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TRA “ima chips Introduction

®* Flexible electronics

= Conventional chips
- Non-flexible Si-wafer
= Thick (=400 um) and flat surface

= Ultra-thin chips
= Flexible substrates

= Thin (<50 um) and curved surface

® Stress Effects in ICs

= Plezoresistive effect

Mechanical Stress Change of Change of Change of

— . == Electronic Transport e MOS-FET

o Si Electronic Bands ) -
Properties Characteristics

ESSDERC/ESSCIRC 2009; Joint Plenary Talk; 17 September 2009 U= H, (1+ 71 [U)



1TAA -ims chips The Chipfilm™ Technology

Chipfilm™ Wafer CMOS Process Trench & Test Pick, Crack & Place™

Buried cavities Device integration Anchor structures Chip singulation

IEDM 2006 Late News
Since July 2008 joint development with Robert Bosch GmbH

MOST Modeling for Ultra-thin Flexible Electronics © IMS 2009



1TAA -ims chips Chipfilm™ Characterization (1)

Blanket Chips

IC Chips

MOST Modeling for Ultra-thin Flexible Electronics © IMS 2009
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chips

Piezoresistive Effect in CMOS
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1TAA -ims chips Effect on Parametric Circuit Yield

1. Process-corner based design:

Probability of Yield Loss + Piezoresistive effect
64% 10% 4% 1% - Parameter shift
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TRA -ims chips Challenge & Solution

® Challenge: Simulation of CMOST for variable stress
- MOS-FET Models are based on constant (built-in) stress , if any
- Parameters change for thin/flexible chips, l.e. variable stress
- Inaccurate simulation by using conventional models

- High cost through re-design

® Solution

- Model extension to include external (variable) stre  ss effects
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1TAA“ims chips Experimental Setup and Measurements

® Conventional chips ¢ Ultra-thin chips
= Bending technique: 4-point set-up = Cylindrical

- Contact method & apparatus:
- Adjustable Probes - Bond-wired

- Bond'Wired Chlp

Kapton® foll
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Measurement Procedure (Conv. Chips)

® Original measured data (PMQOS)
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TRA “ima chips I, Dependence on Uniaxial Stress (1)
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chins |, Dependence on Uniaxial Stress (2)
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“ima chipns I, Dependence on Uniaxial Stress (3)
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Parasitic Resistance RDSW

®* BSIM3 model: absorbed resistance approach

D
j) Rps =
; Ros
2
D' O >
G »
»
e .
Ros »
f 2 »
»
s

_ RDSWI(1+ PRWGLV ;o + PRWBLL /D¢ — Voo oy —+/®s )
o w,, )"

RDSW (Q umWR) = parasitic resistance / unit width;
PRWG (1/V) = gate bias effect coefficient of RDSW,
PRWB (V-12) = body effect coefficient of RDSW;
WR (1/V) = width offset from W for Ry calculation;
Vasrert (V) = Vgs — Vi,

W’ (Lm) = the effective channel width;

®. (V) = the strong-inversion surface potential.

cpszzuks%{Na]
q n,




1TAA -ims chips Possible Assumptions for RDSW

® The piezoresistive effectin  Rpgand R , Is the same

Channe

= Not correct because of obvious geometry dependence

®* Ry IS less dependent on piezoresistive effect than Rchannel
- Physically correct assumption

- Piezoresistive effect depends on doping level (~30%  -100%)
- Rpg dominated by diffused LDD

- Effective doping level of LDD not known
® Rps Is independent of piezoresistive effect

- Acceptable if statisfactory modeling results

= Physically not correct
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Plezoresistive

Coefficients (NMOS and PMOS)
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Piezocoefficients

Piezo-coefficients (x 10 -12Pal): long channel MOS-FETs

Piezoresistive IMS CHIPS Gallon et al. Bradley et al.
Coefficient unpublished IEEE T-ED 2004 IEEE T-ED 2001

0.8 pm CMOS 0.13 ym CMOS 0.3 um CMOS

1 484 £ 4% 485 + 12% 320 +40%
n-MOS

T, 207 9% 212 +12% 250 + 40%

1 -590 + 4% -561 +12% -415 + 40%
p-MOS

T, 441 + 9% 469 +12% 385 +40%

— _/
—~

with Ry correction

(NMOS and PMOS)
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1TAA“ims chips Analyzed BSIM3 DC Parameters

Parameter | Unit (Sl) Description Variation under uniaxi  al stress (@100 MPa)
uUo m? / Vs zero field mobility NMOS, ngitudinals 5%, NMOST ansversar- +2%
PMOS, ,ngitudinal: "6%0; PMOS+ 4nsversals 9%
RDSW Q um parasitic resistance <3%*
per unit width
VTHO \ threshold voltage <+x0.3mV
@Vgs=0 for large L
VSAT m/s saturation velocity <2%
ETAO - DIBL coefficient of <0.5%

threshold voltage

*Variation due to optimization
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TRA -ims chips Simulation results
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TRA ‘ims chips Electrical Characterization of Ultra-Thin Chips

4-Point Bending Method
e Conventional technique

Thin Chip Stress Apparatus DUT
¢ 20 pm Chipfilm™ chips

S
« ~10 pm epoxy glue layer /—\
N\

e 50 um Kapton® tape

* Al cylinders with diff. @
 Stress set by selected @

» Wire bonds for chip testing
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1AA s chips Apparent Anomalous Piezoresistive Effect

Resistivity Change (%)

4-Point Bending Method
* 550 um free standing Si beams

 Stress at chip surface is known
« Comparable to published -Coeff.

Stress (MPa)
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1000/R (mm™")

Thin Chip Stress Apparatus

e 20 pm Chipfilm™ samples glued on tape
» Analytical estimation of stress at thin chip
» Apparently anomalous -Coefficients
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- Anomalous T[l1-coefficients due to effects in Si or in packaging?

IEDM 2009; to be published
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ITAA-imechins Conclusions

® Pronounced geometry dependence of Al /I
- Piezoresistive effect predominantly in channel regio n
- De-embedding of constant RDSW seems sufficient
- Compact model extraction in BSIM3 gives satisfactor vy results

= Only modified mobility model needed to reflect stre ss effects

® Minimization of error in parameter extraction
- Electrical: wire bonded test set-up instead of man ual probes
- Thermal: temperature compensation is nedeed
- Mechanical: optimization of 4-point probe test app aratus

- Data processing: care with graphical extrapolation procedures

® Additional difficulties when evaluating DUT on ultr a-thin chips
- Determination of actual stress on thin chips mounte d onto tape

= Interpretation of apparently anomalous piezoresisti ve behaviour

® Challenges are in parameter extraction rather than In modelling



Thank you!

Questions?
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Determination of Piezocoefficient
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Determination of Piezocoefficient

PMQOS Longitudinal
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1TRA ims chips Sources of Error

® Global (not affecting sub-sequent parameter evaluation)

- Determination of uniaxial stress from deflections ( ~ + 20 %)
® Systematic

- Temperature: compensated to better than 0.5 %

- Light: eliminated

- Parameter extraction, model inaccuracies ( Fit RMS < 2%,
estimate for parameters: AVTHO <2mV, AUO/UO < 2% )

® Non-critical
- Electrical

- Parameter analyzer (at = 100 pA - £ 0.05 % accuracy)

®* Random

= Mechanical (~ +£4% = 15 MPa)

- Bending apparatus

= Inacuracy of pressure gauges -



ITAA-imechins Determination of Piezocoefficient (NMOS —Longit.)
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Influence of RDSW on m Extraction (NMOS)
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Current Mirror Circuit
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ITAA-imechins Output characteristics |  5-Vgs
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TRA “ima chips Determination of Piezocoefficient

slope (x 10 2 pa?)
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Mechanical Potential Error Sources
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4889

® Length Measurement Error

= Error in length measurement (e.g. a £ Aa)

® Beam Rotation Error

- Wafer strip =misaligned




TRA -imechins Influence of R ;5 on TUExtraction
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Device Under Test Orientation
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p-MOS
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