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Abstract 
In this paper, for the first time we demonstrate that horizontally 

stacked gate-all-around (GAA) Nanosheet structure is a good candidate 
for the replacement of FinFET at the 5nm technology node and beyond. 
It offers increased Weff per active footprint and better performance 
compared to FinFET, and with a less complex patterning strategy, 
leveraging EUV lithography. Good electrostatics are reported at 
Lg=12nm and aggressive 44/48nm CPP (Contacted Poly Pitch) ground 
rules. We demonstrate work function metal (WFM) replacement and 
multiple threshold voltages, compatible with aggressive sheet to sheet 
spacing for wide stacked sheets. Stiction of sheets in long-channel 
devices is eliminated. Dielectric isolation is shown on standard bulk 
substrate for sub-sheet leakage control. Wrap-around contact (WAC) is 
evaluated for extrinsic resistance reduction. Keywords: VLSI, Gate-
All-Around, Nanosheet, FinFET. 

Introduction 
Horizontally stacked GAA Nanowire/Nanosheet structures can 

answer logic device needs at 5nm technology nodes and beyond. They 
offer excellent electrostatics and short channel control [1-4], can be 
fabricated with minimal deviation from FinFET, and circumvent some 
of the patterning challenges associated with scaled technologies. In the 
following, we will show the versatility of this technology in term of 
design, and the significant boost in performance with a better Weff/Ceff 
trade off and electrostatics than FinFET for the same footprint. CMOS 
integration and DC performance of stacked GAA Nanosheets in sub-
7nm ground rules will be presented. We will show nFET/pFET devices 
at aggressive 12nm gate length with good electrostatics, featuring inner 
spacer and extremely thin silicon channel. Multiple threshold voltage 
by WFM patterning, dielectric isolation and WAC are evaluated.  

Stacked Nanosheet Device Design for sub-7nm  
Figure 1 illustrates area scaling by technology node [5-8]. GAA 
Nanosheet devices are evaluated at the 7nm ground rule [9] as a 
replacement of FinFET device architecture to enable further scaling 
down to the 5nm and 3nm nodes. The scaling benefits of using double 
and single stack Nanosheet structures is illustrated in Fig. 2. With a 
relaxed pitch, it is possible to match the effective width (Weff) of 
aggressively scaled FinFETs and even get a 30% increase in Weff when 
wide Nanosheets are used. The maximum gain in Weff is obtained for 
the same footprint with a Nanosheet single stack. As shown in Fig. 3, 
extremely scaled FinFETs fall on the same curve as two stacks of 
Nanosheet structures with three sheets, as both are limited by the space 
between the active regions. A better paradigm is a single wide 
Nanosheet stack as the structure is defined across the entire active 
footprint, provided that wide sheets can be successfully fabricated as we 
show here. In our simulations and experiments, we consider stacked 
Nanosheets with three layers of 5nm sheet thickness and 10nm vertical 
sheet to sheet spacing. Some examples of optimized inverter and SRAM 
layouts using single stack Nanosheet structures with sheet widths from 
15nm to 45nm are in Fig. 4, showing the opportunities for 
power/performance tuning in a given cell design, and cell height 
reduction using an optimized single Nanosheet stack. In term of AC 
performance, the relative speed of FinFET, stacked Nanowire and 
stacked Nanosheet are compared in Figs. 5 and 6. It is shown that single 
stack Nanosheet has superior intrinsic performance for any sheet width 
compared to FinFET or stacked Nanowires. This is due to reduced 
parasitic capacitance for a given active width, resulting a better Ceff-to-
Ieff relationship.  Nanosheets also have more effective width in a given 
footprint, and therefore superior capability in driving a capacitive load. 
Additionally, the continuously variable sheet width, enabled by EUV 
single exposure, provides for fine-tuning of the necessary width to 
optimize power/performance on a product design. In contrast, FinFET 
and stacked Nanowire offer only crude granularity of one or two 
fins/stacks. Another specific feature of stacked Nanosheet devices is the 
inner spacer that functions as the effective device spacer for self-aligned 
junction formation [10]. This module is described in Fig. 7, and shows 

optimization of the inner spacer thickness at 5nm with no degradation 
of the Ieff/Ceff electrical performance. 

44/48nm CPP Device Fabrication & Characteristics 
With respect to the process flow, it has only a few divergences 

compared to FinFET technologies. A simplified flow is reported in Fig. 
8 with selected cross section TEM from critical steps. The specific 
elements compared to FinFET are: 1) multilayer channel epitaxy to 
form stacked sheets, 2) inner spacer formation 3) channel release and 4) 
multi-threshold voltage processing. Stacked Nanosheet channel release 
is performed after dummy gate removal in the standard replacement 
gate integration, using vapor phase HCl [11]. Regarding the multilayer 
channel epitaxy, we verified that all Si and SiGe layers were 
pseudomorphic with respect to Si and defect-free (Fig. 9), thanks to 
optimized surface preparation and epitaxy. In addition, a low thermal 
budget (<900°C) was employed for shallow trench isolation (STI) 
formation, limiting Ge diffusion during the fabrication steps (Fig. 10). 
Id/Vg characteristics for three-sheet nFET and pFET devices reported 
in Fig. 11a show good electrostatics for an aggressive Lg=12nm at 
44/48nm CPP with ultra-thin 5nm Si channel. The best electrostatics at 
44nm CPP for nFET are SSat=75mV/dec. with DIBL=32mV, and for 
pFET SSat=85mV/dec. with DIBL=24mV. A TEM micrograph of the 
final structure is in Fig. 11b, showing good uniformity in Lgate, inner 
spacer thickness, and epitaxy formation throughout the stack. 

Multi-Vt, Long Channel & Performance Improvement  
The deformation or bending of the sheets can be of great concern 

especially for long channel when the sheets are suspended across long 
distances after channel release. Stiction between Nanosheets can be 
suppressed with optimized interface layer (IL) dielectric formation; 
devices with Lg=150nm show no observable bending or stiction in the 
TEM cross-section (Fig. 12). As shown in Fig. 13, replacement of P-
metal with N-metal for multiple threshold voltages is also possible, even 
for structures of width in excess of 40nm; there are no residues or 
damage visible after P-metal replacement when optimized H2O2-based 
chemistry is employed; this was electrically verified by comparing the 
threshold voltage of devices with and without the removal process.  
Figure 14 reports nFET Vt modulation with respect to N-metal WFM 
thickness, showing a sensitivity in the range 13-14mV/Å, suitable for 
multi-Vt solutions. The benefits of dielectric isolation are particularly 
important for Nanosheets on bulk substrates, as shown in Fig. 15. An 
additional 8% performance improvement is also expected using 
conformal silicide in a wrap-around contact configuration as described 
in Fig. 16 [12, results from IBM/Applied Materials]. 

Conclusion 
For the first time, we fabricated and characterized horizontally 

stacked Nanosheet devices with Lg=12nm and aggressive 44/48nm CPP. 
We showed that stacked Nanosheet offers versatile design options for 
performance and power management thanks to the benefits of large Weff. 
It has superior electrostatics and dynamic performance compared to 
extremely scaled FinFETs with multiple threshold and isolation 
solutions inherited from FinFET technologies. All these advantages 
make stacked Nanosheet devices an attractive solution as a replacement 
of FinFETs, scalable to the 5nm device node and beyond, and with less 
complexity in the patterning strategy. 
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 Fig. 5: Relative Frequency for several 

device options: FinFET, Nanosheet 5nm 
(Nanowire), and various widths single 
stack Nanosheets. Inset: Ceff and Ieff for the 
same devices. 

Fig. 1: GAA Nanosheet structures can be a 
replacement of existing FinFET in sub 7-nm 
ground rule. 

Fig. 2: Increase in Weff going from aggressively 
scaled FinFET to double and single stack 
Nanosheets structures. Best improvement is 
obtained using a single wide Nanosheet stack at 
constant active width (RX.W). 

Fig. 4: For a given cell height, 
the Nanosheet (RX) width can 
be varied to optimize power-
performance trade-offs in 
logic (a-c) and SRAM (d). 

 
Fig. 9: XRD RSM [113] scan (a), 
Precession Electron Diffraction (b), 
and EELS (c) confirm a defect-free 
pseudomorphic stack  

 
Fig. 8: Stacked Nanosheet Process Sequence & TEM gallery.

 
Fig. 11: Stacked Nanosheet 44/48nm CPP nFET/pFET devices ID/VG – 
Structures feature 3 sheets, inner spacer, Lg=12nm, and TSi=5nm 

 
Fig. 14: nFET long channel Vt 
modulation with N-metal  

 
Fig. 15: Sub-sheet leakage suppression when a dielectric is 
inserted under the source/drain, comparable to fully isolated.

 
Fig.13: P-metal can be fully removed in wide 
Nanosheet structures using H2O2-based 
chemistry with no impact on the structure and 
gate stack properties  

 
Fig. 3: Improvement in Weff at same footprint 
going from extremely scaled FinFET to a single 
wide stack Nanosheet. 

Fig. 7: Normalized Ieff & Ceff Inner 
spacer formation is required for 
integrity of the epitaxy.

Fig. 10: Ge concentration profiles 
after different STI anneal 
temperatures. A small diffusion of 
Ge is observed at T<900°C

Fig. 16: Wrap-Around Contact scheme for 
Nanosheet – 8% performance improvement is 
expected with this technique. 

 
Fig.12: Stiction between 
Nanosheets is suppressed 
with optimized IL formation 

Fig. 6: Inverter driving a capacitive 
load. Performance of a single wide 
Nanosheet stack is superior. Note: 
improved granularity for power 
optimization.


