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The principal means of forming shallower junctions in each of the last few generations
has been through the reduction of annealing times (soak, spike, millisecond anneals) and
overall thermal budget. While this approach produces shallower junctions with good
activation, it makes the recovering of implant damage more difficult. In particular, the
end-of-range (EOR) defects created by the widely used Ge pre-amorphization (PAI)
implant typically survive low thermal budget treatments, resulting in higher junction
leakage. Since the creation of end-of-range defects has proven to be a significant barrier
to the fabrication of very low-leakage USJ devices, the fabrication of transistors with
improved leakage characteristics is thus necessary to enable future generations of mobile
devices. We show evidence that ion implantation with clusters of boron and carbon
allows for the elimination of all defects, and can achieve target USJ’'s for 45nm, 32nm,
and smaller technology nodes.

INTRODUCTION

Cluster ion implantation, or molecular implantation, has recently emerged as a production alternative for
USJ formation. The use of cluster species dramatically increased wafer throughputs for the ultra-low
energy implants required for USJ formation [1]. Cluster technology is now available for implants of B
(BigHy"), C (CigHyx or C;H,), As (As,’) and P (P,"). In addition, it is now becoming evident that the auto-
amorphization feature of these implants allows for the elimination of the Ge PAl step [2,3]. This paper
focuses in part on how auto-amorphization leads to the amelioration of the problem of annealing out the
implant damage caused by the Ge implant. These species, either alone or in combination, allow for the
formation of defect-free USJ’s of both n- and p-type.

It has recently been reported in the literature by Borland et al. [4,5] that B,gH, -implanted junctions
produce much lower photoluminescence (PL) and junction leakage signals than any of B, BF,, or Ge pre-
amorphized samples when low-thermal budget SPE and laser anneals are used. By careful TEM analysis
of implanted samples followed by anneal cycles of spike, SPE, laser, and flash techniques, we have
determined that implanting wafers with boron and carbon clusters of sufficient dose to amorphize the
silicon results in clean annealed junctions with no observable EOR defects. While the theoretical basis for
this effect is still emerging, it is clear that the implantation of an ionized cluster of atoms is fundamentally
different from the implantation of a monomer ion.

In the case of the implantation of ions formed from BigH,,, it has been established that simple substitution
of this specie, with the appropriate accounting of the implanted dose (multiplying the measured dose by
18) and adjustment of the implantation energy (dividing the extracted ion energy by 20 for boron, and by
4.3 for BF,) for the boron or BF, implant can not only match the implanted profiles, but largely eliminates
channeling due to the auto-amorphization properties of implanting this cluster [6]. A surprising side-
benefit of this substitution is the observed absence of defects in the annealed junctions produced by this
method (see, for example, Figs. 1a and 2a-2d).



EXPERIMENTAL

Wafers used in this study were 200mm, n-type, (100) silicon substrates. The wafers were implanted with
different cluster species at various energies and doses using BigH», and C;¢H;q 0r C14H;4 materials fed
into a Clusterlon® source, and producing beams of BlgHX*" CisHy', and C,H, ions. This ion source
technology preserves these large molecules through a proprietary soft-ionization process. The implants
were performed on a high-current implanter.

Fig. 1(a) shows a transmission TEM after a 1e15, 500eV per boron B,gH," implant into a silicon wafer.

The implant produced a 6.2nm amorphous layer. Figure 1(b) shows a 1e15, 3 keV per carbon CigH,"
implant which produced a 14nm amorphous layer. Both are as-implanted.
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Fig 1(a): X-TEM of a 1e15, 500eV B 1gHx" Fig 1(b): X-TEM of a 1el5, 3keV per
implant yielding a 6.2nm amorphous layer carbon C 16Hy " yielding a 14nm amorphous layer

These figures illustrate the amorphization benefits of implanting with clusters. The implantation depths
associated with the 500eV boron implant and 3keV carbon implant are appropriate for using them in
combination to reduce diffusion in USJ formation. Fig. 2 shows SIMS profiles comparing the as-implanted
boron profile after a 300eV per boron B;gH," implant to annealed samples which had also been implanted
with either fluorine or Cy6H," for diffusion control. The CigH," + B1gH,' implant yields a much more shallow
and abrupt junction than either BygH," alone or B,gH," + F.
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Fig. 2: 300eV per boron as-implanted and annealed  SIMS profiles showing the diffusion control benefit s
of F co-implant and CmHX+ co-implant after a 5 sec, 950C anneal.



Figs. 3(a)—(c) show previously published cross-section transmission electron micrographs (X-TEM) of
B1sHx —implanted and annealed samples demonstrating the lack of defects after SPE, laser, and flash
anneals. SPE was performed at 650C on a Mattson RTP system. Millisecond flash annealing was
performed at 1300C on a Mattson lamp-based system. Laser anneal was 200nsec sub-melt conducted by
Sopra, France [5].
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Fig. 3: X-TEM’s of 1e15 B 1gHy " -implanted and annealed samples, with no EOR damage  evident. Anneals
were by: (a) SPE, (b) laser, (c) flash, as reported by Borland et. al. [5]

Fig. 4 shows plan view TEM’s of 500eV per boron, 1e15 B;gH,” —implanted samples after (a) 650C SPE;
(b) 720C SPE; (c) 1075C spike anneal. Anneals were performed on an ASM Levitor™ system [7].
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Fig. 4: Plan view TEM’s conducted after a 1e15, 50 0eV per boron B 1gHy" implant followed by
(a) 650C SPE anneal; (b) 720C SPE anneal; (c) 1075C spike anneal. [7]
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Fig. 5: Transmission TEM'’s for (a) Ge PAI + B 1gHy" before anneal; (b) after 5s, 950C spike treatment.



Fig. 5 shows X-TEM'’s for Ge pre-amorphized, BigH, —implanted samples (a) before anneal; and (b) after
a 5s, 950C anneal on an Axcelis Summit™ RTP system. The EOR defects are clearly shown at a depth
of 12nm, and are still evident after annealing.

Fig. 6 shows annealed X-TEM images of samples implanted first with 115, 3kV per boron CisH," ions,
followed by a 1e15, 500eV per boron BygH, implant appropriate for 65nm SDE. The anneal was a 5s,
950C soak performed on an Axcelis Summit™ RTP system.
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Fig. 6: X-TEM images after 1e15 cm 2 3keV CieHy" + 0.5keV BigHy" implants followed by a 5s, 950C spike
anneal showing no EOR defects.

RESULTS AND ANALYSIS

The creation of low-leakage junctions is enabling for the next generations of mobile devices. A significant
contributor to junction leakage is the creation and retention of EOR defects. The Ge PAI produces EOR
defects which cannot be annealed out by low-thermal budget anneals, as illustrated by Fig. 5 and also
previous work [5]. Figs. 3 and 4 illustrate that by substituting BygH, for either BF," or B” in fabricating SDE
for PMOS, EOR defects can be eliminated. In addition, Fig. 1(a) demonstrates that the very implantation
of B;gH, at doses appropriate for creating SDE creates an amorphous layer which nearly eliminates
channeling, as has been previously reported [6].

Why does B,gH," implantation produce defect-free junctions? While there is no consensus on the
mechanism for this effect, it is reasonable to assume it is a consequence of the amorphization
characteristics of the cluster implant [2]. When a molecular cluster is implanted, it breaks the molecular
bonds at the surface, releasing individual atoms which have the same implantation profiles as atomic
species implanted at the same velocity, as characterized by their range R, and straggle R,. For clusters
consisting of at least ten like atoms, for example, the damage cascades of adjacent atoms tend to overlap
critically, releasing a high energy density in the local volume of silicon. This release of energy can induce
local melting of silicon which follows the cascades into the silicon up to a well-defined crystalline-
amorphous interface. These very small buried liquid zones re-solidify very quickly, on the order of 10™*?
seconds, resulting in liquid-solid interface velocities well in excess of 15 meters/second and creating
amorphous silicon layers rather than crystalline silicon [8,9]. The liquid layers are incapable of supporting
EOR damage. The net result is an amorphous layer with a sharp amorphous-crystal interface without the
usual attending end of range damage structures.

The use of a carbon co-implant has demonstrated a significant benefit in limiting boron transient-
enhanced diffusion and to produce shallower, more abrupt junctions. Unfortunately, the implantation of C
can also introduce EOR defects, thus trading off reduced junction depth for increased leakage. As



demonstrated by Fig. 6, the combination of a carbon cluster implant with a boron cluster implant yields a
defect-free junction. We are continuing to conduct experiments to better quantify this effect. It would be
reasonable to assume that the efficacy of this approach extends from the same mechanism just described
for BygH, implantation. As is also shown in Fig. 2, a shallow B,gH," implant preceded by a deeper CigH,"
implant is effective for diffusion control. Thus, it can be used in lieu of a monomer C implant whenever
boron diffusion control is desired.

It has been established that the role of carbon in the control of boron diffusion is the gettering of interstitial
defects. During TED, boron is thought to pair with interstitials and that this mechanism is responsible for
rapid boron movement through the crystal lattice. It may be that these gettering effects, in addition to the
benefits of amorphization just described, further contributes to the observed lack of EOR defects after
anneal.

The relationship between damage profiles and junction leakage is illustrated by Figs. 7 and 8 for a variety
of implant and anneal conditions. Implants of B*, BF,", and B1gH," with and without Ge PAI and for spike,
flash, laser, and SPE anneals, as illustrated in the legends, were performed. Fig. 7 shows
photoluminescence data by the Accent PL method [5], while in Fig. 8, junction leakage measured by the
Frontier Semiconductor non-contact junction photo-voltage (JPV) method is shown. Only the BygH,"
implants without Ge PAI show low damage and leakage for all anneal sequences. In particular, junction
leakage after laser anneal is 2 decades lower using BygH, than B* or BF,". In addition, the use of a Ge
PAI results in significantly higher leakage for all implant species.
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Fig. 7: Silicon crystal lattice damage, as measured by the Accent photoluminescence technique. [4]
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Fig. 8: Junction leakage current by the Frontier m  ethod of JPV. [4]

CONCLUSIONS

X-TEM and plan view TEM studies have been performed of samples implanted with B,gH,", with CygH,"
C16Hy', and with the two in combination. Both B;gH," and CisH," are effective at creating amorphous
silicon layers when implanted in the 1e15 dose range. When annealed by one of a variety of activation
treatments, B,gH," -implanted junctions are observed to yield defect-free, low-leakage junctions almost
free of channeling effects. When a 3keV per carbon, 1e15 dose of the carbon cluster C;¢H," is implanted
into silicon followed by a 300eV to 500eV per boron, 1e15 BygH," implant and a 5s, 950C spike anneal, a
defect free, low-leakage junction is formed, with reduced TED and a shallow, abrupt boron SIMS profile.
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