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SUBJECTS

 Technologies:

e Main issues:
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AGENDA

e Introduction to CMOS

« Atoms in front-end process simulation

« Atoms in reliability simulation

e Atoms in new materials for CMOS

« Summary and conclusions
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MOS TRANSISTOR: WORKING PRINCIPLE

source gate drain

channel gate oxide

Off Linear Saturation
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MOS TRANSISTOR: 130 nm node
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Each technology generation has the same relative dimensions
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CMOS (CMOMPLEME

FRONT END: make the device

iImplantation; gate stack formation (oxide + polySi)
- Process simulation: implanation & diffusion
- Reliability: gate oxide degradation
- Materials: deposition and properties of dielectrics

silicidation; IL dielectric and metal deposition
- Reliability: electromigration in stressed polymetal
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CMOS MATERIALS

 Substrate

*Front end (active device)

Back end (interconnects)

« Thermal budget
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SHRINKING DIMENSIONS
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[1] International Technology Roadmap for Semiconductors (2000 update), http://public.itrs.net
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SPEEDING ON THE ROAD

| TRS Roadmap Acceleration Continues...
(Including MPU/ASIC"Physical Gate Length' Proposal)

95 97 99 01 04 07 10 13 16
500 f— 500
1994 * Note: MPU ASIC Physical Bottom Gate L ength Preliminary 2000 Update
350 7 still under discussion -390 __
=
250 Technology Node  (DRAM Half Pitch) |—{250 £
180 1997 / 2000 _ ligo S
N 7/11IRC P | Ay
- SN 1998/1999 /" lowricacpparans 5
£130 H MPU/ASIC ‘ < Scenario [ 2.0] L 1130 ©
N Gate Length 2 / / -
©100 H J ,4___'__< = y 4 Alternative PO =
E Minimum LT ™ Scenario [1.5] 90 é
@E 70 T Feature Size P g _ | 76 o
MPUJ/ASIC Gate*Physicar SR |
ale ysica i )
50 H “ / { Scenario [1.0] || %@55 .§
35 MPU/ASIC Gate“In Resist’ - 85 >
I I
25 [9/15 - Litho Proposed "In Resist ” (70% of "Best Case " Half Pitch)] \ég %
[9/15 -“ Litho Pr‘o;osed “Physical “ (1 year ahead of “In Resist )] 23 E
I} i - \16 é
95 97 99 01 04 07 10 13 16~.7x per
Year of Production A 2001 Renewal Period A technology

REV 1kg_g - 10/20/00 node (.5x
per 2 nodes)

IHP Im Technologiepark 25 15236 Frankfurt (Oder) Germany  www.ihp—microelectronics.com © - All rights reserved
cmos-acceleration.ps



7]

CONSEQUENCES OF MINIATURIZATION

 Dopant activation: concentrations above solubility

 Dopant profile formation: short annealing times

 Statistics of dopant distribution: few dopants in channel

« SiIO, gate dielectric: few atomic layers only

» SiO, gate dielectric: t,, cannot be reduced below ~2nm
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PROCESS SIMULATION: DOPING PROFILES

 Old thinking: continuous distribution of charges

* New thinking: granular distribution of charges

 Agenda

[1] A. Asenov, in “Challenges in Predictive Process Simulation”, Springer (to be published)
[2] J. Dabrowski, V. Zavodinsky, R. Baierle, M. J. Caldas, in preparation
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FLUCTUATION OF MOSFET PARAMTERES

 50nm x 50nm transistors: “identical’’ devices are very different
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A. Asenov, in “Challenges in Predictive Process Simulation’, Springer (to be published)
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HOW ATOMS CHANGE THRESHOLD VOLTAGE
50 nm x 50 nm transistors, 170 dopant atoms

Vy, =0.56 V Vy, =0.78 V

A. Asenov, in “Challenges in Predictive Process Simulation’, Springer (to be published)

IHP Im Technologiepark 25 15236 Frankfurt (Oder) Germany  www.ihp—microelectronics.com © - All rights reserved
gran-hilo.ps




%
SEGREGATION: DOPANT STATISTICS UNDER OXIDE m

source gate drain

v -

inversion channel gate oxide

segregation-context.ps
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HOW AND WHY DOPANTS SEGREGATE?
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J. Dgbrowski, H.-J. Mussig, R. Baierle, M. J. Caldas, V. Zavodinsky, JVSTB 18, 2160 (2000)
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THE DOMINANT MECHANISM

 Most of the segregation is due to imperfect oxidation
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Si O Si O
SiIP-SIO - SiPe + «Si0
Si Si Si Si
O O O O
O Sie +Si0 - 0OSi-Si O
Si Si Si Si

* Now we have:

e Valid for all concentrations of donor atoms
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DIFFUSION OF DANGLING BONDS

;L
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DOSE LOSS AND P CONCENTRATION

15
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DOPANT PROFILES: SUMMARY

* ““Decanano’’ regime:

0.56V 0.78 V

« Example 1. MOSFET parameter fluctuations, 50nm x 50nm device

« Example 2: Dopant segregation to SiO,/Si(001) interfaces

[1] M. Jaraiz et al, “DADOS simulator’’, Mat. Res. Soc. Symp. Proc. 532 (1998) p.43
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RELIABILITY: HOW LONG CAN AN OXIDE WORK?
4

1.5 nm

» Leakage changes exponentially with t

log(A/cm?2)

1.9 nm

 Reliability predictions

« Example:

J. Dgbrowski, P. Gaworzewski, T. Guminskaya, A. Huber, in preparation

1.0 1.5
gate voltage
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RELIABILITY OF GATE DIELECTRICS

 State-of-the-art SiO, gate oxides may fail too early...

® | ITRS 2000 projection

s 250
B 10-year lifetime [1] o
2_ 1997
>
)
(@)
S
fe)
>
>
ro 130
§ °
90 | 2001
g 14 °
% 7.0 2005
= 2008
®
°
| v | v | v 1
1 2 3 4

Equivalent SiO, thickness, nm

[1] Stathis and DiMaria, 1998 IEDM Technical Digest, p. 167

IHP Im Technologiepark 25 15236 Frankfurt (Oder) Germany  www.ihp—microelectronics.com © - All rights reserved
reliability-roadmap.ps




STRESS INDUCED LEAKAGE CURRENT
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J. Dabrowski, P. Gaworzewski, T. Guminskaya, A. Huber, in preparation
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MECHANISM OF OXIDE BREAKDOWN
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CAN DAMAGE PROCEED IN THIS WAY?

Step 0: SiH bond, neutral Step 1: released H builds OH, DB

Step 1*: as 1, but DB neutral Step 2: released O builds O-O
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RELIABILITY: SUMMARY

» Gate leakage increases exponentially with decreasingt
 Reliability is difficult to predict

* Example: Microscopic sequence of breakdown process [3]

[1] J. H. Stathis, Proc. IEEE 39'th Annual Internat. Reliability Phys. Symp, p. 132 (2001)
[2] International Technology Roadmap for Semiconductors (2000 update), http://public.itrs.net
[3] J. Dabrowski, P. Gaworzewski, T. Guminskaya, A. Huber, in preparation
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NEW MATERIAL: ALTERNATIVE GATE DIELECTRIC
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» Solution?

 Requirements:
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HIGH-K MATERIALS AND AB INITIO CALCULATIONS m

o Ab initio studies are expected to:

e Several groups are active

 Example: Hf and Pr oxides on Si(001) surfaces (FHImd, [1])

[1] J. Dabrowski, V. Zavodinsky, H.-J. Osten, A. Fissel, in preparation
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TM and RE dioxides: fluorite structure
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J. Dabrowski, V. Zavodinsky, A. Fleszar, Microelectronics Reliability 7, 1093 (2001)
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SUBSTRATE RECONSTRUCTION
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Stoichiometric dioxide surface: ionic, no electrons to share

BONDING INCOMPATIBILITY
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Si(001) 3x1 surface: covalent, many electrons to share
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D
DIOXIDES: INTERFACE CHARGE TRANSFER m
*Thumb rules for oxygen charge collected from metal atoms:

Fundamental structure of the interface Interface enriched in oxygen
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Pr OXIDES: CUBIC STRUCTURES

Cubic PrO, (Pr,0,) Cubic Pr, O,
(Pr),(07), (Pr*®),(07?),

IIIIIIIIIIIIII
highk-PrOcubic.ps
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SEQUIOXIDES: INTERFACE CHARGE TRANSFER w

O vacancy at the interface filled Si dimer oxidized, O, in film filled
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NITROGEN: INTERFACE DIPOLE CONTROL

Silicon Pr, O4 Silicon Pr, O4
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WEAK DIPOLE MOMENT

Thumb rules for oxygen charge collected from metal atoms:

HEXAGONAL Pr,O,:

Interfacial O can compensate charge loss

Bulk dipoles and surface charge

d
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XPS PEAKS REVEAL THE INTERFACE DIPOLE

Two different phases observed in XRD:

*Core level peaks of Pr and O shift from hexagonal to cubic
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HIGH-K DIELECTRICS: SUMMARY

» Gate leakage increases exponentially with decreasing t,,

e Industry DOES NOT KNOW what high-K material will be used

 Example: Hf and Pr oxides on Si(001) substrates (FHImd, [2])

[1] International Technology Roadmap for Semiconductors (2000 update), http://public.itrs.net
[2] J. Dabrowski, V. Zavodinsky, H.-J. Osten, A. Fissel, in preparation
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* Ab initio studies may contribute to CMOS miniaturization efforts

SUMMARY AND OUTLOOK

*We considered three groups of examples:
1. FEOL process simulation

2. Oxide reliability predictions

3. New material will soon replace SiO, as gate oxide

« 2000 IRTS on Modelling and Simulation Technology Requirements:

Ab initio simulation of deposited material properties
Computer egineered materials and process recipes
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