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MOSFET Operation Principles*
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After R.S. Muller and T.I Kamins, DEIC, Wiley, 2d ed.
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Gradual Channel Approximation (V.. >V,
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Pinch-Off and Saturation (Vg1<Vpe)
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Sub-Threshold Conduction*
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*After R.S. Muller and T.I Kamins, DEIC, Wiley, 3d ed




MOSFET Scaling (Constant field)’

Device and circuit Multiplicative
parameters factor (K>1)
Scaling assumptions  Device dimensions (L, W, t, ) 1/K
Doping concentration (N, N,) K
Voltage (except V;) 1/K
Derived scaling: Electric fields 1
Device parameters  Carrier velocity 1 26,0,
Depletion layer width (W) 1/K <= VW, = Tp
Capacitance (C=eAlt) 1/K 4N
Inversion layer charge density 1
Current, drift 1/K
Channel resistance 1
Derived scaling: Circuit delay time (z~CV/I) 1/K
Circuit parameters ~ Power dissipation (P~VI) 1/K? Down scaling of
Ppwe_r-dela)_/ product (P7) 1/K3 circuit parameters
Circuit density (~1/A) K2
Power density (P/A) 1

*After Y. Taur and T.H. Ning, Fundamentals of Modern VLSI Devices,

Cambridge, 2d edition Not scalable: Materials (Eg, u, etc...)

Temperature
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Modern CMQOS

CMOS Inverter circuit” Transfer characteristics”
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Short Channel Effects
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Velocity Saturation (Si-Devices)

L carrier drift F Consequence for MOS Devices
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Gate-Induced Mobility Degradation

Interface Interface
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€o&y R.S. Muller and T.I Kamins, DEIC, Wiley, 3d ed.
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Drain-Induced Barrier Lowering (DIBL)

V,-shift with V
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Source-Drain Charge Sharing Effect:
V; (Gate coupling)-Reduction’

*After R.S. Muller and T.1 Kamins, DEIC, Wiley, 3d ed.
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Deep Nanoscale Devices

Oxide leakage
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Velocity Overshoot (Transient)

Fx : K. Hess, ATSD, Wiley, 2000
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Depletion and Quantum Capacitance:
Gate Coupling Reduction
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*After Y.Taur and T.H. Ning, FMVD, Cambridge, 2d ed.
J.P. Leburton, IWSG-2009, IITB, India




Dopant Granularity: V,-Fluctuations

0.126 Ty Ty
q
0.12595 L‘ -
._.' __________ : . =
ey T mean value of
i \ cbserved data i
Fa ‘.l. 0.125%V
- o \ -
\
\
0.12585 7
0.1258 PP | a sl PP
100 1000 10000 le+05
sample sze

I c."s'x of cheerved datais 0.0302826V |

000s e =

= I |

= L J
- J

- L | 4

) / -

‘8 ) .

= o g

0.03004 A

00002 4

1 1 1

100 1000 10000 1405

sample sze

J.P. Leburton, IWSG-2009, IITB, India *U. Kovac et al., Microelectronic Reliability 48, 1572 (2008)




t,,-Scaling => High-K Dielectrics’

Tunneling-induced dissipation

But
C — 8080x
ox l‘ox
: - : E\Eq; EE.
High-K dielectrics| C_ = $i0; _ Z0%high—K
tSiOz thigh—K
*P. Zeitzoff and H.
Huff, 2005 ICCMUT,
Dallas, TX
tigh-k = Epign—x | Esi0, Msio, > Lo, Reduces Tunneling
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High-K: Large e=>large polarization P

P = Pionic +

f
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High-K Dielectric Phonons
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Si-O bond: strong--> “hard” phonons { Low g,

e Low energy
Me-O bond: weaker-->"soft” phonons 3 |
arge g,
Material

Quantity (units) $i0,* ALOY AN Zr0,* HfO," ZSio;
€0,(€) 3.90 1253 9.14 240 22,00 1175

e (&) 3.05 727 735 775 6.58 9.73
€,.(€0) 2.50 320 4.80 4.00 503 420
w1o; (meV) 55.60 48.18 8140 16.67 12.40 38.62
w10y (mMeV) 138.10 7141 88.55 5770 48.35 116.00
ay 0.0248 0.0788 0.0248 0.2504 03102 0.0322
@, 00113 0.0814 0.0423 0.0779 0.0362 0.2942

M. Fischetti et al., JAP 90, 4587 (2001)
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Polar Optic Phonons
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High-K Dielectric Remote Phonons

Remote Interface Phonons

(High-K)
(Si)

K. Hess, ATSD, Wiley, 2000

Interaction between electron in Si and
remote phonons in High-K dielectric !!!!
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Q. Wang &G.D. Mahan, PRB 6, 4517 (1972)
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Plasmon-RIP coupling*

Metal gate
+ Z — + Z - + =
t + — + — 4+ —
ol E——m»r ——>» «——>
n-channel

Si-substrate
*M. Fischetti et al., JAP 90, 4587 (2001)

Material
Quantity (units) ALOS AIN® 710>t HfO,"® Z1Si0
€ (e)) 1253 9.14 2401 ) 11.75
€ (€) 727 7.35 7.75 9.73
€ (€o) 320 480 400 420
w10, (meV) 48.18 81.40 16.67 38.62
w10, (meV) 7141 88.55 57.70 116.00
a 0.0788 0.0248 02504 03102 0.0322
, 0.0814 0.0423 0.0779 0.0362 0.2942




High-K Dielectric Remote Phonon Scattering

Strong RIP
scattering
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Weak (bare or
plasmon screened)
RIP scattering




RIP-Limited Channel Mobility:S10,, vs. HfO,*
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Theory vs Experiment
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Alternative (Future) MOSFET Structures”

g

N
* After K. Imai, Proc. Of SPICE vol. 7028 N

Depleted devices for - Reduction of V -fluctuations
- “Ballistic” transport
+ 11I-V on Si for high mobility
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Confined Phonons in Quantum Wires”

Carrier confinement, but also
phonon confinement A <2d
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Confined/bulk phonon scatt. ratio
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*M. Nawaz and J.P. Leburton, APL 90, 183505 (2007)







