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CMOS Inverter Based on Schottky Source—Drain
MOS Technology With Low-Temperature
Dopant Segregation

Guilhem Larrieu and Emmanuel Dubois

Abstract—This letter demonstrates the integration of com-
plementary dopant-segregated Schottky barrier MOSFETSs into
CMOS inverters. The implementation of a valence-band-edge
silicide, namely, PtSi, associated to arsenic (As) and boron (B)
low-temperature segregation is validated for the first time at
the circuit level. Current drives for n- and p-type devices are
I, =596/378 pA/pm at Vgg = |11 V| and |V =2 V to
account for the 2.4-nm gate oxide thickness. Excellent inverter
voltage transfer characteristics, large voltage gain, and apprecia-
ble noise margins have been obtained down to 0.5 V of supply
voltage.

Index Terms—CMOS inverter, dopant segregation (DS),
MOSFETs, Schottky barrier (SB), silicon-on-insulator (SOI).

I. INTRODUCTION

HIN-BODY MOSFET architectures associated to upcom-

ing technology nodes are expected to deliver a higher
current drive at shallower junction depth and reduced silicide
thickness. As a consequence, severe constraints are imposed to
conventional implanted source/drain (S/D) in terms of dopant
activation that governs the sheet and contact resistivities and
in terms of lateral dopant profiling that directly impacts short
channel effects. One alternative is to use silicided metallic
contacts that present a very low effective Schottky barrier
height (SBH) to electrons and holes for n-type and p-type
MOSFETs, respectively. Considering that the equivalent SBH
should not exceed 0.1 eV in order to position Schottky-barrier
(SB) MOSFETs advantageously with respect to conventional
technology [1], low-temperature dopant segregation (DS) at
the Schottky interface has emerged as a sound technological
solution. The most advantageous methodology is to combine
a band-edge silicide to its appropriate dopant type. In that
way, p-type MOSFETs with boron-segregated PtSi contacts
have been demonstrated [2]. Conversely, a conduction band-

edge silicide such as YbSis_y, coupled to As segregation, has
been proposed for the n-MOSFET counterpart [3]. However,
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this last approach faces two major obstacles: 1) the integration
of a second silicide material; and 2) difficulties to process
rare-earth silicides due to their high affinity with oxygen and
reactivity with silicon-based dielectric materials [4]. Although
a material like PtSi that presents a large SBH to electrons
is theoretically not attractive for n-MOS devices, its associ-
ation to As segregation [5] proved to produce near 0.1 eV
barrier. Following this integration strategy, 0.35-um-long-gate
n-MOSFETs have been demonstrated [6]. Dopant-segregated
Schottky S/D integration in basic complementary CMOS in-
verter has also been demonstrated for midgap silicides [7]-
[9]. Referring to these last reports, the so-called implantation
before silicidation scheme was used in conjunction with high-
temperature activation. Under these conditions, the advantage
of low-temperature processing to relax constraints associated to
the integration of temperature-sensitive materials is, however,
lost. Although the utility of PtSi for both n- and p-type injection
has also been outlined in the literature through material studies
[4], [5], [10], no report exists on its practical implementation
in basic digital circuitry. Recently, Khater et al. have provided
a comprehensive performance review of Schottky source/drain
transistors using a single silicide [11], without elaborating,
however, on basic digital circuit operation. This letter proposes
the first report on complementary SB-MOSFETs integrated in
CMOS inverters based on As- and B-segregated PtSi contacts
integrated in the so-called implant-through-silicide flavor using
a single segregation activation step at 600 °C. Based on this
process, functional elementary inverters down to 70 nm of gate
length are demonstrated. In the first step, the CMOS process
integration is briefly recalled, and individual current—voltage
characteristics are detailed. Essential circuit parameters such as
the output logic levels, static noise margins, and voltage gain of
the V,u+—Vin transfer characteristic are subsequently extracted
and discussed.

II. DESIGN AND EXPERIMENT

The starting material consists of a (100)-oriented p-type
doped (4-10 €2 - cm) SOI substrate that was thinned from 50
down to 16 nm by chemical etching [12]. The main process
steps are summarized in Fig. 1(a) and are detailed in [13].
The process sequence begins with the definition of a MESA
isolation recess by etching the SOI active layer down to the
buried oxide. The gate stack is composed of a 2.4-nm thermal
oxide covered by a 50-nm-thick tungsten metal gate. Slim
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Fig. 1. (Left) Schematic process flow of SB-CMOS integration with dopant
segregation at low temperature and (right) aerial SEM view of an SB-CMOS
inverter with PtSi S/D contacts associated to As/B segregation for the n-MOS
pull-down/p-MOS pull-up transistors.

15-nm-wide nitride spacers are subsequently integrated on each
side of the gate by PECVD deposition and dry etching. A
15-nm platinum silicide layer is selectively formed on S/D re-
gions of n-type and p-type transistors from a 7-nm Pt overlayer.
At this stage, boron dopants are confined into the silicide by
ion implantation (BF} 15 keV, 5 x 104 cm—2) to obtain p-
type contacts, with the complementary n-type transistor being
protected by a resist mask. The reciprocal approach is fol-
lowed for the n-type transistor using arsenic implantation (As™
17 keV, 5 x 10" ecm~2). A single annealing step limited to
600 °C is subsequently applied to segregate dopants at the inter-
face between the silicide and the semiconductor [2], [5]. At this
temperature, sub-0.1-eV SBH has been measured on dedicated
test structures for both contact polarities. For instance, boron-
segregated PtSi contacts on p-Si exhibits an SBH of 70 meV [2],
[5], [10], while arsenic-segregated PtSi contacts on n-Si exhibit
an SBH of 80 meV [5], [10]. Because annealing is limited to
the temperature of silicidation, the deep diffusion of dopants
is avoided, thus alleviating issues associated to the formation
of ultrashallow junctions. Finally, 200-nm Al contact pads are
structured over the source, drain, and gate terminal and sintered
at 400 °C for 4 min under NoHy atmosphere. Fig. 1(b) presents
a SEM aerial view of a DS SB-CMOS inverter. The shaded top
and bottom regions correspond to the implantation windows of
arsenic and boron implants, respectively. It is worth noting that
a mesa recess separates the transistor common output node to
prevent any dopant interdiffusion effect that could degrade the
Schottky barrier height. To achieve symmetric pull-down and
pull-up operation, channel widths of the n-MOS and p-MOS
transistors are set to W,, = 3 and W), = 4.5 pm, respectively.

III. RESULTS AND DISCUSSION

Fig. 2 shows the static Iqs—Vgs and Igqs—Vgs characteris-
tics of typical 70 nm long gate transistor. From a qualitative
standpoint, no sublinear inflexion is observed on the I4s—Vys
curves indicating that the SB heights for both transistor types
are sufficiently low to not limit carrier injection at the source
junction [13]-[15]. The current drive for n- and p-type devices
is Ion, = 596/378 pA/pm at Vpp = 1.1 V with |V =2 V to
account for the 2.4-nm gate oxide thickness. The subthreshold
slope value at low Vg5 is close for both transistor polarities,
namely, 106 and 88 mV/dec for n- and p-type transistors,
respectively.
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Fig. 2. Static Iqs—Vgs and I34—Vys characteristics of 70 nm long gate com-
plementary SB-MOSFETs with PtSi S/D and dopant segregation to modulate
the SBH at the silicide/Si interface.
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Fig. 3. VTC of an SB-CMOS inverter at different Vpp ranging from
0.5 to 2 V by step of 0.25 V. The gate length of complementary transistors
is 70 nm, while their width ratio is selected to account for the difference
current drive: Wy, _nvos = 3 um and Wi, _nros = 4.5 pm. The voltage gain
(AVout/AViy) is given in the inset for three different Vpp (0.5, 1, and 2 V).

Fig. 3 shows the voltage transfer characteristics (VTC)
for an inverter featuring 70-nm-long transistors. Several Vpp
values are considered ranging from 0.5 to 2 V by step of
0.25 V. For each supply voltage condition, well-behaved VTC is
obtained with a low-to-high output dynamic that reach the rail-
to-rail supply voltage range. This indicates that subthreshold
leakage currents of both transistors are sufficiently low to not
degrade high and low logic states. The inset of Fig. 3 shows
the voltage gain variations along the VTC for several Vpp.
A sharply peaked distribution reveals a narrow transition zone
that amounts to 210 mV for Vpp = 1 V. The peak position at
~0.6 V is slightly shifted off Vpp /2 due to an uncompensated
asymmetry between n- and p-MOS saturation currents. This
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Fig. 4. Transfer static characteristics of 70 nm long gate channel SB-
MOSEFET inverter at three different Vpp (0.5, 1, and 2 V) by plotting V;,, and
Vout interchangeably to evaluate noise margins (N M, and N Mjyy) according
to the MPC.

asymmetry partially originates from unequal DIBL factors for
both transistor polarities of DIBL (177 and 126 mV/V for n- and
p-MOSFETs, respectively). Although the device width ratio
(Wp/W,,) was tuned to obtain balanced saturation currents at
|Ves| =2 V to compensate for the thick gate oxide, the direct
measurement of the VTC makes this correction unpractical.
To refine the analysis, the static noise margins have been
evaluated using the maximum product criterion (MPC) [16] that
maximizes the area of the rectangles that can be embedded
within the VTC loops of cross-coupled inverters. Excellent
noise margins are deduced from the graphical illustration in
Fig. 4, e.g., NMp =047 V and NMy =0.21 V for 1 V of
supply voltage.

IV. CONCLUSION

The integration of CMOS inverters based on complementary
segregated PtSi Schottky S/D extensions and using a single
low-temperature activation step at 600 °C has been demon-
strated for the first time. Excellent dc VTC, large voltage gain,
and appreciable noise margins have been obtained down to
0.5 V of supply voltage. One single silicide coupled to a low-
temperature S/D module offers an effective, viable, and low-
cost manufacturing approach for future technology nodes of
complementary MOSFETs. This approach is also particularly
well suited to the integration of temperature-sensitive materials
and for monolithic device stacking in three dimensions that
must comply with severe thermal budget reduction to guarantee
silicide stability.
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