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Charge modeling: Pao–Sah surface-potential solutions

Piecewise/regional and non-pinned surface potential
Unified regional charge model
Charge-based bias-scalable transcapacitances and symmetry
Poly-accumulation/depletion/inversion effects
Coupled quantum-mechanical effect with PAE/PDE
Extension to strained-Si MOSFET charge modeling
One/two-iteration AC model parameter extraction

Unified regional approach

DC model calibration and prediction

Summary and conclusions

Minimum data for model calibration
One-iteration parameter extraction
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Surface-potential (φs) based

(Inversion)-charge (Qi) based

Iterative

Explicit

Threshold-voltage (Vt) based

HiSIM

SP

MM11

EKV ACM BSIM5

BSIM3,4

Unified, single-piece, explicit regional charge-
based model with non-pinned surface potential

(Pinned surface potential)

+
=   PSP

MM9

Xsim: unique features  combining “accurate” 
physics in surface potential solutions with unified 
“smooth” regional charges without losing the 
“process-dependent” threshold voltage concept

Do not solve at Vgb = Vfb, but two regional 
pieces unified to form a single-piece with C∞
continuity (no ‘if’ conditionals anywhere)
Do not require high accuracy in φs since 
charges (Vds = 0) do not depend on φs0 – φsL

Consistent with conventional formulations
Easy extension to include higher-order effects 
(QM, poly-doping, strained-Si, 2D SCEs, …)

(Accurate physics built-in for all regions; 
inherent requirement of high φs accuracy)

(Not as accurate but less demanding on
high φs accuracy; still need φs solutions in 
extrinsic and accumulation)

(Less physical in strong inversion)
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Original Pao–Sah: negative F2 for small positive φs (when Vcb > 0)

Modified Pao–Sah: negative F2 for small negative φs (when Vcb > 0)

Modified Pao–Sah: no negative F2 (used in iterative/explicit solutions)

1966
Pao–Sah



““Glued” Piecewise Regional Glued” Piecewise Regional φφss SolutionsSolutions
WCM 2005 MSM / Nanotech

X. ZHOU 5

Circle: N-R Iterative φs
Lines: "Glued" Piecewise φs
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Simple piecewise 
regional φs solutions:

When “glued” together, 
glitches at flat-band (Vfb, 
φs = 0) and threshold (Vt, 
φs = 2φF) conditions

Even with careful math 
for explicit solution, ripple
may occur when solution 
pieces are “glued”

ss Bφ φ= + ∆

2
2
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Circle: N-R Iterative φs
Cross: Piecewise Regional φs
Lines: Unified Regional φs
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Piecewise regional 
solutions are derived 
physically

Unified regional solutions 
approach the respective 
physical solutions 
asymptotically

Transition regions are 
“controlled” by the 
smoothing parameters, 
whose values do not 
influence asymptotic 
solutions



Unified Unified φφss Solutions and ContinuitySolutions and Continuity
WCM 2005 MSM / Nanotech

X. ZHOU 8

Circle: N-R Iterative φs
Lines: Unified Regional φs
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Xsim ("Stitched"): φseff = φacc + φds

φs at Vgb = Vfb is not 
solved exactly, but two 
pieces “stitched” to 
form a single-piece 
(φseff) seamlessly
φseff solution can be 
arbitrarily close to Vfb
without any ‘if’ 
conditionals, with C∞
continuity
φacc and φsub are 
independent of Vds; φstr
evaluated at the 
source/drain ends, 
keeping symmetry
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Symbols: N-R Iterative φs
Lines: Unified φseff

Gate−Bulk Voltage, Vgb (V)
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charge formulations; 
only the regional 
solutions are used in the 
unified regional charge 
model
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(Vds = 0.05V, Vbs = 0)
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Symbols: Medici
Lines: Model (Xsim)
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[To appear in Appl. Phys. Lett., vol. 86, no. 20, 16 May 2005.]
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Smooth bias-scalable Physical Ngate/tox/K-scalable

(Vds = Vbs = 0)
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[To appear in IEEE Trans. Electron Devices, 2005.]
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[See details in WCM2005, poster presentation by S. B. Chiah.]

One Cgg data for physical parameter extraction.  Smoothing parameters are determined by model requirements.
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[See details in WCM2005, poster presentation by S. B. Chiah.]

Minimum data for 
model calibration:

• Vt – L, W @ corner 
biases

• Point Idsat, gds0 data
• Only 6 I – V data

One-iteration model 
extraction

• Step-by-step
• Second iteration for 

improvement

Prediction over the 
entire geometry and 
bias, including higher-
order derivatives
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Regional charge-based approach with non-pinned surface potential 
combines the best features of φs/Qi/Vt-based approaches

Coupled explicit solution with QME and PAE/PDE/PIE  built into the 
regional Pao–Sah solutions

Easy extension to future MOS structures  strained-Si (FD/PD-SOI, DG)

Minimum data with one/two-iteration extraction  scalable & predictive

Simple and familiar formulation with selectable accuracy  trade-off 
accuracy/speed within one parameter set

Concluding remark: all the above combined features may be challenging to 
achieve with one particular (φs, Qi, Vt) approach.  Our approach and effort 
provide another option towards the development of next generation compact 
models for circuit simulation.
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