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Abstract

In this paper we examine several applications of Rapid Thermal Chemical Vapor
Deposition (RTCVD) for the fabrication of sub-100 nm MOSFET’s. Vertical dual-gated
MOSFET’s are used as a test vehicle to implement FET’s of very short channel length.
To realize such devices, the ability of epitaxial Si;...,Ge,C, layers for suppressing the
thermal diffusion, transient enhanced diffusion, and oxidation enhanced diffusion of boron
both in the Si;«yGe,Cy and in nearby Si layers is very useful. Novel gate electrodes
deposited by RTCVD also showed the ability to greatly reduce boron penetration in p-
type polycrystalline gates for p-channel FET’s.

Introduction

For many years a primary driving force behind Rapid Thermal Chemical Vapor
Deposition (RTCVD) has becn the growth of epitaxial silicon/silicon-germanium alloy
layers for silicon-based heterostructures.  The applications of such heterostructures
include heterojunction bipolar transistors (HBT’s) [1] and silicon-based optoelectronic
devices such as infrared detectors and emitters. While SiGe HBT’s are now entering
commercial production, the vast majority of the integrated circuit field is now focused on

CMOS because of its low power dissipation and resulting high integration levels.
Considerable work in the field of RTCVD has been directed at MOS structures as well.

A partial list of driving forces and key results to date have included the ability to form gate
stacks without breaking vacuum [2], the use of polycrystalline SiGe gate electrodes to
shift work function [3, 4], selective epitaxy or selective polycrystalline S¥/SiGe growth for
raised source/drains and/or low resistance source/drain contacts [5], and heterostructures
for high mobility p-channel and n-channel devices [6,7].

In this paper, we further consider long-term applications of RTCVD towards
MOSFET’s, focusing on channel lengths under 100-nm. Issues discussed in the paper are
the use of substitutional carbon in Si;.,Ge<Cy to dramatically suppress boron diffusion,
vertical dual-gated MOSFET’s, and SiGeC polycrystalline gates to suppress boron
penetration through gate oxides.

Boron Diffusion and Si.,GexCy
The rapid diffusion of boron in silicon due to its high intrinsic diffusion coefficient,

transient enhanced diffusion (TED) due to damage created by ion implants, and oxidation
enhanced diffusion (OED) due to interstitials injected by oxidation are a severe problem
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for short channel MOS scaling. For example, they affect p-channel devices by affecting
the source/drain profile and n-channel devices through the motion of the boron in the
channel region. During the past few years, it has been documented that carbon-doped
silicon has a much lower rate of boron diffusion in all of the above cases than silicon
without carbon [8-11]. The carbon has been introduced both by ion implantation and by
direct incorporation during the molecular beam epitaxy (MBE) growth of silicon. The
details of the mechanism are still not clear, but apparently the C traps the interstitials that
lead to boron diffusion. Ion implantation is not attractive, however, since the location of
the carbon cannot be precisely controlled with nm precision, and MBE of C-doped
epitaxial layers is not attractive for manufacturing. Therefore the RTCVD of C-doped

epitaxial layers is an attractive alternative for such work.

SiixyGe,Cy by RTCVD was first reported in 1993 [12], and at Princeton we then
investigated its application as the base of a HBT because of its potential greater critical
thickness on Si (100) for a given bandgap than Si;.,Ge, [13,14]. The films used in the
work described in this paper were grown RTCVD at 6 torr from dichlorosilane, germane,
and methylsilane in a hydrogen carrier from 575 - 625 °C [15]. Fig. 1 shows the X-ray
diffraction spectra of a pseudomorphic SiGeC layers grown on Si for increasing levels of
methylsilane flow, leading to increased levels of substitutional carbon (and a smaller lattice
constant). As the methylsilane flow is increased, the diffraction peak moves back towards
that of the Si substrate, indicating a reduction in strain in the layer as carbon is
incorporated onto substitutional sites. From the magnitude of the shift, the substitutional
carbon level can be inferred. All of the carbon levels quoted in this paper are
substitutional carbon levels measured as such, assuming that one substitutional carbon
atom compensates for the strain of 8.3 Ge atoms.
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Fig. 1: (004) X-ray diffraction spectra for Sij...yGexCy pseudomorphic thin films on Si
(001). The two substrate peaks are due to both Cu K, and CuK, X-ray lines, and the Ge
fraction is 0.395 [14].
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In HBT’s the diffusion of boron in the base is a crucial issue, and it was found that
as in silicon, small (e.g. 0.5%) carbon levels in SiGe lead to a vastly reduced diffusion
coefficient of boron compared to that without carbon, both in cases of intrinsic diffusion
and also transient-enhanced diffusion [16]. Fig. 2 shows the dramatic effect that carbon
can have on such diffusion through the secondary ion mass spectroscopy profiles (SIMS)
of boron, carbon, and germanium in the base of Si/Si;..,Ge<C,/Si- HBT’s, after the top 50
nm of the 300 nm Si emitter has been implanted with a heavy dose of As* and the entire
structure was annealed at 755 °C for 15 min in nitrogen. The nominal Ge fraction is 0.2.
Fig. 2(a) shows the usual effects of TED on boron from the overlying implant, with the
diffusing wings of boron clearly visible. In contrast, in the structure of Fig. 2(b), with
0.5% C added to the SiGe, the boron profiles after annealing are indistinguishable from
those before annealing, without boron tails. The structure of Fig.2(c) has boron-doped
SiGe without C outside the C-doped region in the center of the base, yet in this case there
is still no evidence of TED, even though no C exists in the regions from which the
diffusing B should come. This shows that the effect of C on diffusion are non-local - i.e.
that carbon in one location can reduce boron diffusion some distance away.
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Fig. 2. SIMS profiles of B, Ge, and C in the base of Si/Si;...,GexC,/Si HBT’s
after the emitter was implanted with As* (1.8 x 10" ¢m) and the structure
annealed at 755 °C for 15 min in nitrogen. As grown, the structures have
undoped SiGe (a,c) or undoped Si;.x,GexCy (b) 5 nm spacers on either side of
the doped region. The structure of (c) has 0.5% C only in the central part of
the base, with 5 nm doped SiGe regions without C on either side of the doped
Si;xyGexC,y region. [16].

To further explore this ability of Sij«.yGexCy to greatly reduce boron diffusion some
distance away from the Si;..yGexCy itself, a test structure was grown by RTCVD with two
narrow B-doped silicon marker layers grown in-situ. An undoped SiGeC layer of varying
Ge and C concentration was grown between the two B-doped Si layers. With this
structure the effect of SiGeC could be studied on the overlying and underlying B doped Si
layers. Samples were then annealed in either nitrogen or oxygen and dopant profiles were
analyzed by SIMS. Fig. 3 shows SIMS profiles in such a structure, both with and without
a SiGeC layer between the two boron doped silicon layers, as-grown and after annealing in

275

Downloaded from http:/www.cambridge.org/core. Princeton Univ, on 04 Nov 2016 at 14:51:39, subject to the Cambridge Core terms of use,
available at http:/www.cambridge.org/core/terms. http://dx.doi.org/10.1557/PROC-525-273


http:/www.cambridge.org/core/terms
http://dx.doi.org/10.1557/PROC-525-273
http:/www.cambridge.org/core

nitrogen and oxygen at 850 °C for 30 min. Note that the lower B peak diffuses in both
samples after nitrogen annealing, and in the sample of Fig. 3(a) (silicon-only) the diffusion
in the case of oxygen annealing is much greater than that for nitrogen. Modelling of the
measured profiles shows that the diffusion coefficient of the lower B peak in 3(a) is 10
times larger for oxygen annealing than that for nitrogen annealing, an example of the
severity of the OED effect. The sample of Fig. 3 (b) has a SiGeC layer with 0.5% C
inserted between the two boron peaks. This layer effectively prevents any interstitials
created by oxidation from reaching the lower B-doped Si layer, completely suppressing
the OED effect. Further experiments are in progress to numerically correlate carbon levels
and boron diffusion suppression under various conditions.
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Fig. 3. SIMS profiles of boron-doped Si layers as grown and after annealing in
nitrogen or oxygen for 30 min at 850 °C. In the sample of Fig. 3(b) a SiGeC
layer with 0.5 % C has been inserted between the two boron peaks as shown.

Vertical Dual-Gated MOSFET’s

As FET’s are scaled below 0.1 um, it is natural to explore other FET structures
with potentially improved scaling properties besides the usual lateral, top-gate
configuration. One attractive alternative is the dual-gated structure, in which gates are
placed both on top and below a thin silicon film. If the film is thin, the gates effectively
control the potential throughout the film, and short-channel effects such as punchthrough
and threshold barrier lowing can be overcome [17] without the necessity for high levels of
channel doping. For structures with a channel length much below 0.1 um, this thickness
should be on the order of the channel length. Fabricating this structure in a horizontal
orientation is difficult due to the difficulty of fabricating and patterning a lower gate under
a silicon thin film. One alternative is to make such a structure in a vertical orientation as
shown in Fig. 4. In this method the source/channel/drain structure is grown epitaxially, so
that the channel length is then defined by epitaxy, not by lithography. The thickness of the
silicon film (a lateral dimension in a vertical FET) would have to be defined by
lithography, however. Fig. 4 shows a possible fabrication process for such a structure
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which we are pursuing. First, an opening is defined in a field oxide, through which a
source/channel/drain structure is grown by selective epitaxy.  After the field oxide is
removed, one can then grow gate oxide and deposit the gate, pattern it using self-aligned
techniques, and finally add contacts. Fig. 5 shows a long-channel test structure (L ~ 1
um) grown by RTCVD after the field oxide has been removed and before the gate
oxidation/polysilicon deposition step.

d n' Si
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n" Si n' Si
(a) oxide hole etching (b) selective epitaxy
Drain

+

n Si

bo T poysi+ 1 i I ] Gate
AN AR
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Fig. 4. Schematic diagram and fabrication process for vertical dual-gated
MOSFET’s: (a.) field oxide hole formation, (b.) selective epitaxy, (c.) field
oxide removal, (d.) gate stack and etch.

Well-behaved current voltage curves for a vertical p-channel device with a 0.5
micron channel length and 9 nm gate oxide are shown in Fig. 6. Because we have not yet
combined the vertical FET structure with a very thin vertical pillar (to prevent short-
channel effects), this device had a channel which was doped n-type in-situ with
phosphorus to prevent punchthrough. Efforts to scale this device to channel lengths of 0.1
um or less were unsuccessful, however. Simulation showed that this was due to the
diffusion of the boron source/drain dopant during the gate oxidation cycle (which was
typically 750 °C on the order of 30 minutes), and the diffused dopant led to a short
between source and drain. Simulation also showed that the oxidation enhancement of the
boron diffusion was largely responsible for this excessive boron diffusion.
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Fig. 5. Cross section of a long-channel test structure for vertical dual-gated
MOSFET’s after removal of the field oxide and before gate oxide/gate
deposition. Distance between bottom of overhang and substrate is ~0.7
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Fig. 6. Characteristics of long-channel (0.5 um) vertical p-channel
MOSFET grown by RTCVD.

To achieve devices with short L, thin (10 nm) SiGeC regions were then
incorporated above and below the doped S/D regions to suppress B diffusion. The high
carrier concentrations in a FET make the effect of any bandgap offset negligible at room
temperature. With this step to reduce diffusion of the source-drain dopant, devices with L
down to 60 nm have been fabricated (Fig. 7). Further work is required to achieve a
narrow pillar width in addition to the short channel length to realize the ultimate dual-gate
MOSEFET structures, however.
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Fig. 7. Subthreshold I-V curves of L = 60 nm p-channel vertical FET with
SiGeC diffusion barriers.

Si1xyGexC, Polycrystalline Gates

In early CMOS processes, the gate for both n-channel and p-channel devices was
typically heavily doped n-type polycrystalline silicon. To achieve a reasonable low
threshold voltage for the p-channel devices, it was then necessary to dope the channels p-
type with boron to create buried channel devices. Because buried channel devices do not

scale well to short channel lengths, in modern processes a p-type polysilicon gate (heavily
doped with boron) is preferred for the p-channel devices so that a reasonable threshold

can be achieved in surface channel devices. The n-channel devices still have an n-type
gate. In such “dual-gate” processes, the diffusion of boron through the thin gate oxide is a
substantial problem for device integration. If boron penetrates the thin gate oxide it
results in a positive shift in the threshold voltage of the p-channel device. We therefore
investigated the application of thin polycrystalline SiGeC blocking layers (20 nm) between
the usual (0.4 um) polysilicon gate in structures with 8-9 nm gate oxides.

All polycrystalline layers were deposited undoped, and then the top polysilicon
surface was implanted with 60 keV BE,* at a dose of 5 x 10" cm?, resulting in a boron
profile approximately 0.1 um deep. The samples were then annealed at 900 °C for various
times to drive the boron through the polycrystalline layers. The threshold voltage was
then measured by C-V measurements on MOS capacitors (n-type substrates) to evaluate
any shifts due to boron penetration through the gate oxide. The details are reported
elsewhere [Chang, 1998], but one of the main results is presented in Fig. 8. It shows the
threshold voltage as a function of anneal time for an all-Si control structure, and structures
with either a SiGe or SiGeC blocking layer of 20 nm thickness. The superiority of the
sample with the SiGeC blocking layer is clear. While boron penetration through the gate
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oxide is effectively suppressed with the Sij.,GeC, blocking layer, quasi-static C-V
measurements indicate that gate depletion did not occur for negative gate biases,
indicating a high boron doping in the SiGeC layer, a result supported by SIMS. The
seeming contradiction between the ability of the SiGeC to block boron penetration
through the gate and its ability to be highly doped at the oxide interface is further
addressed in other work [18].

T T T T —T
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—8— oxide/SiGe/Si
—A&— oxide/SiGeC/Si
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Fig. 8. Threshold voltage vs. anneal time for capacitors with different gate
electrode structures: polysilicon gate; SiGe barrier layer + poly Si gate;, SiGeC
barrier + poly Si gate.

Summary

Scaling MOSFET’s to channel lengths deep below 100 nm requires careful control
of diffusion and makes the investigation of novel FET structures attractive. In this paper
the application of rapid thermal chemical vapor deposition to address such issues has been
demonstrated through vertical FET structures (L down to 60 nm at present) and through
the ability of SiGeC layers to greatly suppress boron diffusion in both bulk Si and in
polycrystalline gate stack structures. Because of the ability of RTCVD to deposit a
variety of high quality semiconductor and insulating layers with nanometer precision,
further such applications are to be expected in the coming years.
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