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Appendix A Device structure description

Figure A1 (a) The schematic view of the 3D Nanosheet Transistor in this study. (b) The cross view of doping concentration

distribution along the channel. (c) The electron density distribution of the cross section perpendicular to the channel at Vg=0.7V

and low drain voltage by TCAD simulation.

The structure of the simulated NST, consisted of three horizontally stacked nanosheets, is schematically illustrated in Figure

A1(a). The key design parameters of three stacked sub-5nm technology NST referring to experimental data [1] and [2] are sum-

marized in Table A1. The nominal NST channel is featured with a physical gate length (Lg) of 12nm and a nanosheet thickness

(Tsh) of 5nm. The width (Wsh) difference between the top/middle/bottom nanosheets comes from the realistic trapezoid silicon

fin. The gate metal sheet thickness variation reported in [3] could significantly alter the transfer characteristics of NSTs, but due

to the irrelevance among the separated vertical sheet to sheet spacing (Tspace) for top/middle, middle/bottom sheets and bottom

sheet/parasitic channel, we assume the same Tspace of 10nm [1] for 3 stacks in the nominal NST for easily defining the Tspace in

Sentaurus Structure Editor (SDE) during the calibration. The high-k metal gate stack is with equivalent oxide thickness (Tox)

of 0.9nm. The formation of epitaxial source/drain region comes from the different growth rates on the top and side surfaces due

to the difference of crystal direction [4], whose side width is limited by Fin Pitch (FP). The constant doping (1020cm−3) in the

epitaxial source/drain, the Gaussian doping profile in the extension region and un-doped (1015cm−3) channel are assumed (as

shown in Figure A1(b)). The source/drain contact resistivity referring to the typical value [5] is assumed to be 2.5× 10−9Ω.cm2.

Figure A1(c) shows the electron density distribution of three horizontal nanosheet channel cross-sections at Vg=0.7V and low drain

voltage by TCAD simulation, which will be discussed in detail in the following. In this work, all simulations are carried out with

3D Sentaurus TCAD tools [6],’atomistic’ simulator GARAND [7] and 2D PS simulator [8].

Appendix B Device calibration process description
Firstly, the 3D horizontally stacked n-channel NST based on the sub-5nm device parameters is established in the 3D Sentaurus

TCAD simulation platform. The mobility model with modified high field saturation velocity, doping dependence and thin layer

mobility models is utilized for channel carrier transport. Meanwhile, Shockley-Read-Hall Recombination and Avalanche Generation

models also are included.
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Table A1 PARAMETERS OF THE SIMULATED NST

Device Parameters Value

Gate Length (Lg) 12nm

Top/Middle/Bottom Nanosheet Width (Wsh) 17/18.5/20nm

Nanosheet Thickness (Tsh) 5nm

Inner Spacer Length (Lsp) 5nm

Source/Drain Length (Lsd) 13nm

Vertical Sheet to Sheet Spacing (Tsus) 10nm

Fin Pitch (FP) 48nm

Contacted Poly Pitch (CPP) 48nm

Equivalent Oxide Thickness (Tox) 0.9nm

S/D Epitaxy N-Type Doping Concentration 1e20cm−3

Channel Doping Concentration (undoped) 1e15cm−3

Substrate P-Type Doping Concentration 1e18cm−3

Contact Resistivity (ρc) 2.5× 10−9Ω.cm2

H1 27.5nm

H2 32.5nm

Vdd 0.7V

Figure B1 2D cross sectional charge distribution in different thick (Tsh=3nm, 5nm, 7nm) nanosheets (Wsh=20nm) compared

between TCAD simulation based on density gradient quantum corrections and PS simulation at Vg=0.7V and low drain voltage.

Figure B2 1D charge distributions along the horizontal direction in the up side (a) and along the vertical direction in the

left corner (b) for different thick (Tsh=3nm, 5nm, 7nm) nanosheets (Wsh=20nm) compared between TCAD simulation and PS

simulation at Vg=0.7V and low drain voltage.

Then, the quantum confinement effect plays a critical role in the channel carrier distribution, which will seriously affect the

electrostatic performance of the NST, so it is also considered in the model. The direct solutions of Schrodinger equation or Non-

Equilibrium Green’s Functions (NEGF) are computationally heavy, so the density gradient (DG) quantum correction solution is
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Figure B3 Ids-Vgs characteristics of three stacked nanosheet transistors compared between TCAD simulation and the experi-

mental data [1].

Figure C1 2D maps of (a) SS and (b) DIBL across the whole DoE space by TCAD simulation.

Figure C2 2D maps of (a) Ion, (b) Ioff and (c) Ion/Ioff across the whole DoE space by TCAD simulation.

widely used [9], but the DG formalism introduces an additional quantum correction term and is only an approximation to the

Schrodinger equation. Hence, to improve the computational efficiency and accurately capture the quantum confinement effect, drift

diffusion (DD) model coupled with the DG quantum correction in TCAD simulation has to be strictly calibrated against 2D PS

simulation [10]. The DG quantum correction is calibrated here by fine-tuning model parameter γ [11] to the Poisson-Schrodinger

charge distribution. Figure B1 shows the electron density distribution comparison in different thick NST channel cross-sections

(Wsh=20nm) between TCAD and 2D PS simulations at Vg=0.7V and low drain voltage. Furthermore, 1D charge distributions

along the horizontal direction (’y’ direction) in the up side and along the vertical direction (’z’ direction) in the left corner for

different thick nanosheets compared between TCAD and 2D PS simulations at Vg=0.7V and low drain voltage are presented in

Figure B2(a) and (b) respectively. It states more clearly that the DG quantum correction solution is accurately calibrated by 2D

PS simulation in a wide range of NST channel thickness.

Finally, the device Ids-Vgs characteristics by TCAD simulation are compared with the IBM experimental data [1] presented in

Figure B3, illustrating an excellent agreement. The well-calibrated nominal NST will provide a baseline for the following research

and analysis in this paper.

Appendix C Process induced global variation description

Since the difficulty and uncertainty of critical dimension (CD) control during the NST manufacturing including multilayer channel

epitaxy, gate patterning and channel release [1], the key electrical performance parameters of NSTs with different nanosheet

thickness and gate length are explored, including SS, DIBL, Ion, Ioff and on-state current to off-state current ratio (Ion/Ioff ).

The results will provide very useful references of NST’s channel structure size selection for device designers to improve the device

performance further. To cover the process variation, the 3σ process-induced long-range variations of ∆Lg=±2nm and ∆Tsh=±2nm

are assumed to form a 5 × 5 = 25 node Cartesian product space. Each node represents a possible and specific case happening in

the NST manufacturing.

Firstly, the 2D maps of SS and DIBL across the whole Design of Experiment (DoE) space by TCAD simulation are presented in

Figure C1(a) and (b), respectively. Apart from that the SS and DIBL gradually reduces with the gate length increasing, it is also
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Figure D1 The 3D NST structure by ’atomistic’ simulator GARAND with RDD generated in source/drain and extension regions

(a) and MGG with average TiN grain-diameter of 5nm (b).

Figure D2 The full electrical transfer characteristics simulation of NSTs with the 10nm gate length and 7nm thick channel (a),

12nm and 5nm (b), 14nm and 3nm (c) including RDD, SER with RMS=0.45nm and Λ=20nm and MGG with average TiN metal

grain diameter of 5nm at Vd=0.05V.

clearly found that the key figures of merit are the best for about 4nm thick NSTs and if the nanosheet thickness reduces further,

the device performance parameters will drop sharply and even be unacceptable up to 3nm. The reason can be explained from the

NST channel cross section charge affected by the strong quantum confinement effect induced by the thin channels and as shown in

Figure B2(b), the peak of electron density in vertical direction is a ’flat top’ peak for 5nm thick nanosheets but becomes a curved

peak completely for 3nm thick nanosheets. At the moment, the electrons are firmly confined to the vertical center of the nanosheet

so that the very strong quantum confinement leads to a sharp drop in device performance.

Then, we present the 2D maps of on-state and off-state currents across the whole DoE space by TCAD simulation in Figure

C2(a) and (b), respectively. It is clearly seen from Figure C2(a) that the on-state current value is larger for the NSTs with short

gate length and large nanosheet thickness due to the channel cross-section area increasing. In addition, for NSTs of less than

4nm thick, the on-state current value is very small so that it only has an insignificant increase with the gate length reduction.

Meanwhile, from Figure C2(b), we can find that the off-state current also is very small for the NSTs with long gate length and

small nanosheet thickness, which has the better gate control over the channel. At last, we calculate the on-state current to off-state

current ratio across the whole DoE space presented in Figure C2(c). It clearly illustrates that the Ion/Ioff value is larger for the

nanosheets with long gate length and small nanosheet thickness, which has a higher ability to regulate the conduction current.

According to the global distributions of process parameters provided by measurements and last process generation, the global

process variation induced performance parameter distributions can be obtained through the obtained response of device figures of

merit to the long-range process variation in Figure C2.

Appendix D Statistical variability results discussion
In this section, the statistical variability, introduced by the three traditional local variability sources including RDD, nanosheet edge

roughness (SER) and MGG, which is combined with quantum confinement variation effect is presented and analyzed comprehensively

by TCAD simulation. It should be noted that different from global process variation, statistical variability derives from the intrinsic

random nature of devices and demonstrates the local and short-range variation properties. Firstly, the 3D structure schematic view

of NSTs with RDD and MGG by using the ’atomistic’ drift-diffusion simulator GARAND are presented in Figure D1. Due to

the un-doped channel, RDD is mainly generated in the source, drain and extension regions (as shown in Figure D1(a)). For SER

[2], we only consider the top and bottom surface roughness of three stacked nanosheets modeled by using the 2-D autocorrelation

function (ACF) [12] parameterized with correlation length (Λ) of 20nm and root mean square (RMS) of 0.45nm [2]. For simplicity,

we assume that there is no correlation between the edge roughness lines along x- and y- direction. TiN gate metal grains with

an average diameter of 5nm are assumed and MGG is modeled with two possible work functions spanning 0.2eV occupying 40%

probability for < 111 > grain and 60% probability for < 200 > grain of occurrence [13] (as shown in Figure D1(b)). The Statistical

Impedance Field Method (sIFM) is carried out to investigate the variation of the device characteristics.

To count and evaluate the impact of the statistical variability combined with quantum confinement variation effect on the

threshold voltage (VT ) of NSTs, our method is to add the statistical variability sources to three cases of the DoE space, which are

with the gate length of 10nm and nanosheet thickness of 7nm (fast corner), 12nm and 5nm (typical corner) and 14nm and 3nm

(slow corner) according to the difference of the gate driven current Ion. At each node, ensembles of 1000 sample devices are used

to simulate and obtain the statistical distribution results of device parameters. Figure D2 shows the Ids-Vgs characteristics of

1000 samples simulated with the combination of three statistical variability sources at three nodes of the DoE space at Vd=0.05V.

The threshold voltages extracted from the transfer characteristic curves of 1000 microscopically different samples with individual

statistical variability source and their combination at the three nodes of DoE space are shown in Figure D3. It is clearly seen



Haowen Luo, et al. Sci China Inf Sci 5

Figure D3 The threshold voltage (VT ) distribution of NSTs with different local variability sources at three nodes of the DoE

space, which are with the 10nm gate length and 7nm thick channel (a), 12nm and 5nm (b), 14nm and 3nm (c) at Vg=0.7V. (d)

The gate length dependence of threshold voltage (VT ) for different thick NST.

Figure D4 The Q-Q test on threshold voltage (VT ) distribution due to RDD generated in source/drain and extension regions

(a), SER parametrized with RMS (0.45nm) and correlation length (20nm) (b) and MGG with average TiN grain-diameter (5nm)

(c).

Figure D5 The gate length dependence of σVT (a) and σIon (b) for the 4m thick NSTs with different statistical variability

sources.

that the standard deviation of threshold voltage can reach up to 15.76mV, 14.54mV and 18mV for the samples with Lg/Tsh of

10nm/7nm, 12nm/5nm and 14nm/3nm with three statistical variability sources combined, respectively.

Although RDD effects are suppressed due to the un-doped channel, the statistical variability induced by RDD combined with

the strong quantum confinement effect, especially in extension region still results in unneglectable threshold voltage fluctuation.

For SER, we can see clearly that the standard deviation of threshold voltage for the NST with Lg/Tsh of 14nm/3nm is much larger

than the other two cases, which illustrates that the 14nm gate length and 3nm thick NST has the most serious threshold voltage

variation because of extremely thin nanosheet and strong sensitivity to quantum confinement. As the threshold voltage dependent

on the gate length of different thick NST is shown in Figure D3(d), it is illustrated clearly that with thinner nanosheet thickness,

the gate length has smaller influence on VT and the change of threshold voltage is more sensitive to nanosheet thickness variation
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Figure D6 σVT dependence of VT variability respectively on MGG average grain diameter (top graph), SER correlation length

(Λ) (middle graph) and SER root mean square (RMS, ∆) (bottom graph) for the NSTs at three nodes of DoE space.

Figure D7 σIon dependence of Ion variability respectively on MGG average grain diameter (top graph), SER correlation length

(Λ) (middle graph) and SER root mean square (RMS, ∆) (bottom graph) for the NSTs at three nodes of DoE space.

compared with the gate length variation. Meanwhile, the SER-induced variability also results in the large overall threshold voltage

variation of 3nm thick NSTs. As we move from Figure D3(a) to (c), it is found that the MGG-induced VT variability is suppressed

due to the increase in the gate area and for the fixed grain size of 5nm, the averaging effect [14] will be weakened. Compared to the

SER-induced large VT variability for 3nm thick NSTs, the strong quantum confinement for thin NSTs does not add a considerable

contribution to the MGG-induced VT variability.

Correspondingly, the normal Q-Q test on the threshold voltage distribution due to RDD in Figure D4(a) shows that it produces a

skewed threshold voltage distribution. For the threshold voltage distribution due to SER, Figure D4(b) shows that it also produced

a skewed distribution with a slightly raised right tail due to the asymmetrical sensitivity of threshold voltage to the changes in

nanosheet thickness (as shown in Figure D3(d)). In more detail, Figure D3(d) shows that with Tsh gradually reduced, the equal

thickness reduction results in a larger increment in VT due to the non-linear channel thickness-dependent quantum confinement

effect for the thin NSTs. Due to the small average TiN grain-diameter of 5nm, the Q-Q plots for VT distribution due to MGG are

shown as approximate Gaussian distribution without the flat tail for the three cases of NSTs in Figure D4(c). MGG renders itself

still the dominant statistical variability source compared with RDD and SER but it is worth noting that SER brings the severe

threshold voltage fluctuation ( 43.93%) for the NSTs with Lg/Tsh of 14nm/3nm because of extremely thin nanosheet and strong

sensitivity to QCV.

For further checking the effect of statistical variability sources on the key performance parameters of 4nm thick NSTs as the

best performing device mentioned in Appendix C, The gate length dependence of σVT and σIon for 4nm thick NSTs are shown in

Figure D5(a) and (b), respectively. Due to the low RMS of 0.45nm for the 4nm thick nominal NST and the range of gate length

varying close to the correlation length of 20nm, Figure D5(a) shows that the SER-induced σVT slowly decreases with the gate

length gradually increasing. Figure D5(b) makes it clear that the gate length dependence of σIon has different distribution features,

which can be seen that RDD results in the largest Ion variation due to the short channel effect.

In the following, the dependence of σVT and σIon on MGG average grain diameter, SER correlation length (Λ) and SER root
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mean square (RMS, 4) for the NSTs at three corner nodes of DoE space is presented in Figure D6 and Figure D7, respectively. It

is found that the MGG-induced VT and Ion variability can be suppressed with the average TiN metal grain size reduction. The

SER with larger Λ and RMS all brings obviously more VT and Ion fluctuations, but SER-induced variability is more sensitive to

RMS. Meanwhile it seems that the σVT and σIon are linearly proportional to the RMS of SER but are saturated for large Λ.
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