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Let’s start backwards…
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About 1% error when 
extracting AVTH

AVTH = 4.98 mV. µm

New methodAVTH = 5.04 mV. µm



Measure lots of same size devices

VTH extraction method: 

Extrapolation in linear region (ELR)

Extraction MOSFET parameters
Statistics on extracted parameters
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Long testing periods due to 

large numbers of DUTs that 

requires to be measured with a 

high precision test equipment.

Involves parameters extraction 

methods that sometimes gives 

noisy values due to math 

(derivatives and/or divisions,

etc)

Requires lot of data post-

processing sometimes taking 

long time due to its complexity.

Traditional Method - Mismatch evaluation



Variability Classification

o Random in nature.

o Dependent on device size.

o Random effects are harder to control 

on the manufacturing side

o Systematic behavior.

o Independent on device size.

o Handled by fab process control.



Major sources of local variations in a 

bulk MOSFET

Other sources of variability: Oxide thickness variation (OTV), Free 

charge trapping/detrapping, etc.



PELGROM, Marcel et al. Matching properties

of MOS transistors. IEEE Journal of solid-

state circuits, v. 24, n. 5, p. 1433-1439,

1989.

The slope (AP) of

this curve is

used for Monte 

Carlo statistical

analisys of

Analog

Integrated

Circuits.

Pelgrom Model

The standard deviation of the mismatch of a generic parameter P (σ(∆P)) is linearly 

and directly proportional do the square root of the area (1/√(WL)).



Key transistor parameters for mismatch 

modeling

o Threshold voltage (VTH)

o Current factor (β=µ0CoxW/L)

The major keys parameters affected by transistor mismatch are:

General MOSFET current mismatch model for all regions of operation



Challenges in MOSFET Mismatch Measurements

Hence a NEW TEST STRUCTURE and MEASUREMENT METHODOLOGY is required in 

order to obtain fast process variability data with reliable results.

A mandatory need to support the introduction of new devices in new process nodes.

Measuring MOSFET mismatches requires: 

✓ Long Testing Times 

✓ Large ID vectors for several biases

✓ Large Number of Samples 

✓ Lots of Data Post-processing

✓ Test Equipment High Accuracy.

✓ Design of Special Test Structures



4 transistor test 

structure based on 

P/N-Fet voltage 

divider and a CMOS 

inverter

Offset sense-amplifier based 

test structure where 

VOFFSET=ΔVTH

Measurement of the 

VS voltage of the 

Self-Cascode MOSFET 

(SCM).

Measurement of the 

stacked-pair transistor 

in a single-device 

configuration.

(MUKHOPADHYAY et al., ISSCC 2007)(MCANDREW et al., TSM 2013) (TUINHOUT et al., ICMTS 2000)

Related work

Test structures based on a pre-configured circuit for indirect measurement 

mismatch

(RAO et al., ISSCC 2008)



*MOSFET stacked-pair

test structure

The inspirational paper (JJAP 2008)

Commonly used in 

Analog IC circuits as:

➢ VPTAT generator,

➢ High output 

transresistance ,

➢ VREF generator,

➢ Even for 

Automatic analog

circuit

generation!



Terauchi & Terada method

VMIDr

VMIDf

VMIDf [mV]

VMIDr [V]

Forward 

mode

Reverse 

mode

Low VD value to 

have both 

transistor working 

in linear region

VMIDratio
10

1

0.1
1.00.80.60.40.20

VG [V]

Perform the ratio of

the curves

Ideally, with zero mismatch, the VMIDratio

curve is equal to 1. Otherwise, it reflects 

mismatch between M1 and M2 all across

VG values
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Monte Carlo result



EKV MOS Transistor Test Structure Modeling

IF

Must solved iteratively

from EKV model ; ;

Strong Inversion

Assuming that the current is the same in forward and reverse modes

Weak Inversion

Can be

approximated to ≈ ≈
Can be

approximated to



Addressable test structure circuit integration 

VCLAMP is a negative 

voltage (NMOS case)

Once one gate of one

stacked-pair is selected, 

all other gates are 

connected to VCLAMP

voltage

Same bias/switching scheme principle as used in : 
(AGARWAL et al., VLSI Symp 2006)



Measurements of ln(VMIDratio) versus VG

Can we extract ∆Vth & ∆Beta variability separately from this curve?

Answer: LINEAR REGRESSION ANALYSIS 



Single-Transistor Measurements

Enables the evaluation of each 

transistor of the stacked-pair 

individually

Before linear regression analysis...

TUINHOUT, Hans. ICMTS 2000. 

Forward Reverse Y-function method

ELR method



VG=240mV VG=480mV VG=924mV

Linear Regression procedure

R2

or

Model equation parameters can be extracted

for a single-transistor configuration

ln(Rwi)

VMIDratio at specific VG

All VMIDratio values for a fixed VG

VG=240mV VG=480mV VG=924mV

(Coefficient of correlation or determination)



Correlation results – Strong Inversion

R2

For VG=912mV

Beta R2=0,9478

Vth R2=0,5589

Total R2=0,9780

approx
@VG=912mV

IDENTITY CURVE!

Normalization value

Invalid region

Kβ=0.662



Correlation results – Weak Inversion

R2

For VG=576mV

Beta R2=0,0021

Vth R2=0,9453

Total R2=0,9495

approx
@VG=576mV

IDENTITY CURVE!

*Normalization 

value

Invalid region



Comparison of the 1/√WL plot

Slope AVth error is about 1% Slope Aβ error is about 2%

Brito, Juan Pablo Martinez; Bampi, Sergio. Two-transistor voltage-measurement-based test structure for fast extraction of MOS 

mismatch design parameters. In: 2019 IEEE 32nd International Conference on Microelectronic Test Structures (ICMTS). IEEE, 2019. 

p. 114-119.



R2

VG [V]

VGwi

VGsi

R2

VG [V]

VGwi VGsi

Linear regression determined separately 

for each same-size transistor matrix

Y-function

ELR method



Linear regression determined separately 

for each same-size transistor matrix

FITTING CONSTANTS FOR EACH TRANSISTOR SIZE
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Brito, Juan Pablo Martinez; Bampi, Sergio. Two transistors voltage-measurement-based test 

structure for fast MOSFET device mismatch characterization. IEEE Transactions on 

Semiconductor Manufacturing, v. 33, n. 2, p. 166-173, 2020.



Heatmap comparison
Reproduces ΔVTH and Δβ/β mismatch parameters separately and with the same geometrical space-distribution



Increase of Measurement Speed

About 60s per device

(for this method)

Tradicional curves Proposed method

About 2s to obtain 2 voltage spot 

measurements (VMIDf and VMIDr)

Real case comparison with data measurements

x

Using the traditional ELR 

method Which is a built-in 

function in B1500A 

Semiconductor Device 

Parameter Analyzer

from Keysight Technologies

In theory 30x 

faster



Reduction on the Measurement Setup

SMU1

SMU2

DUT

Requires:

- At least 2 SMUs 

from a Parameter 

Analyzer.

Traditional setup

DUT DC Supply1

DC Supply2 Voltmeter

Requires:

- 2 DC Voltage Supplies 

- Voltmeter.

Proposed method

REDUCTION OF EQUIPMENT COST AND TESTING TIME
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Conclusions

1. A two-transistor test structure and a simple measurement methodology

demonstrates high confidence values in order to extract MOSFET mismatch

parameters.

2. MOS transistor mismatch parameters such as AVth and Aβ can be extracted with

an error less than 2%, for the same test die.

3. Two great advantages of the method: an increase of 25x in measurement

speed and a simplified measurement setup.

4. The two-transistor test structure has been proven on its efficiency by linear

regression analysis.

5. An improved version of the test structure has been proposed and tested in

order to allow distance related mismatch evaluation.
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