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CHAPTER 1

INTRODUCTION

1.1 Background

1.1.1 Challenges for Ultra Shallow Ion Implantation

Performance and speed of VLSI microelectronic circuit devices are improved by

continuously scaling down device dimensions. As the size of the MOSFET transistor gate

electrode is reduced, shrinking is needed of both the vertical and lateral dimensions of the

doped regions in the Si substrate. For deep sub-micron MOSFET structures of high

performance, formation of ultra shallow doped source/drain (S/D) extensions next to the

gate is essential to obtain a high drive current and to suppress the short-channel effects,

which cause excessive leakage current when the gate length becomes small. The 1999

Edition of the International Technology Roadmap for Semiconductors (ITRS) predicts

the need for 20 — 33 nm deep junctions in the 0.1 lam line-width CMOS devices expected

by the year 2005 [1]. The actual pace of scaling is even faster than predicted and a more

rigorous requirement is projected especially for p-type drain extension junctions

according to the latest ITRS roadmap [2] (See Table 1.1). Higher junction abruptness and

lower sheet resistance as well as ultra-low thermal budgets are also required.

In the mass production of Si VLSI devices, ion implantation technology is

currently the most widely used method for doping of Si, since the dopant dose and depth

profile can be precisely and independently controlled and reproduced and the purity of

implanted species can be ensured by mass separation [3].
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In the deep sub-micron regime, however, it is difficult to achieve very shallow

junctions by conventional implantation technology, especially in pMOSFETs, in which

source and drain junctions are formed by implantation of boron ions. Compared to

heavier phosphorus and arsenic atoms of the same energy, light boron ions are implanted

much deeper, and they also easily diffuse into the Si substrate during activation

annealing. In order to produce ultra shallow p-type junctions, the energy of boron ions

must be in the sub-keV range. At such low energies, the maximum obtainable beam

current is severely limited due to space charge effects during extraction from an ion

source and due to the beam expansion by the repulsive forces between ions during beam

transport. Thus, the throughput is too low to meet ever increasing industry requirements.

Considerable effort has been made to extend the traditional ion implantation

technology to the regime of shallow junction formation. Germanium pre-amorphization

processing before actual B implantation could minimize ion projected range and

eliminate ion channeling for implants above 0.5 keV [4]. Electrostatic deceleration of

high energy ions in front of the target may be utilized to overcome the beam transport

difficulty [5]. The Applied Materials xRLEAP ion implantation system has deceleration

giving a final energy range of 0.2 to 80 keV [6]. However, in this technique a fraction of

high energy ions may be neutralized before deceleration, causing the so-called "energy

contamination", which results in deeper junctions.

In the Varian VIISta-810 system, the beam space charge is reduced by the use of

a stationary ribbon ion beam with a single wafer mechanically scanned across the

rectangular beam in one direction, perpendicular to the long axis of the beam [7]. The

complexity of the ion optics of a ribbon beam implanter requires added tuning time and
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thus may reduce the throughput.

Recent Axcelis GSD Cltra and HC3 CLTRA high-current implanters were able to

implant ions at energies as low as 0.2 keV by using unique source and extraction designs

and a shortened beamline [8].

1.1.2 Other Shallow Doping Techniques

In addition to ion implantation, other techniques have been explored as possible solutions

to solve the problem of achieving very shallow doping.

One solution is Plasma Immersion Ion Implantation (III) [9], in which the wafer

is surrounded by the plasma containing the dopant ions, and implantation occurs when a

pulse of negative bias is applied to the wafer holder, as shown in Figure 1.1. The most

important advantage of III is that very low energy (around 50 eY or above) implantation

can be done with very high current. Although III implant currents are also determined

by the same Child-Langmuir law as that drawn from a conventional ion source, it does

not experience the high loss of low energy ions in the beamline due to space charge

effect. The total ion current in the III system is very close to the theoretical limit. The

main disadvantages of III are wafer heating, difficult dose control, and uncertain dopant

purity since there is no energy / mass analysis.

Another solution is Projection Gas Immersion Laser Doping (P-GILD) [10]. In

the current P-GILD system, as schematically shown in Figure 1.2, the wafer is immersed

in a dopant gas ambience and doping is achieved through liquid-phase diffusion. Initially,

an ArF laser is used to induce deposition of dopants over the entire laser-exposed area.

Then, a XeC1 laser drives the deposited dopants into the substrate by melting it to a
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shallow depth. The second laser beam is scanned across a dielectric reticle that patterns

the beam before it reaches the wafer surface. No subsequent annealing step is required,

since the rapid regrowth of the melted Si layer occurs epitaxially, incorporating dopants

into electrically active substitutional sites. The total heat cycle is on the order of

nanoseconds. It can form shallow junctions with box-shaped depth profiles and

acceptable activation levels.

Another technique is based on deposition of B-doped SiGe films. SiGe epitaxial

layers exhibit a higher solid solubility of boron and a higher electron and hole mobility,

as compared to Si. In-situ B-doped SiGe can be selectively deposited at low temperature

(500-600°C) in the source/drain regions in order to realize ultra shallow p+ -n

heterojunctions with low sheet resistance [11]. Since dopant atoms are highly activated

during film deposition, no subsequent annealing is needed. However, an etching step is

required to etch the deposited layer to the desired junction depth.

Figure 1.1 A schematic of the Plasma Immersion Ion Implantation process [9].
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Figure 1.2 A sketch of the Projection Gas Immersion Laser Doping (P-GILD) System
[9]

1.1.3 Decaborane Implantation as an Alternative Solution

An alternative approach to form shallow junctions is to employ ion implantation with

polyatomic or cluster ions, where energy is partitioned between the atoms of a cluster in

direct proportion to their mass. For example, BF + has been extensively used for p doping

in the industry since B atom represent only about 1/5 of the ion mass and its energy is

thus about 1/5 of the energy of the ion beam. However, the co-implanted fluorine in the

poly-Si gate will enhance the boron diffusion through the gate oxide, resulting in

fluctuation of the threshold voltage VT [12].

The decaborane (B10H14) cluster is a more attractive candidate because of its

larger number of B atoms per cluster. As shown in Figure 1.3, a decaborane molecule

consists of 10 boron atoms and 14 hydrogen atoms. The molecular weight of a

decaborane cluster (122 AMC) is approximately 11 times that of a boron atom. Since

each of the B atoms in the cluster carries only approximately 1/11th of the total cluster
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kinetic energy, decaborane can be implanted at an acceleration voltage about 11 times

higher than that of 13+ for equivalent 13 projected range. The maximum beam current

density that can possibly expected for any charged particles accelerated by an electric

field under space-charge limited conditions follows the Child-Langmuir law [13]:

where Vac is the acceleration voltage, m is the ion mass, e is the charge of the ion, and d is

the distance from the edge of the plasma to the extraction electrode.

Since both the acceleration voltage and mass of 1310H14 + are 11 times that of 13+,

the current density from 1310H14 beam is 11 times larger. Also, considering that one

decaborane cluster delivers 10 boron atoms to the target, the dose rate with decaborane

ions is:

Theoretically, implantation with decaborane ions gives rise to approximately 110

times higher throughput than with monomer 13 ions. In practice, this number is somewhat

lower as some hydrogen atoms are lost in the ionization process.

In earlier research at NJIT, performed in collaboration with Bell Laboratories, it

was shown that decaborane is suitable as an ion source material [14]. Decaborane

implantation may be incorporated into the current CMOS fabrication process without

need for major changes to the implanter design. Extensive studies have been performed

in recent years to evaluate the feasibility of decaborane for ultra shallow p-type junction

formation and the work reported in this dissertation makes contributions to this effort.
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1.2 Previous Study on Decaborane Implantation

1.2.1 Ultra Shallow p+-n Junction Formation

Application of decaborane cluster ions for ultra-shallow p-type junction formation was

first time demonstrated in 1996 by Fujitsu Corporation in collaboration with Kyoto

Cniversity [15]. The experimental apparatus was originally designed for surface

modification with large cluster ions, generated by adiabatic gas expansion through a very

small nozzle into vacuum. In order to perform decaborane implantation experiments, the

nozzle was removed (See Figure 1.4). Decaborane molecules in a low-pressure vapor

were ionized by electron impact and the ionized species were then accelerated toward Si

wafers without any mass selection. PMOSFETs of 0.15 pm line-width were fabricated

with 34 nm shallow Source/Drain extensions by using 5 keY 13101-114+ implantation and 10
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seconds rapid thermal annealing (RTA) at 1000°C. In the following year, the same group

fabricated a 50 nm PMOSFET having 7 nm junction depth by 2 keV

implantation and using a 2-step activation annealing [16]. The fabricated device

demonstrated very attractive electric performances such as a high drive current of 0.40

mA/um (at loff = 1 na/um and Vd = -1.8 V) and a low S/D series resistance (760 ohm-

cm). It was also claimed in these studies that boron transient enhanced diffusion (TED)

was suppressed. However, the ion beam was not mass analyzed and the exact implanted

species were not known.

Great interest has been aroused in the study of decaborane implantation in the

following years. 13oth experiments and computer simulations have been performed to

investigate various aspects of decaborane implantation technology, which are described

in the following sections.
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1.2.2 Ionization Properties of Decaborane and Ion Source Design

To evaluate the feasibility of using decaborane as an ion source material for boron

implantation, the ionization and breakup properties of decaborane molecules subjected to

energetic electron bombardment were studied. Sosnowski et al. [14, 17] measured the

mass spectra of decaborane ions generated by the impact of electrons in the energy range

from 25 to 250 eV and source temperatures up to 350°C, using a quadrupole mass

spectrometer. It was found that cluster ions containing 10 13 atoms were the predominant

component in the ion mass spectra (70-95%), even at elevated temperature (250 —

350°C). The data showed that 13 clusters were more stable than might have been

expected, which was promising for the prospect of using decaborane in ion sources for

shallow boron implantation. Subsequently, the results were confirmed using a research

ion implanter built at NJIT with an electron impact ionization source.

Foad et al. pointed out that, the fragile decaborane molecules would not survive

in a conventional hot cathode ion source where the temperature is typically up to 1000°C

[18]. A suitable high current decaborane ion source is critical to the commercialization of

decaborane implantation. Perel et al. at Axcelis Technologies reported on the design of

an ion source capable of ionizing decaborane without significant fragmentation and

generating low energy beam currents that were competitive with available high current

ion implanters [19]. The ion source design was based on modification of an existing ion

source by maintaining a source temperature below 300°C. Independently, Vella et al.

reported on a 2.3 mA decaborane beam current at 50 kV on a high-current implanter

using an ion source modified from a 13ernas-type ion source [20].
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Axcelis Technologies announced an industry first by integrating their patented

decaborane source technology with a conventional ion implantation system and

successfully implanting device wafers in collaboration with Agere Systems (formally

Lucent Technologies). The performance data of commercially manufactured devices and

those made with decaborane source and drain implants showed identical characteristic

[19, 21], as described in section 1.2.3.

Sources that produce negative decaborane ions have also been demonstrated. A

new style of ion source was recently presented by SemiEquip Inc. (Billerica, MA) that

generates production worthy beam currents of As and 13+ as well as decaborane ions [22].

Researchers at University of Houston investigated the delivery of 13-containing cluster

ions using a source of negative ions by cesium sputtering [23].

1.2.3 Physical Effects of Implanted Decaborane Ions

Dirks et al. [24] at Philips Research Labs compared the effects of implantation of Si with

decaborane ions and with 13+ ions over a wide range of equivalent energies, using a high-

voltage research implanter with a microwave ion source. The results showed that the

effects of decaborane ions, such as 13 depth profile, were essentially the same as those of

monomer 13+ ions except for larger crystal damage in Si implanted with decaborane. This

is in agreement with an earlier investigation in which it was demonstrated that 13 SIMS

profiles in Si implanted with 20 keV decaborane ions was quite similar to that from 2

keV 13 implants [25]. Although high energy (440 keV) decaborane implantation results in

hydrogen incorporation in Si, no hydrogen was detected by Secondary Ion Mass

Spectrometry (SIMS) after RTA at temperature of 800°C or above. The lowest implant
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energy (2.8 keV) results in a damage depth of --2 nm as calculated from the as-implanted

R13S spectra. After low energy (2.8 keV) decaborane implantation, there is still

significant TED during a 10s 950°C anneal, but it was not detected at higher annealing

temperatures of 1000 and 1050°C.

To verify the claim of reduced TED by decaborane implantation [16, 26],

Agarwal et al. quantified and compared the TED from implantation of decaborane cluster

ions and 13 monomer ions of equivalent energy and dose [27]. Samples with embedded

boron marker layers were implanted with 5 keV B10H14 and 0.5 keV 13 ions to equivalent

boron dose (1x10 15 13/cm2). Decaborane implantations were performed on the Kyoto

Cniversity apparatus. An unimplanted sample was also included as a control. Boron

depth profiles were analyzed on all samples by SIMS before and after annealing at 950

for 30s. The boron diffusivity enhancements were extracted based on the spreading of the

marker layers using the method described in [28]. Comparable enhancements were

observed for both ions, consistent with the "+1" model [29]. Since the ion beam used in

these experiments likely contained various species, TED measurements were repeated

with mass analyzed decaborane beams as part of the current work.

At low energy implantation, the phenomenon of dopant self-sputtering is of much

concern since it causes loss of implanted species and may limit the highest obtainable

boron dose in Si wafers. Retained B dose in Si samples implanted with decaborane ions

was measured by Nuclear Reaction Analysis and compared with the dose calculated from

the integrated ion beam current [30, 31]. It was observed that the boron loss increased

with increasing nominal dose and the retained dose tended to saturate at higher dose

level, a behavior characteristic of sputter limited implantation. For a given nominal dose,


