect on the overall activation value. The
changes in activation for conditions investigated were on the order of 10%. A significant

fraction of the residual implanted dose remained electrically inactive following a 600°C
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anneal for 60s. These results suggest that the B-Ge cluster responsible for the B
inactivity in both c-Ge and PA-Ge is stable at elevated temperatures.

Drift mobility exhibited a contrasting behavior in that values decreased for PA-Ge
and increased for c-Ge samples with increasing temperature as shown in Figure 5-8(B).
The drift mobility decreased with increasing implant energy and annealing temperature
for PA-Ge samples which can be explained by the increase in the number of active
dopants. It is known that the impact of ionized dopants on mobility is much more
significant than that of neutral dopants due to the effects of coulombic scattering.” The
increase in up for c-Ge is explained by the reduction of microstructural damage and
subsequent reduction in scattering centers as evidenced in Figure 5-9.

It should be mentioned that the increase in up for c-Ge is not as significant as
expected based on reported mobility models for high B concentrations in Ge.®* This
results suggests that some other mobility degradation mechanism is at work for c-Ge
samples. The culprit is likely the presence of B-Ge clusters which scatter carriers and
reduce their effective drift mobility. These mobility trends give further evidence that the
inactive B is not in the lattice as a free interstitial, but rather likely in a B-Ge complex.

Figure 5-9 shows the microstructure of samples B* implanted at 2 keV to a
fluence of 5.0x10* cm™ into c-Ge and PA-Ge after annealing for 400-600°C for 60s. It
is well known that B* implants into c-Ge are characterized by a defective microstructure
that is centered near the projected range (Rp) of the implant.®*3"4%*> |n the case of c-
Ge, the layer is not characterized by discernible extended defects, but rather a highly
defective microstructure distinguished by inhomogeneous contrast which diminished

with increasing annealing temperature. The inability to observe unique defects may be
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due to several factors. The samples may not have been subjected to a sufficient
thermal budget to allow the formation of extended defects or if already formed, they may
be very small and high in concentration which limits the ability to view individual
defects.™® Further work was completed regarding B* implant related defects in c-Ge
and will be discussed in later a chapter.

In the case of PA-Ge, the initial amorphous Ge (a-Ge) layer was approximately
100 nm (not shown) and is observed to be fully regrown following a 400°C anneal for
60s as shown in Figure 5-9(D). In addition, no implant related defects were found for
any annealing condition of PA-Ge. However, the formation of extended defects
resulting from the SPEG process is not expected for low Ge” implant fluences and is not
expected to form for anneals in excess of 400°C.3*3845151

The observed activation behavior in both c-Ge and PA-Ge is certainly unique and
a far departure from what has been observed previously for B" implants in Si. The ultra-
shallow nature of the implants in this work suggests that there may be a correlation with
surface proximity, but the effect may not have been captured within the investigated B*
energy regime. The Hall effect results by Mirabella et al. for 35 keV B implantation
which report full activation following a modest 360°C for 1h further suggests that the
cluster behavior observed is a function of implant energy. It has been suggested that
there is a barrier to point defect recombination at the Ge surface which has been shown

to spur the formation of a nanoporous structure.***

However, the clustering behavior
was prominent also for samples implanted at 6 keV and any correlation between

surface proximity and clustering that exists was not apparent in this work.
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5.5 High Temperature Anneals

The large inactive fraction of B following annealing at 600°C for 60s for nearly 2/3
of the melting temperature of Ge in both c-Ge and PA-Ge samples is intriguing. The
changes in electrical values can be deemed significant when comparing relative values
between anneals, but on the whole, the fraction of dopant rendered electrically active is
relatively minute. It would be assumed that any inactive defect complex that may exist
would be able to be dissolved into its constituent components, in this case presumably
B and Ge, given a heat treatment high enough in temperature. To determine if a high
temperature heat treatment is capable of dissolving the dopant-defect cluster, high
temperature isochronal anneals at 10s were completed on samples implanted at 6 keV
5.0x10™ cm™into c-Ge and PA-Ge. The samples were capped with 100 nm of SiO-
prior to the heat treatment to resist the loss of the Ge surface and implanted
dopants.*+*%2153 HR-XTEM was completed using a JEOL 2010F to image the
microstructure of specimens before and after annealing. SIMS was used to verify the
chemical profile following annealing. TEM samples were prepared using a FEI DB235
focused ion beam.

Figure 5-10 displays the sheet resistance of c-Ge and PA-Ge samples implanted
at 6 keV to a fluence of 5.0x10™ cm™ and were subjected to anneals for temperatures
ranging from 400 to 850°C. Anneals in excess of 600°C were 10s while those below
600°C were 60s. The data shows that Rsis relatively stable for temperatures below
750°C, but for temperatures in excess of 750°C, an increase is evident in both series.

Figure 5-11 shows the sheet number of c-Ge and PA-Ge samples implanted at 6
keV to a fluence of 5.0x10* cm™ and were subjected to anneals for temperatures

ranging from 400 to 850°C. Similar to the Rs data, the sheet number is relatively stable
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at low temperatures while significant changes occur at increased temperature. For PA-
Ge samples, anneals in excess of 650°C produced a dramatic decrease in sheet
number while for c-Ge the decrease is less prevalent and occurs for temperatures in
excess of 750°C.

5.5.1 B Concentration Profile Following High T Annealing

To eliminate the possibility of surface or dopant loss, secondary ion mass
spectroscopy (SIMS) was used to verify that the B profile has not changed significantly
during heat treatment to allow for direct comparison of electrical data across all anneals.
Figure 5-12 displays the B concentration profiles as obtained from SIMS for samples as-
implanted, annealed at 650°C for 10s and 800°C for 10s following removal of the SiO,
and electrical characterization. The annealed profiles are characterized by an
anomalous hump extending from the surface to near the projected range of the implant.
The behavior is more pronounced for increasing annealing temperature. The
channeling tail of the B profile is similar for all investigated samples. Similar behavior
was obtained for PA-Ge samples as shown in Figure 5-13.

The anomalous SIMS data is explained by the presence of disperse pits
distributed across the surface of the samples which interferes with the sputtering
process during characterization. SIMS characterization relies on a standard rate of
material removal as a function of time in order to effectively produce the atomic
concentrations present in the material of interest. The presence of an interface or
surface inhomogeneities make it difficult for sputtering to occur uniformly as a function
of area which translates to non-conformities as a function of depth.**® The pits are
explained through the loss of the Ge surface through the formation of GeO and

subsequent desorption of GeO. 152153 However, it has been observed that the
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surface loss occurs only from material desorb from pits and is not a planar process.
Figure 5-14 shows a HR-XTEM image of a pit formed during thermal processing of Ge
prior to removal of the SiO,. It is evident that the native oxide of Ge still remains which
shows that the initial surface is not affected by surface loss in areas where pitting does
not occur.

The planar area typically measured during SIMS characterization is relatively
large and is typically on the order 0.1 cm®** The relatively large characterization
volume lends SIMS towards being more of a sampling technique representative of the
bulk rather than local concentration differences.

An obvious benefit of using scaled down metrology tools is that the sensitivity is
much greater than conventional tools and enables the characterization of precise
locations.*?®1%1>* The electrical measurements on these high temperature samples
were completed in regions that were devoid of pits and were optically pristine. To
further confirm that this is true, measurements taken in locations that have even minor
surface scratches yield inconsistent results. In addition, even activation fluctuations
created by inhomogeneous laser annealing is easily detected by MHE
characterization.'®

If the surface was lost due to GeO desorption, a lateral shift in the B
concentration profile would be expected. Published results concerning surface loss
from Ge desorption confirm this to be true as well.’>* However, this is not the case for
these samples. The profile tail of the as-implanted and annealed samples are well-
aligned. If the surface was lost during GeO desorption, the concentration in the tail

region of the profiles would not coincide with each other as is shown in Figure 5-15. In
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this figure from Oh et al., it is evident that surface desorption introduces a significant
horizontal shift in the chemical profile following surface desorption of uncapped
samples.’ This shift is not evident in the SIMS profiles displayed in Figure 5-12 and
Figure 5-13. The SIMS characterization is unable to show that the peak of the B profile
is unchanged, but the data obtained from the tail of the profile proves that B is still
located in the substrate at approximately the same depth as expected. The lack of
diffusion is in agreement with published values regarding B diffusion in Ge following ion
28-30

implantation.

5.5.2 Reduction of Active Carriers Following High T Annealing

The equilibrium solid solubility of B in Ge at 800°C is considered to be
approximately 5.5x10*® cm™ as measured from high temperature diffusion studies. In
these studies, the diffused part of the B profile was considered to be below solubility
while the non-diffused B was considered to be above solubility.?®° In addition, phase
diagram determinations have shown the solubility of B in Ge to be negligible.?®?’

The analysis of the ns data shows that the increase in Rs is due to a reduction in
the number of active carriers with increasing temperature. The reduction of carriers can
be explained by the metastable electrical activation created during the ion implantation
process. Upon high temperature annealing, the B atoms fall out of solid solution with

Ge as it approaches its equilibrium state.

5.5.3 Significance of the Lack of B Diffusion

It is well-known that B diffuses through an interstitial-mediated mechanism and is
largely controlled by the large formation energy of Ge interstitials.*>>° Under equilibrium
conditions, B does not readily diffuse?®°, but diffusion of B in Ge has been observed

when an excess interstitial concentration is present.*®**%** The electrical and NRA
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characterization completed in prior chapters as well as this chapter confirms that a large
fraction of implanted B is located in off-lattice positions following annealing. RBS
characterization has also shown that a large population of displaced Ge also remains
following annealing. However, it is not known whether B atoms can be situated as
interstitial B or in a B-Ge cluster.

The lack of diffusion is certainly a note-worthy observation that may shed light on
the confirmation of off-lattice B atoms. Given the high residual interstitial Ge
concentration, it could be expected that B diffusion would be observed following an
anneal at 800°C for 10s as these interstitials should be mobile given this thermal
budget. Transient enhanced diffusion of B in Ge has been documented following a
380°C anneal for 1h in which end of range damage was shown to dissolve thereby
releasing interstitials to induce B diffusion.”® However, for this work, no diffusion was
observed. For boron in Si, it has been observed that the fraction of the B atoms in an
inactive complex with Si do not diffuse.’ Similar behavior could be expected for B in
Ge. It can be interpreted that the off-lattice B and Ge concentrations as measured by
Hall and ion beam analysis techniques are not free interstitials, but rather arranged in a
thermally stable B-Ge complex. Bisognin et al. and Impellizzeri et al. have reported the
formation of a B-Ge cluster in the ratio of 8:1 (Ge:B) following a 35 keV B implant and
annealing at 360°C for 1h.>"*°  From this information, it can be assumed that the off-
lattice B and Ge populations are in an electrically inactive and thermally stable complex
which explains the lack of diffusion of the chemical profile observed following high

temperature annealing.
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5.6 Theory for B Inactivity

The observed activation behavior is unique in that is independent of implanted
dose. The Hall and channeling analyses data in the previous chapter suggests that a
small fraction of the implanted B is located substitutionally while the majority of the
dopant is located in off-lattice positions. Presumably, the dopant is bound to an
electrically inactive complex; notably the formation of a B-Ge cluster as has been
documented for 35 keV B*implants in Ge.***"* |n addition, the minimal change
observed with increasing annealing temperature suggests that the inactive complex is
thermally stable during subsequent anneals. For PA-Ge samples, a modest 60s anneal
at 400°C is necessary to complete SPEG and activate the B. However, annealing at
increased temperature has not shown any significant change in activation for PA-Ge or
c-Ge.

It is not clear whether an inactive B-Ge cluster forms during the implantation or
during the subsequent annealing step. The formation of the well-studied B-Si
complexes occur during the post-implantation annealing step.***™*® For this work, the
platen is held at room temperature during implantation to reduce sample heating, but
the temperature of the sample, specifically the sample surface, is not directly held at a
set temperature. Recent works by Lopez et al. have shown that B* implantation in Ge
can induce thermal spikes, or a localized volume near the ion cascade of increased
temperature, due to the reduced melting temperature and increased thermal
conductivity of Ge with respect to Si.**® These thermal spikes may allow for the
formation of the inactive complex during the implantation step. Although to a lesser
extent, thermal spikes do occur in Si as well during implantation,***®° but the formation

of B-Si clusters are not observed until post-implantation annealing. If the inactive
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complex is formed during post-implantation annealing as in Si, the B and point defect
diffusivities are important parameters to hypothesize the formation mechanism of the
inactive complex.

The diffusivity of atoms or point defects through a solid can be described by the

Arrhenius relationship as follows:

D = Dyexp (%) (5-1)
where D is the diffusivity, Dy is the diffusion coefficient, Ea is the activation energy for
the diffusion process, k is Boltzmann’s constant and T is temperature.

The diffusivity of B in Ge has been reported to be characterized with a pre-
exponential term of 19 m?/s™ and an activation energy of 4.65 + 0.3 eV.*® Similar values
have been observed in other works.?®?° The mechanism for B diffusion is reported to
be interstitial-mediated®>*°®* which is speculated to be limited by the formation of Ge
interstitials which is reported to have a formation energy of 3.5 eV.6#163

Data regarding the diffusivity and equilibrium concentration of self-interstitials in
Ge is sparse and very little information is presently known. However, metal tracer
diffusion experiments have shown that the vacancy diffusivity and concentration product
is much greater than that of the interstitial.'®*'> Other reports have documented similar
values for the diffusion of Ge self-interstitials.**®~®

The calculation of the diffusion length of B atoms for the lowest thermal budget
investigated of 400°C for 60s yields a value of 2.05 x10” nm. The diffusion length of B

atoms is minimal and can be considered immobile for the lowest thermal budget

investigated in this work.
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However, the diffusivity of vacancies in Ge is quite significant given the
investigated thermal budget. The diffusivity of vacancies in Ge in the temperature range
from 650°C to 900°C has been reported to be characterized with a pre-exponential term
of 2.40 x10°m?/s™* and an activation energy of 2.65 + 0.11 eV. Using this Arrhenius
relationship, the corresponding diffusion length of vacancies following 400°C for 60s is
28.67 nm. The calculated diffusion length of vacancies in Ge is several orders of
magnitude larger than that of B or self-interstitials. From this information, it can be
deduced that vacancies are the primary diffuser which would require vacancies to
diffuse to interstitial B atoms to render them substitutional.

Using SRIM simulations, a 2 keV B* implant to a fluence of 5.0x10**B*/cm? in Ge
creates a self-interstitial population, which to a rough approximation, is 50 times larger
than the number of implanted B atoms.”® It should be noted that the defect populations
created by SRIM do not take into account any dynamic point defect recombination
during the implant process. The number of interstitials and vacancies created during the
ion implantation process creates an excess concentration that is in excess of
equilibrium values which creates a driving force for point defect recombination.

Using the assumptions outlined above, for an implanted B atom to become
substitutional on a lattice site, a vacancy must travel to the B site due to the inability for
B to diffuse through the lattice satisfying the forward direction of this reaction:

B; +V < B (5-2)
where B is an interstitial B atom, V is the mobile vacancy and Bsis the substitutional B
atom. Likewise, a vacancy must also travel to the self-interstitial to render it

substitutional. The reaction can be described by:
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Ge; +V & Geg (5-3)
where Ge; is an interstitial Ge atom and Ges is the substitutional Ge atom.

It is theorized that the excess number of Ge;created during implantation with
respect to B; drives the reaction depicted in Equation 5-3 forward while simultaneously
restricting the number of vacancies available for recombination with B; atoms.
Therefore, the reaction rate described by Equation 5-2 would decrease with an
increased interstitial population. For a single mobile vacancy diffusing the lattice, the
probability of interacting with an implanted B atom is only a fraction of the probability
that it will react with a self-interstitial due to the far greater self-interstitial population. It
is this low probability of B; -V interaction that is theorized to restrict the activation of
ultra-shallow ion implanted B in Ge.

It has been observed that increasing the B* implant energy results in an increase
in the number of active or substitutional B atoms. Recent research has shown that the
surface is an efficient sink for vacancies while reflecting interstitials.>*>* For near-
surface implants, this boundary condition would further reduce the number of vacancies
available thereby reducing the forward reaction of Equation 5-2. In addition, it should
allow for a supersaturation of Ge; following implantation which would increase the
forward reaction depicted in Equation 5-3.

Also, as discussed in the previous chapter, reducing the B* implant energy
effectively reduces the number of vacancies created which should have a direct
correlation on the fraction of B atoms activated during annealing. However, the mere
creation of vacancies should not be sufficient enough to describe the activation behavior

as ion implantation is a very dynamic process. Indeed, increasing the implant energy
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introduces additional point defects into the lattice, but it also broadens the implant-
damage affected volume. Even though increasing the implant energy introduces a
larger number of vacancies, it also increases the volume over which they are distributed
thereby possibly reducing the probability of B;-V interaction. The presence of a vacancy
sink, such as the surface, or a vacancy clustering mechanism as discussed in the
previous chapter further complicates assumptions regarding vacancy populations. The
most significant vacancy population would be located in close proximity to the B ion to
reduce these effects.

Lopez et al. has used molecular dynamics to simulate the point defect
environment surrounding a B ion following implantation at 2 keV.**® Figure 5-16
represents the vacancy population as a function of radial distance from the implanted B
ion from this work. In Figure 5-16 (B), it is evident that the vacancy population sharply
increases as a function of distance until approximately 6.0 nm is reached. The
interstitial distribution closely mimicked the vacancy profile. The increase in vacancy

population can be explained by the increase in the volume as the sampling radius is
increased as V = %nr3 where V is the volume and r is the sampling radius. Increasing

the implant energy would certainly increase the cumulative number of vacancies
created, but it would also spread the vacancies over a larger volume thereby which
would decrease B;-V interaction. The increase in activation observed with increasing B”
energy can be ascribed to the introduction of a larger vacancy population; however, it
should not be assumed that the mere number of vacancies created should be directly

correlated to the active fraction of B atoms. The quantity of vacancies created does not
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take into account the effect of the surface proximity or the vacancy distribution and their
distance to the B atom which are both important factors to consider.

5.7 Simulation of Activation Behavior

To further test the preceding theory, the use of kinetic Monte Carlo (kMC)
simulations were employed. The KMC simulations are capable of calculating the
probability that certain atomic steps, for example a B atom migrating to a vacant site,
will occur during processing given certain a time and temperature. For these
simulations, the point defect equilibrium concentration and diffusivities listed in the
previous section were used in addition to the B diffusivity. The vacancy and interstitial
populations and distributions created during implantation were simulated using a Monte
Carlo based process simulator and input into the KMC simulation as well. The dopant-
defect reactions investigated in this work were Bi+V 2 Bs,B+1 2B, | +V 2 null,
and V +V 22V, . The formation of V, were also allowed to interact with free vacancies
to form larger V clusters. The formation of these larger V clusters reduces the numbers
of V’s available to react with B;to render B atoms electrically active. The activation of a
B*implant at an energy of 2 keV to a fluence of 5.0x10* and 5.0x10'°cm™ following
annealing at 400°C for 60s and 1h was simulated in this work. These two fluences were
chosen as they represent the highest and lowest values investigated in this work.

Figure 5-17 displays the kMC simulations for the samples implanted to a fluence
5.0x10" and 5.0x10™cm™ following annealing at 400°C for 60s. In Figure 5-17 (A) and
Figure 5-17 (B), it can be observed that the simulations predict an active concentration
that is approximately 10% of the total B concentration profile. These results are in
excellent agreement with the Hall results presented in this chapter as well as preceding

chapters which have shown that the active fraction is approximately 10% for a 2 keV B”
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implant independent of the implanted fluence. By comparing the two investigated
fluences, it can be observed that the simulations also predict that a single electrical
solubility limit does not exist; rather, the active profile mimics the total B concentration
profile. This behavior is in agreement with experimental work reported by Suh et al. in
which the active profile mimics the chemical profile further suggesting that a single
electrical solubility limit does not exist for B in Ge.*

To simulate the thermal stability of the B activation expiermentally observed in this
word, simulations were completed as a function of annealing time. Figure 5-18 displays
the kMC simulations for the samples implanted to a fluence of 5.0x10"* cm™following
annealing at 400°C for 60s and 1h. In comparing the two simulations, it is evident that
little change occurs with increasing the annealing time from 60s to 1h at 400°C. This
prediction is in excellent agreement with the experimental data presented earlier in this
chapter in which the active fraction is approximately 10% independent of implant
fluence or thermal budget for B" implants in c-Ge.

It should be mentioned that the observed activation behavior could only be
simulated by allowing the V + V 2 V, defect reaction and thus invoking a mechanism
which consumes free vacancies. When the simulations were completed in the absence
of these reactions, the predicted active fractions were much higher; near 60% rather
than 10%. The simulations provide further evidence that the activation of B in Ge is
driven by the availability of vacant sites to accommodate an interstitial B atom.

Correlation between electrical data and the present theory lies in the fact that the
creation of point defects would scale proportionally with the implanted B* fluence.

Evidence of the dose-independent B inactivity can be observed in Figure 3-3 (B). The
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number of vacancies created would also increase with increasing energy which may
explain the increased activation. The observed electrical and surrounding theory is a far
departure from what is typically observed for B activation in Si; however, the equilibrium
point defect concentrations and diffusivities are also much different in that the vacancy
is the dominant point defect in Ge rather than the interstitial as it is in Si.****®* In effect,
these differences give rise to the B activation differences present between Si and Ge.

5.8 Summary

The electrical activation of ultra-shallow B* implants in c-Ge and PA-Ge was
investigated using micro Hall effect techniques following isothermal anneals at 400°C
and isochronal anneals between 400 and 850°C. Following isothermal annealing, it has
been shown that a deactivation occurs for c-Ge samples while PA-Ge samples remain
relatively constant. The origins of this deactivation is not clear, but could be assumed to
be from the interstitial saturation remaining following implantation.

It has also been shown that systematic changes in Rs exist upon annealing for
both c-Ge (decrease with temperature) and PA-Ge (increase with temperature)
samples. Corresponding changes in sheet number and drift mobility have been
observed to be the source of the systematic changes of Rs. However, the changes in
sheet number were not significant for temperature below 650°C for PA-Ge and below
750°C for c-Ge. Above these temperatures, a significant decrease in activation was
observed which was attributed to the dopant atoms falling out of solution with Ge as
predicted by the equilibrium solubility.

A large fraction of implanted dopant was electrically inactive for all investigated
conditions which suggests the presence of an electrically inactive and thermally stable

B-Ge complex. The lack of diffusivity observed following an anneal at 800°C for 10s
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further suggests that the off-lattice B atoms are bound to a B-Ge cluster. The slow
diffusivity of B in Ge coupled with the overwhelmingly large population of Ge interstitials
relative to the implanted B fluence following implantation is given as an explanation for
the inability for B interstitial atoms to find a vacant site during annealing. Kinetic Monte

Carlo simulations were employed to simulate the activation behavior
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Table 5-1. Inactive B determined from micro Hall effect and the corresponding displaced

Ge obtained from RBS characterization for c-Ge samples annealed for
various times.

Annealing Time (h) Inactive B (/cm?) Displaced Ge (/lcm®) Ge:B Ratio

1.0 7.2x10% 4.93x10% 6.86
3.0 7.2x10% 4.87x10% 6.80
5.0 7.2x10% 4.56x10% 6.33
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Figure 5-1. Sheet resistance data obtained for samples implanted at 2 keV with a
fluence of 1.0x10™ cm™ and subsequently annealed at 400°C for various
times for A) crystalline Ge and B) preamorphized Ge.
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of 1.0x10% cm™ and subsequently annealed at 400°C for various times for A)
crystalline Ge and B) preamorphized Ge.
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Figure 5-9. HR-XTEM images of samples B* implanted at 2 keV to a fluence of
5.0x10™ cm™into c-Ge after annealing for 60s at 400°C A) at 500°C B) at
600°C C) and D) into PA-Ge after annealing for 60s at 400°C

139



2300 T v T v T T T v T '
® cGe ¢
PA-Ge

N
)
=
o
\R

i\ |

h))

Ey

125 -

100 00000‘ .

~1
n
T T
1

Sheet Resistance (Q/sq)
g

25 1 i 1 " 1 " 1 " 1 "
400 500 600 700 800 900

Temperature (°C)

Figure 5-10. Sheet resistance for samples B* implanted at 6 keV to a fluence of
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Figure 5-12. B concentration profiles for samples B* implanted at 6 keV to a fluence of
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Figure 5-13. B concentration profiles for samples B* implanted at 6 keV to a fluence of
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Figure 5-14. HR-XTEM micrograph of a pit formed in Ge following thermal processing.
The presence of the native oxide surrounding the pit is evident.
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Figure 5-15. SIMS characterization of a sample B" implanted at 35 keV to a fluence of
2.0x10" cm?following various thermal treatments. The horizontal shift in the
chemical profile of the uncapped sample annealed at 600°C is evident. J. Oh
and J.C. Campbell, J. of Electron. Mater. 33, 364. Copyright (2004). Kindly
reprinted with permission from Springer Science and Business Media.
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CHAPTER 6
IMPLANT-RELATED DAMAGE IN GE

6.1 Introduction

For the past half century, ion implantation has been used extensively in the
semiconductor industry due to its ability to readily position high dopant concentrations
accurately due to its self-aligning capabilities. lon implantation has its drawbacks in that
it creates lattice displacements which, given the correct conditions, can create extended
defects during subsequent annealing. The formation and evolution of ion implantation
related defects and their effects on semiconductors have been studied in depth for
several decades. The understanding of these effects on dopant activation and diffusion
are crucial for the scaling of semiconductor devices where with electrical activation
needs to be high and junction depths are becoming increasing shallow.

For Si, control of extended defects has proved invaluable for realizing dopant-
defect interactions and their effects on dopant diffusion and activation. It is well known
that the release of interstitials during defect dissolution allows for subsequent dopant
kick out and diffusion in excess of equilibrium conditions.”™ This behavior allows for
anomalous diffusion of dopants in Si and is known as transient enhanced diffusion
(TED) which is characterized by a negative activation energy. The process can be
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inhibited through the implementation of a so-called vacancy engineering implant r

with a co-implanted species to act as an interstitial trap to reduce the effects of excess

72,170

interstitials. In addition, it is known that excess interstitials from extended defects

can affect electrical activation as well.”**°
Recently, Ge has garnered research interests as a replacement material for Si in

microelectronic applications.'?’ Its advantageous electrical characteristics such as
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increased hole mobility may allow for continued scaling of microelectronic devices.>#
The deviation from poly-Si/SiO, gate stacks has enabled the industry to avoid the
issues of its unstable oxide.'”* In addition, the relatively low melting point of Ge allows
for reduced processing temperature which is advantageous for the implementation
metal gate/high-k dielectric gate stacks currently used in devices. In contrast to the
expansive amount of knowledge regarding defect formation in Si, little is understood
regarding implant-related extended defects in Ge.

Several authors have investigated the amorphization of Ge and subsequent
defect formation at the amorphous-crystalline interface or end of range (EOR) with
contrasting results. A few reports have shown that no EOR damage was

observed ’ 34,35,38,45,151

while other reports have observed the presence of small
dislocation loops at the EOR and reported their properties in detail.2>**°1"2 1% Of note,
it has been shown that the dissolution of these extended defects and the release of the
contained interstitials has an effect on dopant activation.'”> These defects have been
shown to be small dislocation loops which dissolve at temperatures < 400°C.

Similarly, there have been mixed reports of projected range damge produced
following sub-amorphizing implantations. It has been observed that projected range
defects do not form following conventional implantation and annealing commonly used
in semiconductor research.®**"21® Although rod-like defects have been reported
during H*, He" and e irradiation at elevated temperature, it needs to be stressed that
these defects were not formed using conventional dopant or self-implants, but rather

high energy irradiations at increased temperature. >’
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It has been observed that traditional project range defects form in Ge following
ultra-shallow B* implantation upon annealing. In this work, high-resolution cross-
sectional transmission electron microscopy (HR-XTEM) and plan-view TEM (PTEM) is
used to characterize the formation and evolution of these defects.

6.2 Experimental Details

Experiments were performed on Czochralski-grown n-type Ge (001) wafers with
resistivity greater than 50 Q-cm. Samples were B* implanted at 2 keV to a fluence of
1.0x10* cm™. The beam current was fixed at 1.1 mA for the B* implants and the platen
was held at 25°C to resist sample heating. For these conditions, the B* implantation is
non-amorphizing. Samples were annealed in an N, ambient at 400-600°C for 0.5 to 36h.
HR-XTEM was completed using a JEOL 2010F to image the microstructure of
specimens before and after annealing. HR-XTEM samples were prepared using a FEI
DB235 focused ion beam. Final polishing was completed with a 7 kV Ga*" beam. PTEM
samples were prepared by mechanically thinning sample to ~5 um prior to final thinning
in a Fischione 1010 ion mill.

A second set of (001) Ge samples wafers were implanted with 1 MeV Ge* to a
fluence of 2.0x10% cm™. The implant created amorphous layer extending
approximately 870 nm from the surface. Samples were annealed in an N, ambient at
330°C for 10 to 214 min. TEM samples were prepared using a FIB and subsequent
characterization was completed on a JEOL 200CX. Weak beam dark field imaging was
used with the g400(39) diffracting condition.

Ge is highly susceptible to FIB damage during preparation.®* The FIB ion
damage is difficult to distinguish from Ge™ implant related defects which makes

guantification difficult. To circumvent the issue of FIB damage introducing background
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noise and skewing the quantification, an image processing program, ImageJ, was used
for background removal. After the raw image was acquired, the image was converted to
binary and the defects highlighted based on a minimum size of ~5 nm. After defects
were highlighted, the defect size and population was tabulated as a function of
annealing time.

6.3 Projected Range Damage

Figure 6-1 displays a bright field TEM image taken with g,20(3g) diffraction
conditions of a sample that was annealed at 500°C for 2h. From this image, small rod-
like defects with an average width of approximately 3 nm are evident. These typical
projected range defects®® are small in nature and are inclined with respect to the (001)
Ge surface. Their general appearance is similar to that of {311}-type defects which has
been observed previously in Ge following electron or light particle irradiation at elevated
temperature.’’*®3 However, the observed defects in this present work are much
smaller in width as those created during elevated temperature irradiations. This is the
first reported observation of {311}-type defects in Ge following B implantation.

A few defects were observed to have a ‘V’ shape in which they are corrugated
across their width. These so-called zig-zag defects were reported for ultra-low energy
B" implantation into Si for fluences that create a concentration of interstitials in excess of
1% of the number of atoms in the solid.® In this work by Agarwal et al., it was observed
that zig zag defects evolve by unfaulting onto additional (311) planes thereby creating
the zig-zag morphology. It was also observed that the zig-zag defects were significantly
more stable during annealing than traditional {311} defects which allowed them to grow

to significantly larger lengths as compared to ordinary {311}-type defects.
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Figure 6-2 displays a HR-XTEM image of a sample annealed for 24h at 500°C
which displays several zig-zag defects in close proximity. The proximity of several zig-
zag defects following a substantial anneal gives credence to the notion that zig-zag
defects are also more thermally stable than ordinary {311} defects in Ge. However, the
width of the defects does not appear to be substantially larger during annealing.

Further examination of the defects using HR-XTEM shows that not all defects are
orientated on a {311} plane. However, a small fraction of defects are actually situated
on what appears to be a {511} plane. The origin of this {511} defect is not known as it
has not been reported before following implantation into Group IV materials. Indeed,
the small defect width makes accurate measure of the angle of the habit plane difficult.

Figure 6-3 shows two HR-XTEM images of both {311} and {511}-type defects
and the calculated misorientation with respect to the (001) plane. XTEM images from all
anneals were analyzed and defect angle subsequently characterized. Defect angle
quantification was aided by the use of computer software, namely ImageJ.*® Itis
apparent that a large fraction of the observed defects lie on a plane that is oriented
approximately 25° from the (001) plane while a smaller subset comprising approximately
20% of the total is oriented 16° from the (001) plane.

The spread of the measured defect angles can be attributed to a few factors.
The minute dimensions of the defects inhibits the exact measurement as it is difficult to
accurately mark the defect end points. In addition, the small length decreases the
contrast of the defect observed in the TEM. For example, the defect are approximately
10nm in length while an XTEM sample is typically on the order of 50nm. A simple

approximation yields that 20% of the through-plane thickness yields information
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regarding the defect, while the other 80% of the sample masks information. However,
the obsserved defect counts as a function of angle from the (001) plane gives
confidence that the defects are a mixture of {311} and {511} defects in a 4:1 ratio. The
presence of {511} defects was observed during the entire annealing sequence.

Figure 6-4 displays a series of select HR-XTEM images from samples annealed
at 500°C for times ranging from 2 to 36 hr. It should be noted that XTEM images are
not entirely representative of the defect concentration due to differences in sample
thickness as well as the minute sampling volume. Images were chosen to represent the
bulk of the sample. Additional annealing does not appear to create any coarsening of
the defects. In opposition to what is observed for defect evolution in Si, the projected
range damage in Ge does not evolve to form dislocation loops.® In conjunction with
what has been reported thus far for EOR damage in Ge, the defects appear to decrease
in number and size with further annealing.?%*"217

Figure 6-5 displays PTEM images taken after annealing for 2 and 12h. The
defects are approximately 10 + 2 nm in length along <011> directions for both annealing
conditions. A marginal increase in length is observed after annealing for 12h. The
defects decrease in number with increasing annealing time. Defect quantification
shows that there are approximately 8.07 x10'°cm@and 1.24 x10'° cm™ defects
following 2 h and 12 h at 500°C, respectively. Defect dissolution was observed for
anneals in excess of 500°C for 36 hr.

Select samples were also annealed for various times for temperatures between
400 and 600°C. In conjunction with electrical data, it has been shown that {311} defect

formation or dissolution does not have any substantial effect on B activation in Ge.
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Therefore, it is assumed that the defects are not primarily composed of B atoms, but
rather composed of Ge interstitials. Following dissolution and presumably a release of
excess Ge interstitials, no change in the number of active B carriers is observed which
suggests that there is minimal interaction between these excess interstitials and B
atoms. However, the density and size of the defect is quite small which limits the total
number of trapped Ge interstitial or B atoms that may be released during dissolution.

6.4 End of Range Damage

Figure 6-6 shows XTEM images taken with g220(3g) diffraction condition of EOR
damage created by a 1 MeV Ge* implant to a fluence of 2.0x10* cm™ following
annealing at 330°C for various times. The defects have formed just below the original
amorphous-crystalline interface at a depth of approximately 870 nm from the surface.
The defects show contrast in the form of approximately spherical white dots. Reports of
EOR in Ge by Koffel et al. have shown that defects of similar contrast are composed of
self-interstitials as determined by X-ray diffraction techinques.*”* Presumably, the
observed defects in this work are composed of self-interstitials as well. The small nature
of the defects makes direct identification of the defect difficult.

Figure 6-7 displays graphs of defect density and defect size as a function of
annealing time at 330°C. The contrast created by the defects is comparable to the
damage imparted by FIB preparation and makes absolute defect quantification difficult.
Background noise was subtracted using ImageJ as described in previous sections. The
defect size was determined by measuring the diameter and assuming the defects are
spherical in nature.

In accordance with previous reports of EOR in Ge, the defects are small as they

are no larger than approximately 10 nm in diameter at their largest.?**™* With
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increasing annealing time, the defect density decreases with the average defect size
increasing for times less than 50 min. For times greater than approximately 50 min, the
defect size also decreases. The combination of decreasing defect size and density
suggests a non-conservative evolution of defects where the overall population of
trapped self-interstitials decreases with time. These findings are in agreement with
20,174

previous reports of EOR evolution in Ge.

6.5 Discussion

Previous works have investigated high-fluence B implantations in pure Ge, but
extended defects were not observed; rather only a disordered microstructure.® In
addition, Crosby et al. studied the formation of extended defects in Si,Ge(;.x and found
that {311} defects did not form for Ge concentrations greater than 25% which was
attributed to the reduced bond strength of Ge.'”® The first observation of projected
range damage may be attributed to the surface proximity of these shallow B* implants.
As has been discussed in previous chapters, the Ge surface is regarded as a vacancy
sink while reflecting interstitials which would increase extended defect formation.>°

Similar to previous published results of implant-related damage in Ge, the
observed projected range and EOR defects were much smaller in size than what is
typically observed in Si. In addition, the defects were not observed to coarsen
appreciably in during annealing. The results suggest that defect formation and
evolution is not as significant in Ge as compared to Si where it has been shown to have
a profound effect on B activation® as well as on B diffusion®’.

A possible reason for this occurrence is due to the dominant point defect in Ge

being the vacancy rather than the interstitial as it is in Si.*®® It has been shown in

previous chapters that self-interstitials have limited mobility at the investigated
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temperatures for this work. It can be concluded that this lack of mobility hinders the
ability of interstitials to coalesce into extended defects. Likewise, it can also be
concluded that interstitials may have a higher probability of recombining with a mobile
vacancy prior to forming an extended defect. Further evidence that may show this to be
true was produced by Boninelli et al. where they showed a dependence of EOR
formation and dissolution on Ge implant energy.*®® The increase of EOR damage with
increasing energy could be attributed to the separation of interstitial and vacancy
profiles during implantation. For high energy implants, the forward momentum of the
ion drives interstitials deeper into the solid while an excess vacancy population remains
near the surface. This separation of point defects could allow for decreased
recombination and increased EOR damage formation. Similar energy dependence on
EOR results were found in this work, but were not reported.

The reduced amorphization threshold of Ge is likely a primary factor regarding
the reduced number and size of EOR defects in Ge. For Ge, the number of vacancies
required to produce an amorphous layer is reduced.?®?' Because of this, there are less
self-interstitials remaining at the end of range following regrowth. The reduced number
of self-interstitials available for extended defect formation has a direct influence on the
size and number of EOR defects created.

6.6 Summary

The formation and evolution of projected range and end of range damage in Ge
has been investigated. For both projected range and EOR defects in Ge, the damage
evolution has been shown to be non-conservative where the total number of trapped

interstitials decreases with annealing. The relatively low concentration of implant-related

155



defects in Ge has been attributed to the quick diffusion of vacancies and lack of mobile
interstitials in Ge.

The first observation of rod-like defects were reported following a non-
amorphizing 2 keV B*implant at a fluence of 1.0x10%° cm™. The defects were
determined to be primarily of a {311}-type with a small subset occupying a {511} plane.
Zig-zag defects were also observed across the annealing range. The rod-like defects
were observed to not undergo an appreciable increase in length or width during
annealing with the average length and width being approximately 10 nm and 3 nm,
respectively. No dislocation loops were observed following the dissolution of rod-like
defects. The dissolution of the rod-like defects did not have an appreciable effect on
activation.

The formation and evolution of EOR damage in Ge was monitored as a function
of annealing time at 330°C following a 1 MeV Ge* implant to a fluence of 2.0x10* cm™.
Defects were observed to initially increase in size for times less than approximately 50
min and decrease in size for longer anneals. The defect density was observed to

decrease with increasing annealing time.
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Figure 6-1. Bright field XTEM image taken with g220(3g) diffraction condition of
projected range damage created by a 2 keV B* implant to a fluence of
1.0x10"° cm™following annealing at 500°C for 2 h times ranging from 2 to
36h.
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Figure 6-2. HR-XTEM image of projected range damage created by a 2 keV B implant
to a fluence of 1.0x10" cm™following annealing at 500°C for 24 h. Several
zig-zag defects are evident.
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Figure 6-3. Defect orientations of projected range damage in Ge. HR-XTEM images of
A) {311} and B) {511}-type defects. C) Histogram displaying their relative
abundance.
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Figure 6-4. XTEM images of projected range damage created by a 2 keV B implant to
a fluence of 1.0x10" cm™following annealing at 500°C for times ranging from
210 36 h.
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Figure 6-5. Bright field PTEM images taken with g20(39) diffraction condition of
projected range damage created by a 2 keV B implant to a fluence of
1.0x10"° cm™?following annealing at 500°C for 2 h and 12 h.
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Figure 6-6. XTEM images taken with g,20(3g) diffraction condition of EOR damage
created by a 1 MeV Ge* implant to a fluence of 2.0x10*® cm™ following
annealing at 330°C for various times.
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Figure 6-7. EOR damage created by a 1 MeV Ge* implant to a fluence of 2.0x10*° cm™
as a function of annealing time at 330°C. A) average defect density and B)
average defect size.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

The implantation and activation of ultra-shallow B* implants in Ge was thoroughly
investigated. Prior to this work, very little research was conducted on these
technologically relevant ion implants. It can be assumed that the dearth of information
presently available prior to this work is related to the difficulty in measuring the electrical
properties of these ultra-shallow layers as evidenced in this document. The advent of
the micro Hall effect and micro four point probe techniques has pushed the scaling of
the metrology tools used to characterize these layers in conjunction with the physical
scaling of these implants which has allowed for their accurate characterization.

The activation behavior of ultra-shallow B* implants in Ge has been determined
to follow anomalous activation trends as compared to what has been previously
published regarding higher energy implants in Ge as well as B activation in Si. It has
been observed that independent of implanted fluence, a large fraction of the implanted
B is rendered inactive for implants into both crystalline and preamorphized Ge. lon
beam analysis was used to verify the micro Hall effect results and it was determined
that a large fraction of B is in fact situated in off-lattice positions following annealing.
The results also suggest that a preferred site for inactive B does not exist.

The effect of annealing has been shown to have little effect in increasing or
decreasing the fraction of activated dopant. Similar to results reported for higher energy
B*implants in Ge, slight changes in sheet resistance and activation were observed as a
function of annealing temperature between 400 and 600°C; however, the changes did
not significantly affect the activation values. High temperature isochronal anneals were

shown to induce a strong deactivation at temperatures in excess of 650°C and 750°C for
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preamorphized and crystalline samples, respectively. The deactivation is believed to be
due to the B falling out of solution due to the concentration in excess of the chemical
solubility limit. Across all investigated temperatures and times investigated, a large
fraction of inactive B remained for both crystalline and preamorphized samples.

The activation behavior of B" implants in Ge has been shown to be independent
of the implanted fluence and as such does not exhibit a single electrical solubility across
the investigated fluence range. With increasing fluence, the percent of activated dopant
atoms remains fixed for a given energy which suggests that the activation behavior of B
in Ge is related to the fluence-dependent damage imparted to the crystal. The
anomalous activation behavior of ultra-shallow B* implants is believed to be correlated
with the relatively immobile B species in Ge and the relatively large population of Ge
interstitials created during implantation. The low diffusivity of B in Ge restricts its ability
travel to and to combine with a vacant lattice site. The B implantation process creates
far more interstitials per incoming ion which creates an atmosphere of excess
interstitials in close proximity with the implanted B atom. The surface proximity is
expected to further increase the interstitial super-saturation as the surface is known to
act as a sink for vacancies. The competition between B atoms and interstitials
decreases the probability that B atoms will be able to recombine with a vacant site.

For the first time, it has been shown that extended defects form in Ge following
sub-amorphizing B* implantation as confirmed by cross-sectional TEM analysis. The
defects were observed to be predominately of the {311}-type with a small fraction
having a {511} habit plane. In comparison to {311} defects in Si, the defects are smaller

in stature and were not observed to coarsen or to evolve into dislocation loops. The
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defects were observed to form following an anneal at 500°C for 0.5hr with dissolution
occurring after 36 hr. Upon dissolution, no change in activation was observed which
suggests that defects are not composed of B atoms.

End of range damage produced by amorphizing Ge" implants was investigated.
It was observed that end of range damage was formed following a high energy self-
implantation and subsequent annealing for various times at 330°C. In contrast to Si, the
defects were small in stature and not observed to coarsen appreciably, but rather the
number of trapped interstitials appeared to decrease with annealing time. An increase
in size was observed initially for short annealing times with a decrease in size for long
anneals. The number of defects continually decreased with increasing annealing times.

In this work, the activation and implant-related damage results have shown that
dopant-defect interactions for ultra-shallow B* implants in Ge differs greatly from that of
Si. With the vacancy being the dominant point defect, the associated physical models
of dopant-defect interactions in Ge will need to be adjusted significantly for future
experimentation.

The results published in this work have documented several new findings
regarding the implantation and activation or ultra-shallow B* implants in Ge. Although
attempted for this work, but ultimately not to fruition, the use of vacancy engineering
may Yyield important information regarding the activation of these technologically
relevant implants. Vacancy engineering involves a high energy (a few MeV) implant to
introduce an excess concentration of vacancies near the surface with excess interstitials
driven further into the bulk due to forward momentum transfer. It has been used

successfully to reduce TED of B in Si. The excess vacancies introduced should allow
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for increased activation or decreased projected range damage and would be an
interesting experiment to complete.

In addition, further implementation of ion beam analysis or positron annihilation
spectroscopy could be employed to further analyze the resulting point defect
populations following annealing and during subsequent processing. Understanding the
evolution of the point defect population would prove fruitful in grasping the dopant-
defect interactions present in Ge.

Lastly, the implementation of high-resolution x-ray diffraction (HRXRD) could be
employed to understand the local changes in lattice constant following B* implantation
and processing. HRXRD has been employed for several material systems to
understand the strain associated with dopants or dopant clusters. Monitoring the strain
induced by B* implantation and with subsequent processing could allow for the use of

simulations to produce information regarding the inactive B concentration.
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APPENDIX
EFFECT OF IMPLANT CONDITIONS ON B ACTIVATION

A.1 Variable Implantation Conditions

It is well known that a variety of implantation parameters, such as ion mass and
energy, target temperature, ion flux, etc. can have a profound effect on the resulting
lattice damage and microstructure of the target.*®"*®8 As evidenced in this document,
very little research has been conducted regarding ultra-shallow B* implants in Ge and
this is especially true in terms of implant parameters. Thus, the effects of varying beam
current on the clustering and electrical activation behavior of ultra-shallow B* implants in
Ge is investigated.

A.2 Experimental Methods

Experiments were performed on Czochralski-grown n-type Ge (001) wafers with
resistivity greater than 50 Q-cm. A set of samples were diced and B*-implanted at 2
keV to a fluence of 5.0x10™ cm™ with beam current varying from 0.4 to 6.4 mA. The
beam size is estimated to be 180 cm?which yields an ion flux range of 1.38x10"3 to
2.21x10™ ions/(s-cm?) for 0.4 mA and 6.4 mA, respectively. During B implantation, the
platen was held at 25°C. Samples were processed in a Heatpulse 4100 rapid thermal
annealer (RTA) in N, ambient at 400°C for 60s to activate the implanted B. High-
resolution cross-sectional transmission electron microscopy (HR-XTEM) was completed
using a JEOL 2010F to image the microstructure of specimens before and after
annealing. TEM samples were prepared using a FEI DB235 focused ion beam.

Electrical characterization was completed using a CAPRES microRSP M-150
M4PP with Au-coated probes, a probe spacing of 20 um, and a permanent magnet with

a magnetic flux density of 0.475 T. Hall sheet number (ny) and mobility values (up)
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were adjusted to obtain the carrier sheet number (ns) and drift mobility (ug) by using a
scattering factor (r) of 1.21 as determined empirically by Mirabella et al.>* The carrier
density and drift mobility are related to the Hall values by ns=ny x ry and pg = uy / ry,
respectively.

A.3 Results and Discussion

In Figure A-1, the sheet resistance, Rs, is plotted as a function of beam current
for 2 keV B*implants to a dose of 5.0x10%* cm™ after annealing 400°C for 60s. A trend
of decreasing Rswith increasing beam current is observed across the investigated
range. At 6.4 mA, the measured Rsvalue is 675.2 Q/sq as compared to 931.5 Q/sq at
0.4 mA. Interestingly, the decrease in Rs can be explained by an increase in activation
as seen in Figure A-2. At 6.4 mA, the nswas 4.55x10" cm™2which is an increase of
76% from the lowest current. In Figure A-3, the drift mobility as a function of beam
current is shown. Due to the increase in ionized dopants, the drift mobility decreases
with current to a minimum of 203.2 cm?/V-s which is in good agreement with other
results in this doping regime.>!

Despite the increase in carriers with increasing beam current, the overall
activation of the samples is far from complete activated with the highest value achieved
at 11.4%.. This finding is not surprising given the abundance of data garnered from
various processing conditions that yielded similar values.

The microstructure of the samples was characterized using HR-XTEM both as-
implanted and post anneal to ascertain the presence of any increased damage created
by the high beam current implantation. Figure A-4 shows an image of the highest beam
current sample implanted at 6.4 mA without any subsequent annealing. The samples

implanted at 0.4 and 6.4 mA both appeared unremarkable with no discernible difference
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between the samples as-implanted and post anneal. The presence of any
amorphization was not observed in the as-implanted case and extended defects were
not observed in the annealed case for any sample. Although not discernible via HR-
XTEM, the presence of sub-microscopic damaged or amorphous regions is certainly
possible. The presence of these sub-microscopic amorphous regions would allow for
increased B activation upon annealing as is observed in this work. Previous studies
have shown that B implantation into c-Ge can yield activation values comparable to PA-
Ge if the fluence is great enough? or if the platen is held at reduced temperature.?® In
both cases, B" implantation induces amorphization which yields increased activation
upon annealing.

For Si, it is well-known that varying the beam current during implantation can
significantly alter the resulting microstructure through ion beam induced recrystallization
or amorphization.*®¥%° At elevated temperatures, a subtle change in the ion flux is
capable of influencing the point defect environment surrounding the crystalline-
amorphous interface in such a way that it may recrystallize or further amorphize the
layer depending on an increase or decrease in beam current, respectively. However, it
should be noted that the observed increase in active carriers is not believed to be due to
any beam heating effects due to the platen being held at room temperature during the
implantation. In addition, the relatively low implant energy and low fluence reduces the
total power deposited into the sample.

Several studies regarding ion beam induced recrystallization and amorphization
have been completed with Ge which have reported similar findings.***'% Notably,

Sigurd et al. have reported that for B* ions in Ge, the lattice disorder produced is ten

170



times higher than what is observed in Si at room temperature.*®* These results are
likely explained through the lower amorphization threshold of Ge as compared to Si.*
However, for light ions such as B, the amorphous layer is not as thick nor is
amorphization observed at the projected range of the ion as predicted by simulations for
heavier ions, but rather occurs closer to the surface.®

A.4 Summary

The reduced amorphization threshold of Ge with respect to Si likely explains the
observed activation behavior following B* implantation at variable beam currents. The
dilute damage cascades created during B* implantation does not allow for the formation
of a distinct amorphous layer, but locally, it is assumed that amorphous pockets are
formed during implantation. During annealing, these amorphous pockets allow for

increased B activation.
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Figure A-1. Measured sheet resistance (Rs) after annealing at 400 °C for 60 s as a
function of beam current implanted at 2 keV to a fluence of 5.0x10** cm™ into
crystalline Ge.
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Figure A-2. Measured sheet number (ns) and percent electrical activation as a function
of beam current implanted at 2 keV to a fluence of 5.0x10** cm™ into
crystalline Ge after annealing at 400 °C for 60s.
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Figure A-3. Measured drift mobility (Up) as a function of beam current implanted at 2
keV to a fluence of 5.0x10* cm™ into crystalline Ge after annealing at 400 °C
for 60s.

174



Figure A-4. HR-XTEM micrograph of an as-implanted crystalline Ge sample B*
implanted at 2 keV to 5.0x10™ cm™ at a beam current of 6.4 mA showing a
2.9 £ 0.3 nm surface GeOy layer and no evident implant damage or
amorphization present near the projected range, Rp. A simulation of the B
profile is overlaid on the image.
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