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A B S T R A C T   

The continuous shrinking of transistor devices calls for precise doping profile control. Generally, monomer 
carbon (Cþ) is implanted at doses too low to adequately form an amorphous layer in silicon. Previous experi-
ments used a molecular carbon species combined with dedicated vaporizer-based hardware, but this experiment 
was carried out using a commercial implanter and source with a liquid precursor material. The use of higher mass 
molecular carbon ions, such as C7H7

þ, impart significantly more damage to the silicon than the monomer, and can 
easily result in a well-defined amorphous layer. There are many species of molecular carbon that can be 
implanted, but in order to utilize a hot cathode plasma (HCP) ion source some additional criteria must be met. 
The source feed material should fragment with high-yield of molecular carbon (Cx

þ, x ¼ 2–8) ions, which could 
then be extracted at beam currents sufficient to meet production needs using standard ion implant techniques. In 
this work, we surveyed several candidates for forming the molecular carbon species that could meet the re-
quirements outlined above, reported the performance in plasma formation, and investigated materials properties 
of the Si after implantation.   

1. Introduction 

As the device node becomes smaller, precise doping profile control is 
required in transistors [1]. Boron is widely used as a P-type dopant [2], 
however it exhibits transient enhanced diffusion (TED) effect during 
thermal processing for activation, which makes profile control difficult 
in such small dimensions. Carbon co-implantation is used to suppress 
TED effect. Research has established that junction control can be 
enabled by using pre-amorphization implants (PAI) along with carbon 
co-implantation to suppress TED of implanted boron dopants. When 
activating boron dopants with annealing, the boron can experience 
higher rates of diffusion due to residual damage in the silicon. The 
carbon acts to capture this damage and thereby enables a more 
controllable profile of the boron. The amorphous layer formed by PAI 
improves the activation of the boron, so an ideal scenario would be 
formation of the amorphous layer with the carbon implant, allowing 
both diffusion control and high activation of the boron dopants [3–5]. 
TED is a known artifact related to interaction of Si-damage with boron 
diffusion during annealing, which occurs through interstitial transport 

in silicon. Carbon acts to tie up the interstitial vacancies thereby 
reducing the TED effect. 

Prior to boron implantation, a PAI is also required to generate 
shallow junction profiles [6–8]. The amorphization layer thickness is a 
function of implant damage, and is correlated with dose, energy, mass, 
temperature, and instantaneous dose rate during the implant [9–11]. 
The dose and energy are typically fixed based on device schematic and 
characteristics [12]. We may also consider implant mass which has 
flexibility depending on the source material. Si damage is directly 
dependent on the mass of the ion, and using a molecular species will 
increase the damage for a given energy and dose. There are many mo-
lecular carbon materials that have proper vapor pressures suitable to gas 
delivery to an ion source [13]. There were several experiments using 
molecular carbon in specialized, dedicated, vaporizer hardware previ-
ously [14,15]. Ideally it is desirable to use a gas precursor for the HCP 
ion source [16]. Our goal is to generate the amorphous layer by using 
single molecular carbon process with higher mass implantation instead 
of a 2-step implant with monomer carbon and PAI process. 
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2. Experimental 

HCP is a well-established type of ion source used for mass produc-
tion. In this experiment, we used the Axcelis Enhanced Lifetime Source 
(ELS™) shown in Fig. 1. To generate plasma, gas-phase source material 
is required in an HCP arc chamber [17]. This source operates in the 
following manner with low-E� 5 Pa chamber pressure, 25 V of arc 
voltage, ~0.8 mA of arc current: a cathode, typically constructed from 
tungsten, is heated by a filament (indirect heating) to create thermionic 
electrons. These electrons are accelerated into the arc chamber which is 
100 mm � 50 mm X 50 mm that contains the gas to be ionized. A plasma 
is generated consisting of ionized fragments of molecules, ionized atoms, 
and neutrals. The ionic components are extracted through the arc slit 
and extraction electrode assembly, then injected into the implanter 
beamline. Subsequent beamline elements will resolve the correct atomic 
mass unit (AMU), focus the beam, and scan the beam over the wafer. 
This type of source is proven in mass production for ion implantation, 
and has been well characterized previously [17]. 

Fig. 1. Hot Cathode Plasma (HCP) diagram.  

Fig. 2. Molecular carbon mass spectrum (electron ionization), (a) Toluene (C7H8), (b) p-Xylene (C8H10), (c) Methyl cyclohexane (C7H14). NIST chemistry WebBook 
(https://webbook.nist.gov/chemistry) [18]. 

Fig. 3. Molecular carbon actual mass spectrum, (a) Toluene (C7H8), (b) p-Xylene (C8H10), (c) Methylcyclohexane (C7H14) with mass resolution M/dM of 35.  
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Our goal in this work is to implant carbon beams into silicon. The 
carbon that is implanted can either be a monomer (Cþ) or a molecular 
(Cx
þ) species; the atomic weight of the implanted species will alter the 

damage profile of the implant. A typical electron fragmentation inter-
action would be, for toluene (C7H8) in example: 

C7H8þ e� → ðCHÞþx þ 2e�

with x ¼ 2–8, the molecular fragments. 
Choosing the proper precursor to achieve the desired profile is 

important. There are many kinds of carbon compounds in nature [13]. 
As mentioned above, the precursor should be compatible with ion source 
gas delivery and extraction, and require no additional hardware for 
incorporation into a standard ion implanter [18]. 

In addition, we want to use higher mass for this test. Mass spectrum 
(electron ionization) reference data are available on many candidate 
materials, and was used to find suitable materials; examples are shown 
in Fig. 2. 

In this study, we performed two different carbon energy implants, 3 
keV and 6 keV with n-type doped <100> silicon wafer. The conditions 
were simulated based on recent shallow junction doses and energies 

used in memory devices. Implants at mid-E14/cm2 dose were completed 
for each various carbon content species: (C1), C5 H5, C7 H7, and C8H8. 
The ion implanter has a magnet capable of filtering each species, so the 
exact AMU being implanted is known. The effective energies were 
derived from the known moiety being implanted and referenced to the 
monomer Cþ. (For instance, C7H7

þ extracted at 22.75 keV gives an en-
ergy equivalence of 3 keV monomer carbon). We measured all samples 
with ThemaWave™ (TW) to compare implant damage. The Therma-
Wave™ is an optical measurement technique that reports change in 
reflectance as the system is thermally pumped with a laser [19]. The 
response, TW units, is proportional to implant damage, with higher TW 
values indicating more damage. In the context of this work, implant 
damage is an indication of displaced Si atoms from their original lattice 
positions, up to the formation of an amorphous layer. Implant damage is 
well studied and has been reported in detail [20]. Moreover, we 
measured monomer and molecular samples by using Transmission 
Electron Microscopy (TEM) to compare amorphization layer thickness. 

3. Results and discussion 

Based on previous work on electron fragmentation of aromatic hy-
drocarbon species, we performed mass spectrum of each candidate 
material, Toluene (C7H8), p-Xylene (C8H10), and Methyl cyclohexane 
(C7H14) with HCP source in Fig. 3. The AMU spectrum indicate a 
different distribution of carbon species than those obtained in Fig. 2. 
This phenomenon may be due to a cracking pattern (fragmentation) that 
depends on plasma operating conditions, including, for instance plasma 
arc or cathode power control [17]. Toluene has larger variations in beam 
current depending on the mass (C3, C5, C7). Methylcyclohexane has low 
beam current at the higher mass range which is most common appli-
cation so was ranked lower priority. We selected p-Xylene for this work 
because it has a broad mass spectrum (C3, C5, C6, C7, and C8) with 
reasonable beam current. The other molecules could be used theoreti-
cally but the p-xylene score highest for the desired effects. 

Larger molecular weight species give higher TW values, as observed 
in Fig. 4. For the 3 keV case, the ThermaWave™ value increases as 
implanted mass increases, as expected. In 6 keV case, C7H7 and C8H8 
value are close to each other, which means implant damage saturates as 
mass increases. This condition typically signifies a fully developed 

Fig. 4. Implant damage comparison according to mass increase for mid - E14/ 
cm2 implantation by using KLA TP630™. 

Fig. 5. Cross-section TEM analysis results, (a) 6 keV monomer carbon, (b) 6 keV molecular carbon with C7H7þ, (c) 3 keV monomer carbon, (d) 3 keV molecular 
carbon with C7H7þ. 
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amorphous layer that will not change with increasing dose of implant. 
We used TEM analysis method to compare amorphization layer be-

tween monomer carbon and molecular carbon (C7H7þ) in Fig. 5 [21]. 
We could not observe amorphization layer on 3 keV and 6 keV monomer 
carbon. On the other hand, 6 keV Molecular carbon showed 17.3–18.6 
nm amorphization layer and 3 keV Molecular carbon has 13.0–14.0 nm. 
The lack of distinct structures, including micro-crystalline pockets, 
means the layer has been fully amorphized. 

As a result, we could find the proper material from Aromatic Hy-
drocarbon for molecular carbon implant by using HCP on existing sys-
tem without additional complex or complicated source technologies. 

4. Conclusions 

Carbon implant is widely used for suppressing Boron TED effect [5]. 
In addition to carbon implant, additional PAI process is required on 
Ultra Shallow Junction (USJ) [8]. In this study, we found a proper 
material using aromatic hydrocarbons for molecular carbon implant 
without vaporizer by using HCP on existing system. We expect the 
improved device characteristic and performance with 
self-amorphization layer by using molecular carbon implantation. The 
potential molecular carbon applications are co-implant for Ultra 
Shallow Junction (USJ) & halo as well as contact resistivity reduction 
[22]. 
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