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SUBMICRON TECHNOLOGIES
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PRODUCTS (CIRCUITS
IN VLSI TECHNOLOGIES)

ELEMENTARY DEVICES /
STRUCTURES



352'8&76�
HOHFWULFDO�FKDUDFWHUL]DWLRQ

-(:6 (Electrical Wafer Sort):
* 1 or 2 step characterization on wafer

-),1$/�7(67:
* After packaging
* Possible ‘burn-in’ tests (e.g. 24h biased)

to screen early failures
* Possible ‘speed’ tests

EWS and FINAL TEST:
* Product dependent:

Digital / Analog / mixed circuits
=> different testers / complexity



'(9,&(6���6758&785(6�
HOHFWULFDO�FKDUDFWHUL]DWLRQ

All these elementary components are arranged in a 
“TEST PATTERN” i.e. a set of different test structures 
(a collection of single structures, active and passive, and 
small test circuits) for:

- process development (large set) 
designed for process characterization,
layout rules definition, and device modeling 

- defectivity: yield optimization/forecast
- process control (minimum set)

to track and keep aligned device electrical
properties from lot to lot 



3URFHVV�&RQWURO�7(*����3URFHVV�&RQWURO�7(*����

á Only a few TEGs in available scribing (saw) 
lanes

á Possible wafer mapping
á Used for parametric             
testing:

-e.g. 9 sites/wafer
-testing speed    
requirements
-selected 
measurements

DEV DEV DEV

DEV DEV DEV

TEG ATEG A
TEG BTEG B

TEG CTEG C

352'352'

352'352'352'

352'

TEG = Testing Evaluation Group
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cap

pwell

diode

gate

drainsource

Must: minimize number of pads, and series resistance
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Only a few TEGs in available room (depending on 
scribing lanes number in exposure field)
Only small structures, but some large ones (usually 
capacitors) on top or bottom of the pads
Width: max 100 µm
Length: e.g. 5120 µm (32 pads) plus external 
structures
Pad dimensions: e.g. 80x80 µm
All what need to monitor a “production” process:
á Transistors, resistors, via chains, parasites, cells, diodes, 

capacitors, bipolars, “special” structures (e.g. for damage 
evaluation)
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part of exposure field, 
corresponding to 
one or more product
prototypes

A large number of TEGs
is drawn
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Almost complete set of structures
Transistor: all types, stepped in length and width
Diodes: small and large, area and perimeter
Oxide Capacitor: small and large, area and perimeter
Parasites: all types, stepped design rules

Design rules: lithographic limits, robustness

Resistors: stepped widths
Van der Pauw, Kelvin, Cross-Bridge resistors
Specific devices if released by the technology:

to check isolations, leakage, breakdown, unwanted MOS, …

e.g. contact-gate distance, ...

e.g. DMOS, Non Volatile Memory cells, …
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Model Extraction Structures:

Matched pairs (analogue characterization)
Other structures:

Ring Oscillators (dynamic characterization,  
model validation,…)

Test chip (critical circuit blocks, demonstrators,…)
Wafer Level Reliability Development:

e.g. structure for electromigration studies

Parasitic Interconnection Capacitors / transducers

Electro Static Discharge protections, I/O buffers
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'HIHFWLYLW\�7HVW�3DWWHUQ

Generally is a “simple” circuit (inverter chains)
designed to test the process as a whole:
the signal has to cross ‘all’ the layers and the
design should be as complex as a product.

Large device/structure number: 
e.g. 5 million MOSFETs

25million contacts/vias
1mm2 of gate oxide area

Wafer testability, easy failure analysis, 
possibility of packaged (life) tests, and to track 
defect density



2Q�ZDIHU�PHDVXUHPHQW�V\VWHPV

Requirements:
-automatic, semi-automatic, manual
-possible T measurements (-40…+125C)
-high accuracy or high speed
(e.g. µV/fA resolution, 0.1% accuracy) 

Range:
0-200V
0-1A
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Main constant parameters:
WNOM, LNOM, VGS, VBS

Independent variable:
VDS

Measured  variable:
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IDsat 
@ Vg=Vd=VDD

Ron = Vd/Id 
@ Vg=VDD

Vd=100mV

Ioff (best on large W)
@ Vg=0V

Vd=VDD
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Main constant parameters:
WNOM, LNOM, VDS, VBS

Independent variable:
VGS
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WUDQVFRQGXFWDQFH�

Parameters:
VDS = 100 mV
VBS= 0 V
WNOM = 10 µm
LNOM = 0.8 µm
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VT
1) by current
@ Vd = 100mV

ID = 1µA
2) by 3 or 4 points 

and extrapolation
slope gives β

‘threshold’6XE�WKUHVKROG
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Snap back curve is exactly an 
output characteristic, but
If the measurement is made like 
a standard output curve, forcing a 
ramp voltage on the drain node, it 
is impossible to see the region at 
negative resistence.
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BV  (often by current)  @ Vg = 0V,  ID = 10nA
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++VGS

ID

VBS
ID VCC

RL

VD = VCC - RL · ID

SMU

It is necessary to use a resistence on 
the drain to reduce the risk of heavy 
damaging of the sample

V

To measure characteristics with
a negative resistance:
-use and external load resistance
higher than the negative one
-force the current and measure
the voltage 
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5HVLVWDQFH�PHDVXUHPHQWV�LVVXHV�
.HOYLQ�PHDVXUHPHQWV

$

9

'87

-Non ideality of: 
sources, voltmeters and ammeters
(undesired loading effects)
-Cable and contact resistances 
(additional resistance contribution 
measured)

-Other effects:
Joule heating (may change R)
Stray currents paths (leakage in
semiconductors – light effects!)



5HVLVWDQFH�WHVW�VWUXFWXUHV

Cross: based on Van der Pauw measurement

V1
V2

I1
I2

Rs = 4.53 x V/I

Rs = (π/ln2) x (V32/I45)
W = Rs x L x (I41/V56) 

3

4
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5

1

6

L

W

Sheet resistance

Sheet resistance
Dimensional control (W)
Resistance

Kelvin structure



0$7&+,1*
Transistor matching: ‘characterization of 
differences between closely spaced identical 
transistors’ 
Material from: Hans Tuinhout, Maarten 
Vertreght (Philips Research Labs) et al., IEEE 
ICMTS short courses ’98 and ’99, Medea 
workshops
Parametric spread
Matched pairs and their layout
Analogue circuits & matching
Matching characterization and modeling



3$5$0(75,&�635($'

Variation of transistor properties
(spread) is due to deterministic
variations across the wafer:

-critical dimensions: ∆CD
-layer thickness: ∆t
-furnace temperatures: ∆T
-uniformity of chemicals: ∆C

Resulting variation of 
electrical transistor properties
(spatial parametric variations):

-currents: 5-15%
-voltages: 10-50mV

Solution: better process control and 
equipment improvements, or….



0$7&+('�3$,56
Differences between LGHQWLFDOO\
GHVLJQHG�FRPSRQHQWV placed
at a small distance in an identical
environment:

0,60$7&+
Electrical transistor properties
show much smaller differences:
-currents: 0.01-5%
-voltages: 0.2-10mV

Due to the small distance between
the components, observed 
differences are not caused by 
deterministic effects but by 
VWRFKDVWLF (random effects)



5XOHV�IRU�DEVROXWH�YDOXHV�DQG�
PDWFKLQJ

$%62/87(�9$/8(6:
– *RRG�FRQWURO�RI�JHRPHWULHV��H�J��DYRLG�VWUXFWXUH�
XQFHUWDLQWLHV�GXH�WR�IROGLQJ��HQG�HIIHFWV��FOHDUDQFH«

– 1RQ�PLQLPXP�GLPHQVLRQV

0$7&+,1*�
– 6DPH��VWUXFWXUH��WHPSHUDWXUH��
���VKDSH��VL]H��
RULHQWDWLRQ��VXUURXQGLQJV��QHLJKERUKRRGV

– &RPPRQ�FHQWURLG�JHRPHWULHV

– 0LQLPXP�GLVWDQFH
– 1RQ�PLQLPXP�VL]H���

From: E. Vittoz “Advanced CMOS & BiCMOS IC Design ’99” 

(*) also during transients, place on same distant isotherm
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BACKGROUND: 

– The absolute electrical values of devices varies wafer to 
wafer and lot to lot (e.g. 10-30%)

– If a design is based on RATIOS of electrical quantities the 
variations are reduced (e.g. 0.1-1%)

– The absolute accuracy is replaced with matching accuracy
– Many analogue circuits are based on using pairs or multiples 

of supposedly identical components: current mirrors, 
differential pairs, opamps, comparators, A/D, D/A, PLL,...  

MISMATCH is defined as: 
– “...the random differences between identically designed 

devices caused by time-independent random variations in 
physical quantities (doping, oxide)”

MISMATCH therefore cannot be completely removed 
but can be reduced by applying appropriate design 
rules and can be measured/monitored



Circuit evolution
([DPSOH��IURP�D�GLVFUHWH�/5&�ILOWHU«

«WR�DFWLYH�5&�ILOWHU�
23$Ø/��EXW�GLVFUHWH�5«

«WR�VZLWFKHG�FDSDFLWRU�ILOWHU�
5�UHSODFHG�E\�>026@�FDSDFLWRUV
⇒ )XOO\�LQWHJUDWHG

$EVROXWH�DFFXUDF\�RI�5	&���������
UHSODFHG�ZLWK�PDWFKLQJ�DFFXUDF\
RI�&������������



&XUUHQW�PLUURUV

High Rout => high L
Iout=Iin(W2/L2)/(W1/L1)
For matching: L1=L2
For good matching: large Vgs-Vt
so Vt mismatch is unimportant, but 
I matching is “gain” matching in the limit:
Example: NMOS, Vt=0.5V
σ(∆id/Id):
W/L(um/um) @ Vg=  0.7V,       1.1V,        1.8V
0.5/0.18        20%,        9%,          3%
30/10 0.5%,       0.2%,       0.1%

Iin
Iout

1 2



0$7&+,1*�DVVXPSWLRQV�DQG�LPSOLFDWLRQV�� �

Random matching is composed of many single events of a 
mismatch generating process

The effects on a parameter are so small that the contributions to 
the parameter can be summed

The effects have a correlation distance much smaller than the 
area of interest (the active area of the components)

Valid for: distribution of doping ions, oxide charges, mobility 
fluctuation, grains, etc.

Implications:

Occurrences of these events are mutually independent (Poisson 
Statistics)

Central limit theorem: Let X1, X2…Xn be independent random 
variables which are identically distributed, then P=X1+X2…+Xn 
is asymptotically normal distributed  

=>



0$7&+,1*�DVVXPSWLRQV�DQG�LPSOLFDWLRQV���

This will result in a Normal (Gaussian) distribution of 
the random mismatch amplitude
If the occurrence of the single events in P are 
mutually independent:

– The average value of the event density Fp is constant

– The mean value of events in an area WL will be WLFx

– The variance of events in an area WL is σ2=WLFx
– Or, per unit area:

σ } 1/sqrt(WL)



'�2�(��026)(7�PDWFKHG�SDLUV
A ladder of matched pairs with different size is done for 
each device of interest: e.g. C, R, MOS (see the 
example below) 
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The characterization is done for all the pairs of the DOE
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r ( DEHWD
%HWD

) = $EHWD

:%/
+ %EHWD

Abeta (%.µm) and Bbeta (%)

rD97 = $YW

:%/

∆VT = VT1 – VT2,
AVT (mV.µm),

Plot sigma(∆P) or sigma(∆P/P) versus 1/sqrt(W*L)

For other parameters, e.g.:

At first order larger devices gives better matching



0$7&+,1*�PHDVXUHPHQW�FKDOOHQJHV

Matching characterization deals with SMALL 
DIFFERENCES (current or voltages)
Measurement system short term repeatability is very 
important:

– Stability of meters and sources 
– Temperature stability (e.g. thermo-chuck control in +/-0.1 º C)

BJTs are more critical: Ic varies 0.1% per 0.01ºC!  
Careful should be paid on resistance drop (Kelvin 
structures)
Statistical sample dimension is a tradeoff between 
speed and statistical uncertainty: robust statistical 
estimation techniques (outliers…) are required
….



$QDORJ�YHUVXV�GLJLWDO

6LJQDO�UHSUHVHQWHG�E\� (OHFWULFDO�SURFHVVLQJ�ZLWK�

',*,7$/ QXPEHUV��FRGHV� UHJHQHUDWLRQ

$1$/2* SK\VLFDO�YDOXHV��9��,��4��I� 1R�UHJHQHUDWLRQ

5HODWHG�/D\RXW 'LVWRUWLRQ 1RLVH
7RSLFV�
-variety of sizes and shapes
-absolute values (as few as possible)
-matching (designs based on ratios)
-parasitics
-long-range coupling

From: E. Vittoz “Advanced CMOS & BiCMOS IC Design ’99” 



3DUDVLWLF�HIIHFWV�
9DULRXV�W\SHV�

– &DSDFLWDQFH��WR�JURXQG�RU�IURP�QRGH�WR�QRGH
– 6HULHV�UHVLVWDQFH�RI�OD\HUV���SDUDOOHO�FRQGXFWDQFHV

– /HDNDJH�FXUUHQWV��UH�FROOHFWLRQ�RI�PLQRULW\�FDUULHUV

– /RQJ�UDQJH�FRXSOLQJ

5HVXOWV�LQ�YDULRXV�HIIHFWV�
– 6SHHG�EDQGZLGWK�UHGXFWLRQ
– 'HJUDGDWLRQ�RI�SUHFLVLRQ

– 'LVWRUWLRQ�RI�FKDUDFWHULVWLFV��&055�GHJUDGDWLRQ�«

– 1RLVH���IHHG�WKURXJK���LQWHUDFWLRQV���ORVVHV��

6ROXWLRQ��HOLPLQDWH��PLQLPL]H��FRPSHQVDWH�
�E\�PDWFKHG�VWUXFWXUHV��

From: E. Vittoz “Advanced CMOS & BiCMOS IC Design ’99” 



/RQJ�UDQJH�FRXSOLQJ�
&RKDELWDWLRQ�RQ�VDPH�FKLS�RI��

&RXSOLQJ�PHFKDQLVPV�
– 3RZHU�OLQHV��XVH�VHSDUDWH�9���9���*1'��ZLGH�
ZLUHV�

– 5HVLVWLYH��WKURXJK�VXEVWUDWH���
�
– &DSDFLWLYH��LQ�DLU�
– 7KHUPDO��YLD�VXEVWUDWH�
– %\�PLQRULW\�FDUULHUV��

From: E. Vittoz “Advanced CMOS & BiCMOS IC Design ’99” 

Digital/High level analog (V) - 120dB attenuation required - Low level analog (µV)

Silicon substrate (ground)

GNDGND

R

Sensitive zone:
galvanic, capacitive
V2

(*) If R >> r1, r2
V2 ≈ I*r1*r2/R

=> Min d1, d2; Max D; well

Distance D

r2r1

Injection zone:
galvanic, capacitive
I

d1 d2



&DSDFLWLYH�FRXSOLQJ�WKURXJK�DLU

Silicon substrate (ground)

From: E. Vittoz “Advanced CMOS & BiCMOS IC Design ’99” 

Examples for  120dB attenuation:

Area A2Area A1
C12

C2
V1 V2

Distance D

V2 ≈ V1*C12/C2

If D  >> A1 and A2  then  C12 ≈ ε0*A1*A2

2*π*D

2

3

10000 10000 100 100E-21 1120

10000 10 5 5E-21 300

A1(µm2) A2(µm2) C2(fF) C12max(F) Dmin(µm)

10 10 5 5E-21 30

Improvements: reduce A1, A2; increase D; shield A1 or A2

Hypothesis: C12<<C2

A1, A2: diffusions (drain),
interconnects 



&RPSDFW�PRGHOLQJ

Silicon
Process development

Single device modeling

Design circuit & simulation

Measurements-simulation 
comparison

0 1 2 3 4 5 6 7 8 9
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&RPSDFW�PRGHO��GHILQLWLRQ

á A compact model describes the device electrical 
behavior by using analytical functions containing 
parameters:



026)(7�0RGHOV�µSKLORVRSK\¶

½ I generation ⇒ start from a simple physical device 
description (a small number of parameters) 

½ II generation ⇒ use a strong mathematical approach in 
order to grant the simulation robustness  (number of 
parameters diverges)

½ III generation ⇒ recover the physical approach 
considering the phenomena complexity due to down-scaling 
technology (large number of parameters)

%6,0����	�3KLOLSV�026�0RGHO�������00�����



Modeling issues

áAn accurate and extensive electrical characterization in a 
large operating bias and temperature domain is needed

áExtract a model card consists in finding the best values 
of model parameters in order to picture the real device 
behavior.

á For an DFFXUDWH�PRGHO FDUG

A good matching between the PRGHO�FDSDELOLW\ in picturing 
the device experimental behavior and the FDSDELOLW\�to find 
out the best fit parameters.



µ3URFHVV�DOLJQPHQW¶�WR�PRGHO�FDUG

Vbs

EDFN

&RPSDULVRQ�
PHDVXUHPHQWV�±
� PRGHO�FDUGV�

$QDO\WLFDO�PHDVXUHPHQWV
ZLWK�SDUDPHWHUV��H�J��9EV�



$�026�PRGHO�FDUG

*{ENMM9_TYP} CMOST7X/CMOST7Y NLVLVS TYPICAL CURRENT
.MODEL ENMM9
+ NMOS  LEVEL = 59
+ TOX     = 9E-9           TR      = 27
+ LER     = 2.516084E-7    LVAR    = 0              LAP     = 4.419579E-7
+ WER     = 9.858698E-6    WVAR    = 4.748338E-8    WOT     = 7.065096E-8
+ VTOR    = 0.3803098      SLVTO   = 5.096637E-8    SL2VTO  = -9.97384E-15
+ SWVTO   = -1.170478E-8   STVTO   = -6.269264E-4   BETSQ   = 2.339437E-4
+ ETABET  = 1.8406012      THE1R   = 1.0359661      SLTHE1R = 1.860615E-7
+ FTHE1   = 2.6984018      WDOG    = 4.83065E-7     SWTHE1  = -2.539185E-8
+ STTHE1R = -2.847537E-3   STLTHE1 = -5.46098E-10   THE2R   = 0.1711789
+ SLTHE2R = 1.627924E-8    SWTHE2  = 3.503206E-8    STTHE2R = 1.070541E-5
+ STLTHE2 = 2.682545E-11   KOR     = 0.55997        SLKO    = -6.603552E-8
+ SWKO    = -5.51674E-8    KR      = 0.4855065      SLK     = -1.088468E-7
+ SWK     = -1.297093E-8   VSBXR   = 0.0442286      SLVSBX  = -2.115393E-6
+ SWVSBX  = -1.346183E-6   PHIBR   = 0.8228605      ZET1R   = 1.5802514
+ SLZET1  = -1.378976E-4   ETAZET  = 0.5            MOR     = 0.4965183
+ SLMO    = 3.23825E-5     STMO    = 8.330824E-5    ETAMR   = 0.34516
+ GAMOOR  = 0.0154123      SLGAMOO = 9.353718E-16   ETAGAMR = 2
+ VSBTR   = 100            SLVSBT  = 0              GAM1R   = 0.0273134
+ SLGAM1  = 7.062739E-9    SWGAM1  = 0              ETADSR  = 0.6
+ VPR     = 2.5114337      ALPR    = 6.881559E-3    SLALP   = 3.728809E-9
+ SWALP   = -2.980343E-9   ETAALP  = 1              THE3R   = 0.1842224
+ SLTHE3R = 5.50539E-8     SWTHE3  = -6.71814E-10   STTHE3R = -6.74519E-4
+ STLTHE3 = -1.51114E-10   A1R     = 99.2108051     SLA1    = -5.756254E-6
+ SWA1    = 1.727926E-5    STA1    = 0.1582689      A2R     = 28.7445013
+ SLA2    = -3.442762E-7   SWA2    = -2.632184E-6   A3R     = 0.6740045
+ SLA3    = -6.53344E-8    SWA3    = -1.351037E-7   IS      = 2.5E-15
+ ALEV    = 3              DCAPLEV = 0              DIOLEV  = 4
+ CJ      = 1.247914e-03   CJSW    = 1.814809e-10   CJGATE  = 2.264910e-10
+ MJ      = 0.409249       MJSW    = 0.354321       COL     = 1.15923E-10
+ CGBO    = 0              PB      = 0.90400        PBSW    = 0.90400
+ JS      = 4.968009e-07   JSW     = 1.3741806e-12  HDIF    = 0.4E-6



$Q�H[DPSOH�RI�FLUFXLWU\�VLPXODWLRQ��&026�LQYHUWHU��


�6XEFLUFXLW�GHILQLWLRQ�

.subckt inv 1 2 3 

m2 2 1 0 0 ENMM9 w=10u l=4u ad=100p pd=40u as=100p 

m1 2 1 3 3 EPMM9 w=70u l=4u ad=100p pd=40u as=100p 

c1 2 0 0.5p 

.ends inv 

* (OHFWULFDO�VRXUFH�GHILQLWLRQV

vdd 6 0 5v

vin 1 0 pulse(0 5 20e-9 20e-9 20e-9 30e-9 100e-9) 

* 6LPXODWLRQ�RSWLRQV�	�FRPPDQGV

.tran 0.5n 300n uic 

.ic v(1)=0

.plot tran v(1) v(2)

.print tran v(1) v(2)

.option eps=0.5e-3 tnom=50 list node

.end 

1 2

3

GND



$Q�H[DPSOH�RI�FLUFXLWU\�VLPXODWLRQ��&026�LQYHUWHU��

In

VDD

GND

Out

In

Out



CONCLUSIONS

Electrical characterization of VLSI circuits, devices and 
technologies is a challenging task
Component/Structure characterization is required for

– technology development
– Modeling => design

– Process monitoring

Not only devices but also ‘parasitics’ have to be measured 
since second and third order effects are growing 
importance due to active device scaling
Specific characterization is required for certain 
applications: e.g. matching for analogue


