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What thermal metric and why? R,

® A semiconductor device package can be well characterized

for steady-state operation by its thermal resistance

— The thermal resistance is a number which tells us how many degrees
of junction temperature elevation is caused if a unit dissipation
applied to the device

— Power packages have large, exposed cooling tabs supporting heat-
sunk thermal management solutions: thermal resistance as a metric
IS not problematic

— There is a major, dominant heat-flow path from the junction to this
cooling surface, resulting in an essentially 1D heat-flow

— The junction-to-case thermal resistance (R, ,c or ©,:) is a usual
characteristic of such packages

m [hermal resistance is a thermal metric used

— To characterize “goodness” of a package
— Should allow fair comparison between different vendors’ products
— Support simple system level thermal design

m Can be measured by simple tools as well as can be derived
from transient measurements
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What thermal metric and why? Z,

m For the dynamic properties, the thermal impedance is the
right characteristic:

— The usual representation of the thermal impedance is the junction
temperature transient obtained a response to a unit-height power
step at the junction

— The thermal impedance carries all information about the heat-flow
path such as

— thermal capacitance/resistance distribution along the heat-flow path
— Through this structural analysis is possible such as detection die attach
problems and/or delamination/degradation of other thermal interfaces

— effective thermal impedance in dynamic mode of device operation
— PWM dimmed DC LEDs, AC driven LEDs, switching mode circuits (IGBTSs)

m The thermal impedance is a unique characteristic of a

package but can be represented in different forms
— Conventional Z(t) diagrams

— Structure functions

— Dynamic (transient) compact thermal network models
— Complex locus in frequency domain

— Pulsed thermal resistance diagrams

m Thermal resistance is derived from thermal impedance; both
require the amount of physical measurement time
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Definition of thermal resistance?

Required conditions to be able to define R, between two

points in space:
1. surfaces must be isothermal
2. the entire heat-flux q entering the heat-flow path at Surface 1 must

leave at Surface 2
Surface 1
= Real life situations: the above |
conditions are well met: q
— Ry,ya (Junction-to-ambient)
Junction at
Ambient T,
for;ed to ——»
" 7\ Surface 2
Heat flux resulting from l
the P, dissipation at the
. . junction
— Ryyc (junction-to-case) q
Junction
\/ atT, -
Ambient — isothermal ° Heatt . Same conditions apply
- eat flux resultin . .
fo?clzjg: (t:oe ;)'f: tgg:(;eprlaattuere = from the PH. dissipgtion aISO for qr / Vlng POII’lt
\ at the junction thermal impedances...
%
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A few words about thermal resistance

m Original definition in the JEDEC JESD51-1 document

EIA/JTEDEC Standard No. 51-1

Page 3
2. MEASUREMENT BASICS
The thermal resistance of a semiconductor device is generally defined as:
R T7—Tx
JX P
where Ry = thermal resistance from device junction to the specific
enviromment (alternative symbol is By) [FC/W]

Ty = device junction temperature in the steady state test condition [°C]
Tx = reference temperature for the specific enviromument [“C]

Py = power dissipated in the device [W]

m Classically, for Si semiconductor diodes: Ry, = AT,/ (I X V)

m For LEDs, consider the radiant flux: Ry, = AT,/ (Ie X V= P,,)
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Junction temperature — performance indicator

— Ry, ,.x junction-to-reference_X thermal resistance supplied by the LED
vendor

— P, heating power measured/calculated by the user

— Ty reference temperature (un)specified by the LED user

m Used in the design process to decide if the foreseen cooling is sufficient
or not...

— in case of LEDs, prediction of “hot lumens” is also required

Differential formulation of the thermal resistance

T,-T, [AT,], Instead of spatial difference (temperature values at
Ry x = P = P junction and reference point) temporal difference of the
H H i i
junction temperature can be used

Ph1 [ Pr ‘ T, 17
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Differential formulation of the thermal resistance

m Alternate formulation: instead of spatial difference, we can also calculate
with a temporal difference of the junction temperature (temp. transient):

P, T =Ry yxx Pt Ty (4)

Pur | Ty = Ry yx Pz * Tx (4b)
P, APy

......... et T,-T,.=R, . (Py— Py (9)

Let T =T (t,))and T ,=T (t,):

Ry, yx=IT6) = TAt) 1/ (Pyy — Ppyy) (6)

R, 1. (D=AT (t) ] AP, (7)

Rth J_X(t) = ATJ(t) / APH If t,=0 and t,=0c =>» R, J-XzATJ/ AP,

s called Z,,, curve If P, =0, then T =T,
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Why to use standards?
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Our goals by using standards is to make sure that what we do is
— Commonly understood by others
=» standards are publicly available by anybody
— Is repeatable by others
=» standards can be implemented by anybody
— Is compatible with what others do
=> if most vendors / end-users apply the same standards, results can be compared

Measurement standards
— Provide definitions of terms/quantities/metrics
— Define test methods and procedures
— Define test environments
— Define data reporting

Standard thermal tests reflect characteristics of test devices and
conditions, not real-life applications

— One has inherently to simplify conditions compared to real-life, otherwise the
goals (common understanding & reproducibility) can not be guaranteed




Standards make measurements reproducible

m Real life conditions must be simplified for standardized measurements
— (Good standards provide metrics which are close to real life conditions
— Deviation from real-life conditions must be on the "safe" side

m Example for simplification of real life conditions
Real life horse "Standard" horse

Too many individual, particular No individual details, but major characteristics of a
details real horse maintained

* color * has got four legs,

* sex, muscles, teeth, etc * has got a body, a neck, a head and a tail

» weight and form factor close to an average horse

Original standard horse example from Bruce Guenin, chairman of the JEDEC JC15 Committee on standardization of
thermal characterization of packaged semiconductor devices
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Example from electronics cooling: power transistor

m How test conditions of power transistors can be standardized?

Real life horse

Real life application environment of
power transistors: attached to a
forced air cooled heat-sink

12 A. Poppe & G. Farkas: Transient Measurements...
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Implementation of the

Standard” horse "Standard" horse

Standard
features

Additional &
features [#

Standard test condition of power
transistors: attached to a liquid cooled
cold plate

© 2016 Mentor Graphics Corporation M
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JEDEC thermal characterization standards

13

m Classical standards: JESD51- series of documents

"JEDEC standard" horse

"JEDEC standard STATIC horse": JESD51-* series (1,2,3,4, etc)
provide

« terms and definitions

* basic test methods (electrical test methods: static / dynamic)

« test environments (natural convection, forced air) and test boards
» data reporting guidelines

JESD51 — overview document

m Some “new” JEDEC thermal standards:

"JEDEC standard horse models": JESD15-* series for thermal
compact modeling of packages

« compact modeling overview

» 2R and DELPHI models

Work on standard model library file format in progress

"JEDEC standard DYNAMIC horse": JESD51-14 — the first thermal

transient testing standard using structure functions

» new standard for junction-to-case thermal resistance measurement

» defines a cold plate as test environment

» defines thermal transient measurement and structure function
analysis as test method

Extension of JESD51-* series standards to account for multi-chip
packages

« JESD51-3x documents extend definitions of environmental conditions
and test boards for multi-die packages

G



List of JEDEC thermal characterization standards

m Below we give the comprehensive list of JEDEC thermal measurement
and modeling standards:

Classical set of standards for steady-state measurements:

— JESD51 Methodology for the Thermal Measurement of Component Packages (Single Semiconductor Device) (1995)
— JESD51-1 Integrated Circuits Thermal Measurement Method - Electrical Test Method (Single Semiconductor Device) (1995)
— JESD51-2A Integrated Circuits Thermal Test Method Environmental Conditions - Natural Convection (Still Air) (2008)

— JESD51-3 Low Effective Thermal Conductivity Test Board for Leaded Surface Mount Packages (1996)

— JESD51-4 Thermal Test Chip Guideline (Wire Bond Type Chip) (1997)

— JESD51-5 Extension of Thermal Test Board Standards for Packages with Direct Thermal Attachment Mechanisms (1999)
— JESD51-6 Integrated Circuit Thermal Test Method Environmental Conditions - Forced Convection (Moving Air) (1999)
— JESD51-7 High Effective Thermal Conductivity Test Board for Leaded Surface Mount Packages (1999)

— JESD51-8 Integrated Circuit Thermal Test Method Environmental Conditions - Junction-to-Board (1999)

— JESD51-9 Test Boards for Area Array Surface Mount Package Thermal Measurements (2000)

— JESD51-10 Test Boards for Through-Hole Perimeter Leaded Package Thermal Measurements (2000)

— JESD51-11 Test Boards for Through-Hole Area Array Leaded Package Thermal Measurements (2001)

— JESD51-12 Guidelines for Reporting and Using Electronic Package Thermal Information (2005)

—  JESD51-13 Glossary of Thermal Measurement Terms and Definitions (2009)

The first transient measurement standard:

— JESD51-14 Transient Dual Interface Test Method for the Measurement of the Thermal Resistance Junction
to Case of Semiconductor Devices with Heat Flow Trough a Single Path (2010)

LED thermal testing standards:
— JESD51-5x Anew subgroup of thermal testing standards aimed at power LEDs (2012)

Extension of existing standards to multi-chip packages:
— JESD51-31 Thermal Test Environment Modifications for Multi-Chip Packages (2008)
— JESD51-32 Extension to JESD51 Thermal Test Board Standards to Accomodate Multi-Chip Packages (2010) ©

Compact modeling guidelines:
— JESD15-1 Compact Thermal Model Overview (2008)
— JESD15-2 Terms and Definitions for Modeling Standards (not yet launched)
— JESD15-3 Two-Resistor Compact Thermal Model Guideline (2008)
— JESD15-4 DELPHI Compact Thermal Model Guideline (2008)
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New standard "horses” - R, ;. with transient (2010)

= JESD51-14: Ry, ,c measurement with the dual thermal interface method
- Measure tWICe WIthOUt T3Ster Master: differ tlstructurefunctic:n(s) '

10000 E =
H— SF‘F‘BONOGSZLH _4_ w cp_ 1 .
— SP _cp_
M— spPsoNoeszL 11_4_ L11 cp_ 3
1000 H— SPP8ON06S2L-11_4_L11_cp_
[/— sPP8oN06S2L-11_4_L11_cp_

100 |-

§ 10
I Rinac § _
...................................... !/’, :
; I
0.01 .X}/ é _:
* . 0 ﬁ 0.4 65.6 O;th [KNV; 1.2 1.4 1.6
and with extra layer thJC

— Location of deviation with respect to the junction defines Ry, ¢

m Published in November 2010

m Applicable to power semiconductor device packages with an exposed cooling
surface and a single heat-flow path

m This condition is valid power LEDs as well, thus

| JESD51-14 well applicable to LEDs provided that, ....
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New standard "horses” — LED testing (2012)

m JESD51-50, 51, 52, 53 series LED thermal testing guidelines

log C; J

Inside the Package |{Package Environmem}’ The case node is

located at the Ry

value identified

according to the N/Y 7\/]

JESD51-14 /
———

standard

R

Measure the emitted light as well to account for the actual heating
Measure on cold-plate to assure thermal steady-state for light measurements

m This combined with a JESD51-14 compliant Ry, measurement allows test
based compact thermal modeling of power LED packages
Will be discussed later today...
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Approach of the JEDEC JC15 committee

m JESD51-50: LED thermal testing overview document

JEDEC JC15 committee OVERVIEW
actively works on these:

THERMAL THERMAL COMPONENT COMPONENT APPLICATION MODELING
MEASUBEMENT ENVIRONMENT MOUNTING CON CTION GUIDELINES
/ Electrical Tesf\ Heat Sink | |Heat Sink | |Single Light Terms, Dynamic Compact
Method Mounting Source LED 7‘ Definitions & Thermal Model for
GSodeineT Units Glossary \ single light source
uideline for i-Li single heat-flow
Estimation natural || Thermal Test %;CZ'QED Additional b LEDs
Measurements onvection Board | thermal
] (as proposed guidelines for Model
by NIST) Forced {Test H 772 \|[ESNA LM80 ! alidation
onvection Luminaires Nests
— procedures
Guideline for ~ =
combining CIE . 272 - ?77? —
127-2007
-] measurements - 2772 | | "o
with thermal Published standards
measurements
| | Measurement Issue identified WhiCh is dealt With
of AC LEDs
Recently identified issue which is dealt with
Measurement
f Ry, duri . . .
es t””ng/ Yet to be identified and/or to be dealt with
\ ests
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Standards are downloadable from www.jedec.org:

& standards & Documents Search: jesd51 | JEDEC - Internet Explorer

@@ b4 I_-L http://www.jedec.org/standar p j *5 £ Standards & Documents Se... |

-D— -y
JEDEC.
Global Standards for the Microelectronics Industry

_..-—"‘::_’

=10l x|
1ok

[JEDEC China] [ Forgot Password] [ Site Login ] A
/' ¢ I Search JEDEC |
" . - -

‘_j%,..-.rf =

HOME = ABOUT JEDEC ‘ STANDARDS & DOCUMENTS COMMITTEES ‘ NEWS ‘ EVENTS & MEETINGS | JOIN JEDEC a MEMBERS AREA

Standards & Documents Search: jesd51

Results 1 - 20 of 23

- ———

Current search

[*] jesd51
Results |
Title Document # Date
TEST BOARDS FOR AREA ARRAY SURFACE MOUNT JESD51-9 Jul 2000 Search by Keyword or Document

PACKAGE THERMAL MEASUREMENTS:

This standard covers the design of printed circuit boards (PCBs) used in the thermal characterization of ball grid
array (BGA) and land grid array (LGA) packages. It is intended to be used in conjunction with the JESD51 series
of standards that cover the test methods and test environments. JESD51-9 was developed to give a figure-of-

merit of thermal performance that allows for accurate comparisons i i
used to give a first order approximation of system performance and|
standards, allows for comparisons of the various package families.

Committee(s): JC-15.1

Registration is
required

Free download. Registration or login required.

Number

arch all fields
arch only document numbers

arch within results Search I

TEST BOARDS FOR THROUGH-HOLE PERIMETER JESD51-10 Jul 2000
LEADED PACKAGE THERMAL MEASUREMENTS:

This standard covers the design of printed circuit boards (PCBs) used in the thermal characterization of Dual-
Inline Packages (DIP) and Single-Inline Packages (SIP). It is intended to be used in conjunction with the JESD51
series of standards that cover the test methods and test environments. JESD51-10 was developed to give a
figure-of-merit of thermal performance that allows for accurate comparisons of packages from different suppliers.
It can be used to give a first order approximation of system performance and, in conjunction with the other
JESD51 PCB standards, allows for comparisons of the various package families.

Committee(s): JC-15.1

Free download.  Registration or login required.
<

‘

Guided search

Click a term to refine your current search.

Committees
JC-15: Thermal Characterization Techniques for
Semiconductor Packages (23)
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Some examples

m Glossary of terms and definitions
JEDEC Standard No. 51-13
Page 3
3 Terms and definitions (cont*d)

heating pulse width: the length of time electrical power 1s applied to the device-under-test to
cause the junction temperature to rise.

heating voltage: the voltage across the DUT during the application of HEATING CURRENT.

heat sink: an external object in contact with component package for purposes of removing heat
from the component.

junction temperature: the temperature of the operating portion of a semiconductor device.

K Factor: the quotient of junction temperature change to temperature sensitive parameter
change 1n linear region of temperature sensitive parameter - temperature relationship.

K Factor calibration: the measurement and data reduction process that results in values of K
factor for the semiconductor device.

measurement current: the current applied to the device-under-test for the measurement of the
temperature sensitive parameter.

19 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation
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Some examples

20

m Guidelines of reporting thermal test data

JEDEC Standard No. 51-12

Fage 3
4 Reporting electronic package thermal results (cont'd)
Table 1 — JESD51 Thermal measurement standards by category
1 4 MEASUREMENT
ENVIRONMENT CHIP BOARD METHOD

« Natural Convection (Still
Air), one cubic foot
1njan::lm:alurre. Baa. FuT 9]

+ Forced Convection
(Moving Air), wind
tunnel, 8 pma. FIT. YIB
[7]

« Junction-to-Board, 8 g
(<]

« Junction-to-Case, 8 oy

* Thermal Test Chip —
Wire Bond Type [5]

= Thermal Test Chip — Flip
Chip Type (not yet
available; refer to [9] for
applicable information)

¢ Active Die or Thermal
Test Die [2]

» Low Effective Thermal
Conductivity (1s board), Leaded
Surface Mount Packages [4,67]

« High Effective Thermal
Conductivity {2s2p board),
Leaded Surface Mount
Packages [8,67]

« Area Array Surface Mount
Packages (1s and 2s2p boards)
[10]

« Through-Hole Perimeter Leaded
Packages (1s and 2s52p boards)

[11]

» Through-Hole Area Array
Leaded Packages (1s and 2s2p
boards) [12]

« Static Mode or
Dynamic Mode;
Active Die or
Thermal Test Die [2]

A. Poppe & G. Farkas: Transient Measurements...

14 March 2016
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The JESD51 standard — overview document

m The thermal testing standards follow a modular structure:

CVERVIEW
-
THERMAL THERMAL COMPONENT DEVICE
MEASUREMENT ENVIRONMENT MOUNTING CONSTRUCTION
Electrical Natural Minimum Conduction Resistive Healing
JESDS51-1 Test Mathod Comvection Thermal Test Beard Thermal Test Die
 infrared Forced High Cenduetion [ Active Device
Test Methed Camvection Thermal Test Board Thermal Test Dis
L Haat Sink o
JESD51-14

Each group will bave one aor more applicable documents to reflect different thermal measurement
requirements. Because environmental conditions, component mounting approaches and device
construction techniques and processes will change as technology changes, additional documents
will be added to these groups as the needs arise and standards established, As appropriate, each of

21 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
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The JESD51-1 electrical test method

m Direct measurement of a single temperature:

average temperature, good time resolution

— Electrical test method — to measure junction temperature:

— Temperature measured by the change of a temperature sensitive
parameter of the semiconductor (TSP) device (e.g. diode forward
voltage, MOSFET threshold voltage)

— Measures the junction temperature through an electrical signal of the
TSP

— Needs calibration

— Two test methods: static and dynamic test method

— Thermocouples
— Large, error due to alternate heat-flow via the thermocouple itself
— Used typically to measure / monitor environmental conditions

® Thermal transient measurements are based on the

electrical test method
— smart implementation of the JESD51-1 static test method
— completed with structure function analysis adds extra value:
insight into the details of the heat-flow path

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation
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A few words about the thermal resistance

m Original definition in the JEDEC JESD51-1 document

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
14 March 2016 rd

EIA/JEDEC Standard No. 51-1

Page 3
2. MEASUREMENT BASICS
The thermal resistance of a semiconductor device is generally defined as:
Tr—Tx
R jyv=—— (1)
JX P
where Rsmy = thermal resistance from device junction to the specific
environment (alternative symbol is 85;) [FC/W]
Ty = device junction temperature in the steady state test condition [*C]
Tx = reference temperature for the specific environment [*C]
Pu = power dissipated in the device [W]
The device junction temperature in the test condition can be determined by:
where Ty = initial device junction temperature before heater power is
applied [*C]
AT; = change in junction temperature due to heater power

application [*C]

The Electrical Test Method (ETM), described herein, makes use of a temperature-sensitive parameter
(TSP) to sense the change in temperature of the junction operating area due to the application of
electrical power to the device-under-test (DUT). In equation terms,

AT, =K < ATSP (3)
where ATSP = change in temperature-sensitive parameter value [mV]
K = constant defining relationship between changes in T,
and TSP [*C/mV]

www.mentor.com/micred G



How do we know AT (f) ?

® PN junctions’ forward voltage under forced current condition can be used
as a very accurate thermometer

m The change of the forward voltage (TSP — temperature sensitive
parameter) should be carefully calibrated against the change of the

temperature (see JEDEC JESDS51-1 and MIL-STD-750D)
— In the calibration process the S, temperature sensitivity of the forward

voltage is obtained a (]M , t) =V, (]M ) +S,, - [TJ ) -T, (O)]

l Sy = 1K

lr l AVt ~ AT (1)

JISHSITES. 4 |

Force (current) l Sense (voltage)

m Forward voltage change due to temperature change is measured using a
4 wire setup (Kelvin setup)

© 2016 Mentor Graphics Corporation
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The static test method

25

m According to the JESD51-1 document two test methods are
defined: static test method

m Static test method or continuous measurement:
— Switch on heating at the junction
— Wait for the steady state be reached (when junction is hot)
— Measure the junction temperature and identify the heating power
— Switch off the heating
— Wait for the steady state be reached (when junction is cool)
— Measure the junction temperature
Assumption of the standard:

— At cold steady-state O power is applied = junction temperature is equal
to the temperature of the ambient (reference environment)
As we shall see, this assumption is not really needed

m Extension of the basic static test method: real transients

— Measure the actual change of the junction temperature after the
power is switched off (or on) continuously, resulting in a real junction
temperature transient

— Completely differential approach in which switching off or on the
power is symmetrical

— Measurement is followed by mathematical post processing resulting
in structure functions and other descriptive functions

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
14 March 2016 www.mentor.com/micred Gra



The principle of the extended static test method

m Due to switching the power, temperature changes:

Switch the power on (or off) in steady state and wait for the other
steady state to occur.

While waiting for reaching the other steady-state, measure (record)
the real transient continuously, as it takes place.

p | T temperature rise
4 e 1181 St€@dY-state
P2
P, [L\P Thermal transient
--------------------------------------------------- . response curve as

measured real time

log t time
26 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation Menbr
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Measurement of AT (t) continuously "on-the-fly":

m This test method is less problematic: the JESD51-1
document does not prescribe detailed procedures to avoid
problems

m In the static test method only one switching takes place:

— switch ON the power: capture a heating transient —continuously
— switch OFF the power: capture a cooling transient — continuously
m After changing the heating power in a step-wise manner no

further switching takes place
— no problems related to {,,; selection — no measurement delay is
needed

2.2 COOLING TIME CONSIDERATIONS JESD51-1 document

COOLING TIME considerations are NOT applicable to the Static Mode of testing because the
monitoring of the temperature-sensitive parameter occurs on a continuous basis while the heating

power 1s applied to the DUT.

— the only concern is the possible electrical transient at =0+

27 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation Menbr
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How do we know AT (f) ?

® PN junctions’ forward voltage under forced current condition can be used
as a very accurate thermometer

m The change of the forward voltage (TSP — temperature sensitive
parameter) should be carefully calibrated against the change of the

temperature (see JEDEC JESDS51-1 and MIL-STD-750D)
— In the calibration process the S, temperature sensitivity of the forward

voltage is obtained a (]M , t) =V, (]M ) +S,, - [TJ ) -T, (O)]

l Sy = 1K

lr l AVt ~ AT (1)

JISHSITES. 4 |

Force (current) l Sense (voltage)

m Forward voltage change due to temperature change is measured using a
4 wire setup (Kelvin setup)

© 2016 Mentor Graphics Corporation
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The measurement waveforms
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For LEDs: time window for the
measurement of the light output

Hot device biased by
0{ heating current
7~ Electrical

Cooling
AVF[mV] transient _ATJ[DC]
Ve LI LI I LI T L L '
14
Hot device biased by
21 measurement current 112
410
14+ Cool device biased by | 18
measurement current lg
7t 14
12
Ve

le-6 1e-5 1e-4 0001 001 01 1 10 t[s]
——n )

Y
tMD tM
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The transient processes in the |-V characteristic:

A

I

A VF Hot device biased
— by heating current

Vo

Electrical
transient

Y _-—%

Hot device biased by
measurement current
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Cool device biased by
Thermal measurement current
transient

;TJ

© 2016 Mentor Graphics Corporation
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Heating vs. cooling?

The power step at cooling:

Negligible error term:

Iy <<y

The power step at heating: P, P, Error t]:erlzn Celllculation will
| ollow later...

st [ =

A

: t
Considerable error term:
IH >> | Y
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A few words about thermal resistance again

m Original definition in the JEDEC JESDS51-1 document

EIA/JEDEC Standard No. 51-1

P 3
2. MEASUREMENT BASICS age
The thermal resistance of a semiconductor device is generally defined as:
Tr—Tx
R ;v =
JX Py
where Rgy = thermal resistance from device junction to the specific

environment (alternative symbol is Bx) [FC/W]

] Re a rra n g e th e eq u atl O n Ty = device junction temperature in the steady state test condition [°C]

Tx = reference temperature for the specific environment [*C]

T J — R th J-X P H + TX Pu = power dissipated in the device [W]

Differential formulation of the thermal resistance

33

Instead of spatial difference (temperature values at junction and reference
point) temporal difference of the junction temperature can be used

Ph1 [ Pr ‘ T, 17

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
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Differential formulation of the thermal resistance

34

m Instead of spatial difference, we can calculate with a
temporal difference of the junction temperature (temp.
transient)

m The TSP change is also measured in a differential mode
— Traceability and calibration problems reduced to minimum, see later
— In our implementation the complete calibration curve can also be
used instead of a single K-factor value

® No need for thermocouple based measurements if the
thermal metric of interest is in the main heat-flow path (see:

RthJC)
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Converting Z,, curves to structure functions

sssssssssssssssssssssss d
dz ®!
T3Ster Maste D ti W (Z)
fer Master: Derivative z
— * VIPER1-2 - Ch. 0 [ [ [
- | ] e
g 1 T T T
2 _ 16 |
Q 2 14 |
—a(z) b
; dz
1 L 4+ - % 8k
0.01 1 100 10000 5
Time [s] 2r . e 6 ( )
5
s g R(z
Measured thermal
impedance curve Derivative of the thermal T l e
Time [s]

impedance curve

he. =ic;
f=l / Structure 1

ai function

r=exp(z,) Az

' = -
R R
& . C=t/R
I I I Il 1T I I Foster model of the impedance
Cauer model of the impedance
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The Structure Function

The structure function is the graphical representation of the network model of the
thermal impedance of the junction-to-ambient heat:-flow path.

log Cs

thja

Y

py)

4
junction

thermal interfaces

R, R,

71

ambient

The shape of the structure
function is in a one-to-one
relationship with the
properties of the junction-to-
ambient heat-flow path.

BENEFIT: same testing time
as for steady-state, but
provides much details...

The structure function illustrates the way how heat flows though a package.
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Mentor Graphics MicReD implementation: T3Ster

37

m The JEDEC JESD51-1 static test method is implemented by
the T3Ster equipment (thermal transient tester) and its
measurement software

— real-time measurement of actual junction temperature transients
either in heating mode or in cooling mode

— for diodes cooling mode is recommended (since higher accuracy
available this way)

— for transistors, thermal test dies with separate heaters and sensors both
heating and cooling modes are recommended

— K-factor calibration is provided

m Measured transients are post-processed by the
T3Ster Master software, providing
— structure functions and
— other alternate representations of the measured thermal impedance
such as

— complex loci
— time-constant spectra
— pulsed thermal resistance diagrams
— dynamic compact thermal network models

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
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Mentor Graphics MicReD implementation: T3Ster

38
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Summary of thermal transient testing using T3Ster

4 Power

Package dynamic model

I

4 Junction temperature

m

h(?)

I e e s 2 s B B
Structure function - 2_25_MY_F1_T25_10350 - 0.50
_MCE™S 5 v _F1_T25_10350 -0.25
° []— CREE_MCE_AL™ F1_T25_10350 - 0.10
[[— CREE_MCE_AL_2_25_MY_F1_T25_10350 -Ch. 0] — CREE_MCE_AL_2__ F1_T25_10350 - 0.05
3
100 /’
25
) ° / el /
e 2
1 e
- 15
0.1 - .
e ot 1
0.01 v i )5 /
. ? m T 14
0.001 i S S Y O O O S i L
1e-5 le4 0001 001 0.1 1 10 100
Time [s]
0.5 1 15 2 2.5 3 35 4
Rth [K/W]

m The /(1) step-wise change in heating is applied at the junction (abrupt switching)

m  The a(r) temperature response at the junction is being measured (unit-step
response function) while linearity is assumed

m All available information is extracted from a(7) using sophisticated mathematical
procedures

— structure function, derivative of structure function
— compact dynamic thermal models

— pulsed thermal resistance / complex locus (frequency domain representation)
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Some basics of the equipment used

m Mentor Graphics MicReD T3Ster

.,L L] . & Q_A_ e - G‘ln—— ‘;"'-';i" li", ‘5_“'-— P | >
gm_—«ﬁl gl = (A== = = o
“o siljeessssen;
Z o~ fl: A /1 B
4 B g A
’. Ph- - lgl /' 9%
| '/
Heating  Measuring Measuring
current current | channels
source sources DVM unit
switch for external
external | interfaces
source
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The structure functions
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How Do We Get Them in the T3Ster software?

a2

Temperature rise [C]

50 [ i _1
dZ T3Ster Master: Derivative ® WZ (Z)
40 L a(Z) - ‘ * VIPER12 -Ch. 0 [ [ [
16 i ‘ w ‘ T3$terMas‘|er:Taum|ens|Ty
20 |- % T d | “ :
—a(2) o
Measured thermal Al ]
impedance curve Derivative of the thermal e e e e
impedance curve
Ao =if' Time-constant spectrum
T, !
i=l Structure
ail function
lid
R. =) R, z
_-__:_1 r=exp(z,) Az
k_v_l
Ri R
R C~t/R 1
I T I T ¢G&I T I I Foster model of the impedance
Cauer model of the impedance
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Introduction to the structure functions

Adiabatic
P(t)

Homogeneous
heating power
density at the
top surface

Ambient:

|deal heat sink at T,

43 A. Poppe & G. Farkas: Transient Measurements...
14 March 2016

1 T@)

Tomb Heat sink

Top surface
of the cube
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Introduction to the structure functions

Homogeneous Adiabatic Ideal heat sink
heating power surfaces at T o
density at the

top surface / P

)

A Ry, = dx/(A-1.)
1D heat- o—{_  }—o .
flow jl> Ambient
q V =A'dX Cth = V.CV
v
%f_J Tamb
dx
g J

Driving point ‘ ‘ Ambient
. L
L L e e e £
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Introduction to the structure functions

Rinsa dthz
K(RHE) B thhZ
EEEEEEEEEEREEE
RthJA RthJA
Rchn := ZH: thi thZn: — ZH: thi
Structure function Derivative of structure function
RN e e Structural or material property
IR R changes are clearly indicated
] B both by the cumulative and the
Con =2 | KB =R, differential structure functions
a peak
doubleé Sanas  Amsass
slope
Ry, £= Zn: R, R:hz; = Zn: Ry,
Structure function Derivative of structure function
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Introduction to the structure functions

What would such a change in the structure
functions indicate?

C; = i o R'.'(.R!:i=ﬁ
ml dR,s
a peak
double H It means either a
slope change in the material
r-tr - properties...
in] im]
Structure function Derivative of structure function
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Introduction to the structure functions

What would such a change in the structure

functions indicate?
7y

Cy= icr R'.'(.R!:i=ﬁ
ml de
a peak
double H ... or a change in the
slope geometry ...or both.
R, = iR, Ry = iﬂ,
. in] im]
Structure function Derivative of structure function

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

I1 I1 I1 I1 1 IZ Iz IZ 1 1 1 l'1 1'1 1 1'1 I1
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Introduction to the structure functions

What values can we read from the structure functions?

i=1

Structure function

Thermal capacitance
values can be read

48 A. Poppe & G. Farkas: Transient Measurements...
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Ry = Zn:Ri

Cth1 Cth2 Cth3
A A _A
'd Y/ \"d
|\ J\ IN_
A K(R )_ d_Cz Y \ § Y
*dR, Rini Rinz Rina
Derivative of the structure function
R, =) R
i=1
Partial thermal resistance
Y Y Y values
Rin1 Rina Rins can be read
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Introduction to the structure functions

What values can we read from the structure functions?

R, =YR,

i=1

Structure function

If material is known,
volume can be identified.

V1 V2 V3
'd A Y4 A -
Aval AT
4 _dg,
K(RZ)_dRZ
A2
Ky =A% Cp 4

Derivative of the structure function

_ A2
K, =A"rc, Ay

&:f&
i=1

If volume is known, volumetric thermal
capacitance can be identified.

A. Poppe & G. Farkas: Transient Measurements...
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If material is known, cross-sectional area
can be identified.

If cross-sectional area is known, material
parameters (c, 1) can be identified.

© 2016 Mentor Graphics Corporation
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Simulation Experiment for Rods

® A Cu rod of 1x1mm? cross-sectional area and 100mm length was
simulated (A=402 W/mK, C,=3.4e6W/m°K) = Ry, i, = 250 K/W

m Change applied: 40mm normal Cu, 20mm with double C, value, 40mm
normal Cu

T3Ster Master: Smoothed response
250

— rod_END_tr -ICh. 0 I I I N
— rod2_END_tr-Ch. 0
200 |
o
g Ry (o ~250K/W
£ th_tot
o
(0]
o 100 |
£
2
50 |-
0 | | | v
1e-6 1e4 0.01 1 100 10000
Let us use structure functions to see differences!
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Simulation Experiment for Rods

m The same results in structure functions:

T3Ster Master: cumulative structure function(s)

< ot + | The difference is well seen
04 H— rod_END_tr-Ch. 0
— rod2_END tr-Ch. 0 3
0.35 |
0.3 |- .
Ny
— 0.25 |-
<
3
0.15 | X
0.1}
_0.142323
Double slope (0142520]
section appears as
| | v
suggested by theory " . - o0
Rth [K/W]
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Structural / network model of the heat-flow path

52

The Structure Function

Junction

Grease | Die attach

P | ()
; !\ zZ = lll t;

We measure the thermal transient
Cold-plate at the junction...

...and we convert it into the cumulative structure
function and a compact model:

Allows structural analysis and
modeling... A

Cold-plate: infinite
© f- f- f-l heat-sinking (C,, = o)

Grease: large R, /Cy, ratio
Base: small R,/C,, ratio

Junction: is always in the : _
Die attach: large R, /C,, ratio

origin
\ Die: small R,,/C,, ratio
s RE




Application in QA (failure analysis)

The Structure Function

Reference device with good DA Unknown device with suspected DA voids

Junction . Junction .
Grease | Die attach Grease | Die attach
/ /

' /

Identify its structure |dentify its structure
tc function: tc function:
z z

Copy the reference
structure function into P =

o

Grease this plot This difference s
Base ‘ howing us a
] prasmsnab i ' eliability problem
Die attach — —
Chip This increase
!22 suggests DA voids Ry




Features of Structure Functions

m For certain types of 1D spreading, analytical formulae can be I

given

m For “ideal” cases structure functions can be given even by

analytical formulae

— forarod: |G =const- Ry

— for radial spreading in a disc of w thickness and A thermal

conductivity:

= 1 In(C,,/Cy,)
A7t R

th2 Rthl
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1m T T T T T T
Gz T
10 2
1
Z od Cth1
=
(& 1
0.01
0.0m
R th1 R th2
0.0001 T
0 10 2 0 40 a0 60
Rth [KAW]
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How to select the /;,, measurement current?

m Guidelines in the JEDEC JESDS51-1 document basically
apply to the "dynamic" test method

— large enough to obtain reliable forward voltage reading (avoiding e.g.
surface leakage effects)

— small enough to avoid possible self-heating effect
— Large difference between /., and /,, currents allows easier AV reading
with less accurate test equipment — not an issue for Mentor Graphics
MicReD T3Ster equipment
— Self-heating is not an issue in Mentor Graphics MicReD's differential
approach

temperature dependent variability between diodes of the same construction and size) the current is
rarely chosen below 100 pA and is usually I mA. The upper limit on I, 1s determined by self-heating
cffects, which in turn are a function of the diode geometry.

IF

N

0|M —=—_—/ >“:

o]}

Figure 1. - 1, selection relative to typical diode I-V Curve

The measurement current (sensor current) must be chosen such that we remain in the "knee" of the diode

characteristic.
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How to select the /;,, measurement current?

m Recall the "static" test method

PH1

AP (t+) = (Iy— ly) " Ved t Iy AVE(t)

Error < 1% = negligible

1,100 mA  [,=500 mA
V=800 mV AT=50°C  K=0.5°C/mV = AV,=0.5 - 50=25 mV
AP, = (0.5-0.1)-0.8 W=320 MW I, AV-=0.1-0.025 W = 2.5 mW

m Self-heating due to /;,is a myth; power error term caused by
100 mA current is below 1%

57 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
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How to select the /;,, measurement current?

58

m Recall the static test method:

Higher /;, current provides advantages:
— less disturbing electrical transients

High I,

I

V,

range

| Hot device / high current | .

Electrical
transient

A

| Hot device / low current |

" Thermal
| transient |

| Cool device / low current |

Small I,
I [Hot device / high current]|
A
Vrange
—
/ H
Electrical
transient /
ly _
X Ve

/ Thermal
| Hot device / low current | transient

| Cool device / low current |

Higher I, — smaller electrical transient
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K-factor calibration according to JESD51-1

m Calibration should take place by applying the same /,,
current as during the tests

_ 000 Range > 50 °C
g o — Linearity should be checked
§ Z 600 e KL_LH

@ 4
L8 400
G
22 200
2

0 20 40 60 80 100 120 140
Ambient Temperature (°C)

Figure 11. Typical V. - T, curve for temperature-sensing diode forward biased with I, ;.

Syr = 1/K

AT = AV-K

K = ‘ _(THi _T]_O)
‘(VHi - VLD)

9 [°C/mV]

where Tyy; & Ty, = High & Low temperatures [°C]
Vi & Vi, = corresponding High & Low TSP voltages [mV]
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Recommended setup for calibration and actual test

60

puT

Temperature

AV~ ATS\

ifferential voltage measurement

controlled
environment

\

Only the thermostat needs
to be calibrated in a
fraceable way.

3

Avcal
Thermal
Transient
Iy Tester

A Tca/

I settingI l AV, ~ ATSP reading

Temperature control

Measurement
control
computer

puT

<

AV,

meas

ifferential voltage measurement

Test
environment

\

Avmeas
Thermal
Transient
Iy Tester

AT,

meas= (A 7—08/) ) (A Vmeas / A Vca

N

MUST be calibrated no need to calibrate
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Iy settingI l AV, . Jeading

Measurement
control
computer

Device
calibration

# Calibration diagram
K= ATca//AVcal

Transient
measurement

Use the same
voltage
measurement unit
for calibration and
measurement.

Due to differential
measurement errors
cancel out.

h K= ATca//AVcal



TSP calibration setup with a fluid-bath thermostat

m Device calibration — to identify the sensitivity of TSP.

m The ambient surrounding the DUT should have uniform
temperature.

Sink DUT into
the fluid bath

RS 232
ATSP recording ¢

o - - LS
PR i
e

. )
i
i
@
T L iz, Ascmoun
TSN aall LT T
= i I ] I MR
-
g’ %, @
e sioen et
o o
ATSP :
(> R
L
| o
= o oela e

DUT connections

@]
'@
'@
@

ie
'@
®
. ..\\.\‘_
\\\. \\._....
- ‘ O\ ‘\\.

3
1

3
&
-
n
w
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TSP calibration setup with a dry thermostat

m Alternate solution: dry thermostat
m Can also be used as a test environment (cold plate)

ATSP recording

Procedure specified in the JEDEC JESD51-1 standard
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K-factor calibration diagram

m Device calibration — to identify the sensitivity of TSP

% T35ter =l 3
Projects  Measurement  Thermostat Ewaluate Plot Swestem  View Window Help
N[ T F A e
=R TeEsEEL |/ @
=IEMI B thermal coefficient/EM2_both_board.tco M=1E
T35ter Projects
TZ5ter: thermal coefficient/EMZ_both_board teo
2,65 T
~ Ch,0 -0,009076 Y/oC
= Cho -0.002037 Wioo
F{B Ch.2 -0.009395 Wfed
3.6 L{~+ Ch3 -0009252 WfieC

Temperature sensitivity of the
forward voltage S,= 1/K [mV/°C]

Ready

345 -

24 -

2.25
20 25 20 35 40 45
Temperature [*C]

Procedure specified in the JEDEC JESD51-1 standard
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TSP calibration issues

64
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The temperature range covered during TSP calibration
should cover at least the temperature range the DUT is
expected to be tested in.

Differential measurement of the TSP measurement is of

great advantage
— if using the same voltage measurement unit for TSP calibration
and transient measurement, any (voltage) measurement error
cancels out
— that is why only the temperature measurement in the device
calibrator must be NIST traceable

K-factor slightly depends on the current used
— Use the same sensor current at TSP measurement as used for
calibration

When the temperature sensitive parameter is inherently
nonlinear (channel resistance, SiC or GaN junctions) the
whole temperature-to-voltage mapping has to be stored




Limitations in using a K-factor

Issues in Testing Advanced Power Semiconductor Devices
Gabor Farkas', Zoltan Sarkanyl'z, Marta Rencz"?
'Mentor Graphics MAD Division
1117 Gabor Denes u. 2, Budapest, Hungary
“Budapest University of Technology and Economics, Department of Electron Devices
1117 Magyar tudosok krt 2, Building Q,  Budapest, Hungary
cabor_farkas @mentor.com, sarkany @eet.bme.hu, rencz@eet.bme.hu
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Figure 5: RDS calibration curve of the depletion device with
exponential regression, at 0.5A measurement current
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JEDEC standard test conditions

m Besides test equipment, standard test conditions need to be
provided

— test environments

— natural convection | Natural convection: JEDEC JESD51-2A standard

— forced convection | Foreed convection: JEDEC JESD51-6 standard

— cold plate
— device fixtures / test boards

Different test boards: JEDEC JESD51-3, 5, 7, 10, 11

Still-air chamber

Thermal Transient Tester Wind tunnel

JEDEC test board
with the DUT

Source of image
http://www.utacgroup.com/technology_contents_analysis2.html
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Still-air chamber / test board definitions examples

JEDEC JESD51-2A standard

Low conductivity chamber material
(e.g. polycarbonat)

JEDEC JESD51-11 standard

1 ft3 chamber

test board

Table 1 — PCB sizes for packages

Component Tiees, 2oz ®

- fim'ihend {hickness:
2 oz/ft* = TO pm

Flgure Ln — Cross seetlon of 15 PCE showing trace and dielectrie thicknesses in packnge
placemsent and trace fan-gut reglons

Compouent Trees, Joz ®
al

G0 my Plane 1,1 oz solid
Plane 2, 1 oz selid
~ 1

023 nmE A S0 mm

Backside Trace, 2oz #

* m finizhed thickness:
1ozt = 33 p
2 oz'ft™ = O pm

Figure 1 == Cross section of 252p PCE showing trace and dielectrie thicknesses

68 A. Poppe & G. Farkas: Transient Measurements...
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Package Length

Pkg. Length < 40 mm

40 mm < Pkg. Length < 65 mm
65 mm < Pke Length < 90 num

PCB Size (+/- 0.25 mm)

101 5mmx 1145 mm (4.0inx 4.5 in)
1270mmx 139 5mm (5 0inx 55 in)
152 5 mm x 165.0 mm (6.0 1 x 6.5 m)

1015 nm

1015 e

12 mn

595 mn
1145 mm

PUYE YUY YT YT YT Y I

1 35 mm

3970 mm—=t f— !
——240 nn
7420 nm

Figure 2 — Example test board outer
dimensions and edge connector design

Figure 3 — Traces to outer pin row flared
to perimeter 25 mm from package body.

© 2016 Mentor Graphics Corporation
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JEDEC standard still-air chamber

69

m The chamber temperature must be measured according to
the JEDEC standard

m It does not change too much when the transient
extension of the static test method is used (max. variation

is 0.2 °C in all practical cases)
— no need to use this data except that

— it is a good indicator if there is any odd air-flow inside the chamber
— indicates other problems like air-heating due to e.g. direct sunshine

T3Ster Master: Smoathed response

o000 o00. o000
-

og H

oF T T aoT T T
e T o T

["Cl
f fl_\l‘blflfljlflwlflj H

FEEEREEBEEEE
oy

Ternperature rise
o o

— as shown before, it cancels from our equations
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JEDEC standard test conditions

m Test environments
— natural convection: 1 ft3 still-air
chamber: JESD51-2A (2008)
— forced convection: wind tunnel
JESD51-6 (1999)

m Test boards
— copper coverage / number of layers
— high / low conductivity, 1s / 2s
— different designs mathching different
package styles
— design / orientation counts a lot, as
shown by structure functions

-
"
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Effect of test board design / orientation

71

m Tests performed in a JEDEC standard still-air chamber
m Measured transients converted to structure functions

100000 | T3:SterMaste:r:differentialstructure function(s) ' Board design (Cu
| e e ot | ! I area of footprint
10000 5 spp_11_600_st_hor_down1_5 |== mm+< region) and board
[|— SPP_11_600_st_vert_down gl ® )i - y = X
1000 [|— SPP-11-9-C15_st_hor dow ,fQC t—p."!n 1 position (Vertlcal or
PP, e <1230 ! : horizontal) strongly
100 _ ouvl mim< 100tprint effects the ultimate
§ 10 :— Rthja Value
= 1 L
X :
I‘:
0.1
0.01 E
0.001 L JEDEC standard
board design:
e the worst case

package testenvironment i

m Measured Ry, is mostly due to the test environment
— measure on cold plate if possible, it is also faster
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Two live chips stacked in a 44L LLP package

m Stacked die package tested in JEDEC standard test
environment

m Transient extension of the JESD51-1 static test method was
used (T3Ster equipment), followed by structure function
analysis

Top die Bottom die Mould
2.54 X 2.54 mm 381><381 mm

Eﬁ%

1st die attach 2nd die attach Leadframe

1.,.
3‘
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Results in terms of structure functions

73

Top die Bottom die Mould
lilative structure function(s) zovasimy  38eAsimm _
1000 - - T ——— =
M2 EM2-2 *
| 1% die attach 2M die attach Leadframe
100 | 3 ]
- Radial gpreadify -”"jl
L inthg MwE | -
¥
W
E 1k =
= |
5 '.......‘
01k / 4
Leadframe (™
Bottorn die —— F Rth3 ;
Top die —ejy
0.0 FthZ 3
Fth1
1a-4 ! ! ! . c 2
10 20 a0 40 &0 [=11] Majorlty Of
the Ry, Is
caused by
the JEDEC
package- PWB Still- Standard test
PwWB "close air environment.
solder field" chamber
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Cold plate as a test environment

m Single cold plate setups for
Ry c measurements

— also, test based models of power
packages (transient extended
JEDEC 2R models)

— LED testing

m Quicker test, shorter heat-flow
path, results are characteristic
to the package

74 A. Poppe & G. Farkas: Transient Measurements...
14 March 2016

m Dual cold plate setups for I

DELPHI boundary
conditions

— validation of detailed
models of test set of
boundary conditions

— DCP1, DCP2, DCP3,
DCP4 setups

© 2016 Mentor Graphics Corporation M
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Test based model validation: for DELPHI models

Automated process now
in FloTHERM v11

Real package

i o=

FlIoTHERM

Thermal transient
measured by T3Ster l
T3Ster
— software

Structure functions for test
based compact model generation

This model structure is characteristic to
power semiconductor packages

Detailed
package model

Structure functions
for validation of
detailed models

From FLOTHERM
simulation

MEASUREMENT

A. Poppe & G. Farkas: Transient Measurements...
14 March 2016
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Special environment for power
LEDs:
cold-plate and integrating sphere
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CIE 127-2007 compliant photometric & radiometric measurement system

photometric/radiometric Popt(T: 1)
measurements in thermal r]e(T’lF)
steady-state D (Tl )
JESD51-52 VAR

Integrating
sphere

Test LED
. A
F

Temp. controlled
heat-sink

steady-state T |
electrical F
powering

calculate Ry, ,and T,
1

Aux. LED

Sense

Force Thermal |
/ \ (current) test (voltage) 2t
equipment AV g’ o2 s 001 081 04 1 10 1m0
F
IHT( ) < >T Iy = \L

switching-off AT[1)
from /I, to /),

thermal resistance/impedance

measurement
JESD51-51
JEDEC JSD51-1 static test method compliant thermal measurement system
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Some details of the test environment

Y il s DUT LED or LED
7 0 assembly

™ mechanical adaptor to light
measurement apparatus
 (integrating sphere)

Integrating

"~ *—_ water cooled cold-plate sphere

Test LED attached tc
temperature controlled
heat sink (cold-plate)

/

Ev)ﬁ#b&fﬂﬁ#@ﬁ

Standard LED  suxlllary (reference) LED
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The Mentor Graphics MicReD implementation:

Special LED booster: allows high voltage across a LED line (overall forward
voltage can reach 280V).

V(L) Xiong: Xshorts £ @nd flat response filters in a filter bank

2 D o photo-
reference LED o e

CA . 2
thermal transient \ /

tester equipment | (5

16 | ‘ﬁsrér' " i .—:: :
i *'C'fj < @ ®

(‘,.i&-&l

¢
._|.l',‘.
1 @ | |
o Y e

| S 2 alny
|| S = :

e

e : control electronics I

It can be added to the system in a plug&play manner if the voltage of the base tester is not sufficient.

© 2016 Mentor Graphics Corporation GM
ra
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Different representations of the thermal impedance

m There is a single “"Z," of the heat-flow path only
m Can be represented by structure functions and RC models

T3sSter Master: Zth

T3Ster Master: cum ulative structure function(s)
4 - 100000 ¢
|— CREE_WMCE_AL_2_25_MY_F1_T25_10350-Ch. O | [[— CREE_WMCE AL 2 75 MY _F1_T25_10350-Ch 0
3.5 10000 [J— CREE_MCE_AL_Z_F1_T25.10350-Ch 0
o
3 2 1000 -
—
@ -
25| 3 100 |
‘E L
@
2 o 10 |
£ 3.95 KW
2
3 1
1.5 I
©
1= 0.1
L =
=
0.01
0.5 .
Time [s] 0.001
D 1 1l 1 1 L il 1 111 1 L1l 1 il 1 11 1 L Ll 1 1 IE
1e-B Te-5 1e<4 0.001 0.01 0.1 1 10 100 1000 le-d

A simple model can be created, suitable
even for hand calculations.

P, dissAC

BT [ & : I 1 '
A Rl i ranl I i 1 I ;
1iWE iy f 1w Cyq f MwCyy % 1HWC ll

v v A 4

At higher frequency the absolute value of
Zth(w) is smaller ,

AC LED assembly cooling assembly

1 | 1
Z (a)) = . X R + .— X R + { . X (R + Z —coolin ass )}
th jaC, { th jC, [ th2 jaC, . th3 th—cooling _
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Different representations of the thermal impedance

m There is a single “"Z,," of the heat-flow path only
m Frequency domain representation is Ok e.g. for AC LEDs

. TISter Master: Zh _
3.6 _E{REE_MCE_AL_UE_MY_FLTZE_IMED-mn At h/gher frequency the absolute
i3 value of Z,(w) is smaller:
z
28 % T3Ster Master: Complexlocus
2L (=3
z - DC: O radfs
1.6 E T T T T T =
0.6
Time [5]
2!—5 18 14I I.:l.IIZ:I:HII III:II.II:HI II::.I1l '1'; l;lﬂl II1III:II:|I I1II:||:||fI -0.3
. A 04 I
Z,(0) = I Z, (e dt Complex locus of
06 .
0 the impedance
\ ) 07k |
) 4
| 08 i
> Real [KAV]
04 I I | | | | !
0 05 1 15 2 2.5 3 3.5 4
Allows calculating “the” thermal impedance at any frequency.
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The concept of pulse thermal resistance

m |In case of the Zth-matrix concept we have seen the concept of spatial
and temporal superposition

m The concept of the pulse thermal resistance is derived from the temporal
superposition concept

m The concept of pulse thermal resistance is used to predict the average
stationary temperature of a single heat-source subject to a series of
square wave dissipation with a given pulse width t, and period t;

6=t/ t, iscalled duty factor

= Provided that the R.(z) time constant spectrum of the driving point
thermal impedance is known the pulse thermal resistance can be
calculated as

B Rtz 1- exp[— eXP(Z)]
Zi(z=Inh.0) = R(2) O T exp@)/ 5]

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation
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The concept of pulse thermal resistance

m The usual parameters are: t, pulse width and 6 duty factor

— CREE_MCE_T25_I350 -
| — CREE_MCE_T25_1350 -
— CREE_MCE_T25_I350 -
— CREE_MCE_T25 1350 -

w
o
oo |-

aou1o

OO OnOn |
cooo |

w

N

Pulse thermal resistance [K/W]
- N
18] o

—_

o
)

Pulse width t, [s]
1e-5 1e-4 0.001 0.01 0.1 1 10 100

m The average and peak junction temperature response to the
thermal load of devices operated in pulsed mode can be
predicted this way

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation
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Examples

i t
T
12 12
10 Toeak 10
Tavg \ / /Tpeak
o I —— - — 8 v

; AR
iL__ B A W—

2 2

0 v |I > 0l >
t, t, t, t,
t;=0.1ms, t.=0.2ms, 5=0.5, f=1/t =5kHz, t,=1ms, t.=5ms, 5=0.2, f=1/t,=200Hz,
AT ea=7-8K, dT,,,=7.3K dToe=6.9K dT,,,=2.9K
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Summary of thermal transient testing

t Power

1 Junction temperature Pﬁckage dynamic model
1
| LT
a(?) L

Pulse thermal resistance diagram

Structure
function

—
CREE_MCE_AL_2_25_MY_F1_T25_I0350 - 0.50
REE_MCE_AL_2_ 25 _MY_F1_T25_10350 - 0.25
MCE_AL_2_25_MY_F1_T25_|0350 -0.10

AL_2_25_MY_F1_T25_10350 - 0.05

[|— CREE_MCE_AL_2_25_MY_F1_T25_10350 - Ch. 0

DC: 0 rad/s 100 |
g o — i 5|
x, L
0000 radfs | |
o -01 0.01 rad/s s 2
£ o2 1000 rad/s N A A S o S
1 5k
03I 100 rad/s
0.1 rad/s 1
04 - (R " ¢ oA
-0.5 5
0.01
06
1 O O N O Y B O B bl
1e5  1ed 0001  0.01 0.4 1 10 100
-0.7 0.001 d < € N Ti ]
L 4 ime [s,
08 I 10 radis 1radfs A | )
1
-0.9 ‘ . : ! . : ! 05 1 15 2 25 3 35 4
05 1 15 2 25 3 Real [KW]
Rth [KW]

» Thermal transient testing:

= The /(1) step-wise change in heating is applied at the junction (abrupt switching)

= The a(f) temperature response at the junction is being measured (unit-step response
function) while linearity is assumed. Typical resolution is 1us / 0.01 °C

» All available information is extracted from «(7) using sophisticated mathematical

procedures:
= structure functions = structural analysis, failure detection
= pulsed thermal resistance => thermal design of pulsed operation
= complex locus (frequency domain rep.) = thermal design of AC driven devices
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Different representations of the thermal impedance

Step response
Cooling / heating curve

Foster

equivalent equivalent

normalize by AP,  discretize transform

Thermal Time constant Cumulative
impedance spectrum structure func.
1 — exp[-exp(2)]
i
, didz, & 1 — exp[—exp(z)/9]

Pulse thermal Differential

Complex locus :
of thermal impedance Zth(J(D)

resistance structure func.

87 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
14 March 2016 www.mentor.com/micred Gra



\|////

AN [ S

Case study:
Thermal management solutions for
a 10 W white LED

Z7 S

L




Case study: 3 setups with Cree MCE 10W LEDs

m 3 different kinds of assemblies:
— FR4 PCB, TIM between the heat-slug and the Cu block

CAD images by courtesy of OptimalOptik Ltd. (Budapest, Hungary), measurements by Budapest University of Technology and
Economics (BME).
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Results for 10W Cree MCE white LEDs

m Measured at 700 mA and 85°C

— Thermal impedance of 3 samples, power corrected with P,

Zp [KIW]
8 1 [N ] 1 [N ] 1 [N ] 1 [ ] 1 [N ] 1 1 11 1 1 11 1 [ 1 [ ]
— Corr_CREE_MCE_AL_F1_T85_10700-Ch. 0 FSF52
7 H— Corr_CREE_MCE_FSF52_F1_T85_10700-Ch. 0 -y
— Corr_CREE_MCE_TG2500_F1_T85_10700-Ch. 0 /f
6 |- 1
T AL T
i
4 L i3
TG2500 [U-1°
i
2 |- v L
1 RthJC real = 2 KIW
O 1 111 1 111 1 L1l 1 18511 1 111 1 111 1 111 1 L1 ‘J
1e-6 1e-5 1e-4 0.001 0.01 0.1 1 10 100 1000 t[s]
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Results for 10W Cree MCE white LEDs

= Measured at 700 mA and 85°C e
— Structure functions of 3 samples, power corrected with P g

1000

] ]
— Coir_CREE_MCE_AL_F1_T&5_I0700-Ch. 0
— Coir_CREE_MCE_FSF52_F1_T85_l0700 - Ch. 0
— Coi_CREE_MCE_TG2500_F1_T85_I0700 - Ch. 0

100

TG2500 AL

1 2 3 4 5 6 Ry [KIW]

— Ry, c is identified in a way similar to the fransient double interface method,
also being standardized by the JEDEC JC15 committee
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Results for 10W Cree MCE white LEDs

m Measured at 350/700 mA & between 15°C and 85°C
— Structure functions of sample AL-2, power corrected with P,

2.47] [1.43

1 1 1 1 1
1000 E— Con_CREE_MCE_AL_Z2_F1_T15_10700 - Ch, €
||— Coir_CREE_MCE_AL_2_F1_T25_10700 -Ch. 0

100 H— Cor_CREE_MCE_AL_2_F1_T40_l0700 - Ch. 0

11— Con_CREE_MCE_AL_Z_F1_T55_10700 -Ch. 0

|— Cor_CREE_MCE_AL_2_F1_T70_10700 -Ch. 0

—What thermai
Tesistances didwe
1F measure? | .

/‘/‘\
~

- :'-.__;-"""‘
“"-.p -

LED package: TIM:-tempefature
no-variation dependepnce

0 05 1 15 2 25 3 35 4 Ry [KW]
Rihac

N
7

N

We measured the Ry, of the package and the TIM resistance
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value in T3Ster Master 2.x
according to the new JEDEC
standard JESD51-14
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Power package: transient measurements

m Cooling curve for a diode with transient case-temperature
probing:

m Z, =—(T,—T:)/P as dynamic extension of Ry ;c?

TR T

T [0C]

Zin=—(T,—Tc)/P

IS not monotonous!

Te-6 le-5  1e-4 0001 0.071 0.1 1 10

m Z, derived as —(T, — T.)/P is just is a difference of a self-
impedance and a transfer impedance: It has no physical
meaning! — new definition of R, ,c by JEDEC JESD 51-14
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The transient dual interface method for Ry .

95

m Original idea from 2005, standard JESD51-14 published

in November 2010

m Change of thermal interface quality at the ‘case’ surface
m Divergence point in measured structure functions: ‘case’

surface

package

cold-plate

T3Ster Master: differential structure function(s)

10000 F

— SPPEOMOGS2L-11_4_L11 _cp_1 i
— SPPEOMOEEZL-11_4_L11 _op 2 /
— SPPEOMOGS2L-11_4_L11 _op_ 3

1000 H— SPPE0MOES2ZL-11_d_L11 _cp_nc_1 [
— SPPEONMOSEZL-11_4 L1 _op_nc 2

K PAZsM2]

1} 0z 0.4 IR 0g 1 12 14 16

Rith [k

A. Poppe & G. Farkas: Transient Measurements...
14 March 2016

Change the quality of the thermal interface

Measurement of 2 setups (2x3
min), structure functions

SEMI-THERM 2005 Best Paper
Award

Parma

lateral or stacked multi-chip structures
SEMI-THERM 21, March 15 — 17, 2005, San José, California

Oliver Steffens!, Péter Szab?,
Michael Lenz?, Gabor Farkas?

MeReD

Infineon Technologies AG, Ratisbon, Germany

*MicReD Ltd., Budapest, Hungary e

C
O
<))
c
y—
c

}Infineon Technologies AG, Munich, Germany

Mever stop thinking.
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High accuracy and repeatability

96

m This type of R;, , measurement provides high repeatability
— the continuous measurement of thermal transients is very reliable
and highly repeatable if the setup is not changed
— repeatability is also high among different samples
— structure functions are derived from the transients by a
mathematically well defined numerical procedure, thus, resulting
structure functions are also highly repeatable

T3Ster Master: differential structure function(s)

TV 10000 T T T T
— SPPEONOSSZLA1_40_L64 op_2- Ch.D [{— SPP8ON0BS2L-11_4 L11_cp_1 )
— SPPEONIESZLA1_40_L54_cp_3- Ch.D — SPPBON06S2L-11_4_L11_cp 2 -

= — SPPEONOGSZLA1_40_L54 op_4- Ch.D |— sPP8oN06S2L-11_4_L11_cp_3

12 — SPPEONDSS2LA1_40_L54_ep_nc_2 - Ch. 0[] 1000 H— SPP8ON0BS2L-11 4 L11_cp_nc. 1 |-
— SPPEOMOGSZL11_40_LS4 cp_nc_3-Ch.0 H/— SPP80N06S2L-11_4 L11_cp_nc 2 g

10

100

| NITTITT b A~

i e
o

&
0.1 {f
02

Termperature rise [*C]
4
f '
K [W2s/K2]

0.01 fig'

0

0.4 0.6 0.8 1 1.2 14 1.6
Rth [KW]
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Mentor Graphics implementation of JESD51-14

97

m The high accuracy thermal transient measurements at
two different qualities of the thermal interface of the
power semiconductor packages is performed by the
T3Ster equipment

— Two measurements of the same device with two TIM qualities
(wet and dry according to JESD51-14)

— In case of LEDs emitted optical power is measured by TeraLED
and it is considered in the heating power

m Divergence point of structure functions automatically
found by T3Ster Master 2.0

m CTM exported from T3Ster Master 2.x to FlIoTHERM 9.2

and above

— Extended JEDEC 2R models: the junction to bottom branch is
considered by a transient model

A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation M
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Mentor Graphics implementation of JESD51-14

m \What was done manually before, is now fully automated:

|_T35l:er Master: TDIM_Corr_CREE_MCE_A Z_L.- Fui _|EI|_|
File Ewaluate ‘Wiew Plob Manipulate  Swindo 3.955'

ﬁg@&MCELﬂ. I = T | N

AL 2 25 MY F1_T25 10700 Corr CREE_MCE AL 2 F
ster-Master Projects L_2 '&"L_E_F

|

3
LB MCE_aL_2 25 MY _F1_T25_0700_Corr_CREE_MCE_

Cnrr _CREE_MCE_AL 2 25 MY F1 T
i~ Record Parameters
‘- Measured response

Cl:lrr _CREE_MCE_AL_2_F1_T25_1070
i Record Parameters
. Measured responss
TDIM _Corr _CREE_MCE_AL_2_25_MY
i Record Parameters
Measured response

i Smoothed response

_F1_T25_10700 - Dr+
_F1_T25_0700 - Tin

Cth [sik]

- Detivative T

i Zth BPUWRS s

i Tau Intensity

- Camplex Locus 0.01 4 ' i _ TDIM_Corr_CREE_MCE_AL_2_25 MY =10] x|

About T35ter-Master 5' tter: Difference ofthe cumulative structure functions

Thermal Transient
Results

Post-Processing
Tool Rth-JC = 3.95 Ka—

with compact modeling option

GMSAIY  T3Ster-Master —

Wersion 2.0 Rth
MIGRED Sﬂﬂ'ware 20T Menbie Graphics Comporation. Al nghts reserved [l.{ll.lllnlll.]
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Find Ry,c in T3Ster Master 2.x as per JESD51-14

m The first step is getting rid of the initial electrical transients
and completing the transient curve according to the standard

-0 x|
|/ File Evaluate Wiew Plob Manipulate  Window  Help 18| x|
> ] Bo i 1B ¢ fad | & Al
=M Eag =& Q & <M 3 M H X &l E40=] ¢ [
x TransientcorrectionlAII chanrels j tode: ISquareHDot j Range 25 us - 444 uz EI
T3ster-Master Projects
@--C_orr_CREE_MCE_nL_z_zs_MV_F1_T25_IE|?DE| T35ter Master Recorded functions
- Record Parameters 80 ——— 77—
- Measured response |— Corr_CREE_MCE_AL_2_25 MY _F1_T250700-Ch.0
=l Carr _CREE_MCE_AL_2 F1_T25_I0700
-~ Record Parameters T
i Measured response
B0+
= 50 -
g
@
= 40
=
= R P BEARE Lo oy
£
=1}
= 30 -
20 -
10 -
ol
1e-G 18-5 le-d4 0.001 oo 0.1 1 10 100 1000
Tirme [g]
4] | R2= 0998933 X 44e-45 Y. 3IBEI3IC
Ready v
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Find Ry,c in T3Ster Master 2.x as per JESD51-14

m After the correction of both measured transients (each for a
given TIM quality), the process starts with a mouse click:

% T3S5ker-Master:

File Ewaluate View Help
=Y S =& & [ = e | M| E

| %
T3ster-Master Projeckts
E-Corr_CREE_MCE_AL_2_25_My_F
.~ Record Parameters
- Measured response

; lose
- Record Pat

~Measured | Eyaluate Project
Clean Projeck
Determine RTH-1C
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Find Ry,c in T3Ster Master 2.x as per JESD51-14

101

m The firs step is to define the two T3Ster measurements
corresponding to the two TIM qualities:

MT:iSter-Master:

File Ewaluate Miew Help

Projeckt 1.: ICDrr_CREE_MCE_.ﬁ.L_E_EE_M\"_F1_T25_I[j

Project 2.: |CREE_MCE_AL_Z F1_T&5_10700- Chao |
Corr CREE MCE AL Z 25 MY F1 _T25 10700
(iR CREE_MCE AL 2 F1_T85 10700 - Ch.0

CREE_MCE_AL_2 F1_T85_I0350 - Ch.0

=Y as =& S e e P E AR R
| x

T3ster-Master Projects

E:a--C|:|rr_CREE_MCE_.ﬁ.L_E_ES_M\“_F1

B-CREE_MCE_AL_Z F1_T85_I0700

Detivates: E = 0.00500 WK Ojc + 0, 00500 il

Zalculate

Struckure Functions: E = 0.00500

Zancel

The required projects can be selected easily

A. Poppe & G. Farkas: Transient Measurements...

14 March 2016
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Find Ry,c in T3Ster Master 2.x as per JESD51-14

m The next step is to set the parameters for finding the
divergence point of the two measurement results

Separation Distance for Derivate il

Epsilon {consk, coefficient) I 0.005

Calculate Rth IC according Epsilon {linear coefficient) I 0,008 x|
Epsilan {quad. coefficient) ID

Project 1. ICDrr_CREE_MI #50 WK Oic + 000300 il

_ Fit Curwe
Projeck 2. ICDrr_CFLEE_M'

[ Parallel Correction " Exponential fit

[Functions: E = 0,00500 = |

" Don't use fit curve

Calculate | Cancel |

¢ RC-netwark response

Festare Defaulk Cancel Ik

Settings when Ry, ;¢ is to be calculated from the derivatives of the measured transients.
Defaults would usually do.
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Find Ry,c in T3Ster Master 2.x as per JESD51-14

103

m The next step is to set the parameters for finding the
divergence point of the two measurement results

Calculate Rth IC according to JESD51-14 x|
Project 1. ICclrr_CREE_MCE_P.L_E_ES_MH"_F1_T25_I[ e Derivates: E = 0,00450 W)k Ojc + 0.00300 il
Project 2.: I":':'”—':F"EE—M':E—":"L—E—F1—T25—ID?DD i ':j Structure Functions: E = 0,00500 il

Separation Distance for Struckur : il
Epsilon['Ws/k] : I 0,005

Calculate | Zancel |

Restore Defaulk | Cancel | (8] 4

Settings when Ry, ;¢ is to be calculated from the structure functions. Default would
usually do.

In this particular case we shall calculate Ry, from structure functions.
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Find Ry, c In T3Ster Master 2.x as per JESD51-14

m After pressing the Calculate button, a new project for the
results will be created, the two selected projects will be

processed:

Savein || Comected CREE_MCE

| Copy of Corr_CREE_MC|
S Corr CREE_MCE_AL 2.
S Corr_(CREE_MCE_AL 2 | I
W TDIM_Corr_CREE_MCE

The requested operation in progress, please wait, ..

tdy Documents

-
J:
by Computer
-
kA Metwark File narme: ITDIM_EDH_EFI EE_MCE_AL 2 25 MY F1_TZ2 = Save
Placez
Save as type: I T 35ter-Master Project files [*.par] j Cancel
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Find Ry,c in T3Ster Master 2.x as per JESD51-14

m The created new project will have two special views:
difference of derivatives and difference of structure functions

File Ewvaluate “iew Help
[ P2 [
12

=2¥Ves =aadaE®

| =%
T3ster-Master Projects
Eia--C|:|rr_CREE_MCE_P.L_E_ES_MH"_F1
Hfa--CFLEE_MCE_AL_E_FI_TBS_IIIISSEI
H:a--CREE_MCE AL_2 F1_Tas_IoFoo

5-TDIM_Corr_CREE_MCE_AL 2 25
- Record Parameters

- Measured response

- Smoothed response

- Derivative

- Tau Intensity

- Complex Locus

- Structure Function (Differential
- Struckure Function (Integral)

® Difference of the struckure F,

- Difference of the derivates
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Find Ry,c in T3Ster Master 2.x as per JESD51-14

106

® An Ry, ¢ value is shown both in the difference of derivatives
and difference of structure functions view

File Ewaluate Wiew Plat Manipulate  Window Help

=10

aedi==l=)

R QLIE e

L1104 ) ) T = A Y

&
(e )
x

ster-Masker Projects

- Record Parameters

- Measured response
Cort_CREE_MCE_AL_2_F1_T25_I070
-~Record Parameters

- Measured response
TDIM_Corr_CREE_MCE_AL_Z_25_MY
- Record Parameters

- Measured response

-~ Smoothed response

- Derivative

- Zth

- Tau Intensity

- Complex Locus

- Structure Function (Differential)

- Skruckure Function (Inteqgral)

- Difference of the structure

- Difference of the derivates

| Bl

MStructure Function {Integral) - TDIM_Corr_CRE

Cth [ivsrk]

Ready

100
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T3Ster Master: cumulative structure function(s)

I

Eﬁtructurn
0
0
0
5
"a I:I
= 0
iy
5 0
0
0
0

Fth-JC = 3.95 Kan
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Supporting thermal modeling
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Test based modeling and model validation

Real package
|7 Detailed

package model

Thermal transient

9

Structure functions

FIoTHERM for validation of

measured by T3Ster

ro
MEASUREMENT

cooling -T[oC]
m
E

T3Ster
- software -

l detailed models

From FLOTHERM
simulation

Structure functions for test
based compact model generation

Ry R, R
— =11

iZ—i
C4

;] ol
This model structure is characteristic to
power semiconductor packages

L == FloTHERM

108 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation
www.mentor.com/micred

14 March 2016




T3Ster Master — FIoTHERM Interface

m Compact thermal model of the heat-flow path is created by a I
step-wise approximation of the structure function
log C;

Inside the package iPackage Environment The case node is
< > f" . located at the Ry, ;¢

~

: ~value identified
according to the
JESD51-14
standard
........ 5
O
,
i &
1 i
junction case
‘ Ro R1 R2
o | — A

d 1 L 1 L L
“T T “T T T Il

Rest of the heat-conduction path
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Creating compact models in general

HStructure Functions Delta - TDIM_Corr_CREE_MCE_AL_2Z F1_T85 = |EI|5|

3 stages

T35ter Master. Difference ofthe cumulative structure functions

X
01 T T — T — [ Select project
oo L= TOM_Corr_CREE_MCE_AL 2 F1_T85 10700 _Corr_CREE_MCE 5 Active project [ ¥ \egyetemtK0ZLE Divegrehaitasimeresek \IREE 2. sor\CREE_MCE_AL_2\Carrected_CREE_MCE_AL_Z §5_M'
’ ' Al open projects X:\egyetem'\KQZLED\vegrehaitas\mer]sek\[lﬂEE 2. zor\CREE_MCE_AL_2\Comected_CREE_MCE_AL_2%
ooe L . #hvegretemh K DZLE DYwegrehajtasimerdzek \CREE 2. sorCREE_MCE_AL 2\Conected_CREE_MCE_AL_Z_
: " Selected projects
LRI r Ewaluation Parameters
- 006 Rezolution [points/decade] |20 v Compact model gendration
o B ayes iteration number 10000 " Complete l
= 0os b _ Y [ _ -
5 oo | Mﬁtructure Function {Integral) - Corr_CREE_MCE_AL 2 &5 MY F1 - IEllil
s L RihoIC = 335 [ T35ter Master: cumulative structure function(s)
ooz |
IEJ T | I E1 T
¥ Structure Function {In\=gral) - TDIM_Corr_CREE_MCE_AL_Z F1_T R 3 35 KM S MY F1 Ta8S 10700 -Ch. 0 |
— _MY_F1_Tieta_
ter Master: cumulative structure functionds) thJC - - |
N
— TDIM_Corr_CREE_MCE ekl 152 0@ Porr CREE MCE .
10000 H— TOIM_Corr_CREE_MCE_&L_2 F1_T&5_0700_Corr_CREE_MCE_, 100 - B
5
m
100 + = i
iy
£ o
£ L
£
O ool R ; -
oo ;""’\ !
1e-4 1
1e-4
| | | |
1 1 1 1
0 ] 5 3 4 ] 1 2 3 4 ]
Fth [KiA Fth [khi]
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Creating compact models for FloTHERM

m Package geometry specified on file export from
T3Ster Master

ETSSter-Master: _'

File Ewaluate Wiew Help

r A AREER)

=

ster-Master Projects
Corr_CREE_MCE_AL 2 E5_MY F1 |
- Record Parameters

- Measured response

- Smoathed response

- Detivative

- Zth

- Tau Intensity

- Complex Locus

- Pulse Thermal Resistance

- Struckure Function (Differential
- Struckure Function (Integral)
Corr_CREE_MCE_AL_Z F1 _Tas_Ti
- Record Parameters

- Measured response

- Smoathed response

- Detivative

- Zth

- Tau Intensity

A

[N «CTMLink
File Help

=10l x|

Project Name |

—Size

Export to FloTHERM... |

N

Al Dimensions In:  |mm -

(2

é”"r:’
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T3Ster Master — FIoTHERM Interface

m Final step in FloTHERM:

— File imported directly into

FloTHERM

— Resulting in an ‘enhanced 2R’
CTM defined as a ‘Network

Assembly’ object

Top

1% Junction

Bottom

112 A. Poppe & G. Farkas: Transient Measurements...
RBB, V9.3 NMAFE0A Review, March 2011

1 InternalModel

3 InternalMode?

= F Candd
(5 Spetem

o I Assembly Menu

Locatian...

Material...

Grd Constraints...
Mewy Object
Select all

Maotes...

LED CTH Surnmary...

g+ Junctiondode Pasle

% Metvwork, Cuboid _

E =port

Format

47 LED CTH Junction
Sawe To Libran

Configure IDF

3 InternalMode?
3 Internalboded
&+ Internalodes

& InternalModef
+ BottomMode

ﬂ:} Collapsed Metwork, Cuboid
TopMode

: % MHetwark, Cuboid

G+ Collapsed Metwark Cubaid

At Detect File
S5CI PDML

IDF

IDF Libram Lisk:
1.4 Filz
W2MA 3 Project
L

SAT

IGES

STL
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Benefits of the interface

m Simple and quick generation of thermal models based on
real measurements (power packages only)

m The generated model shows exactly the same behavior as
the real package

m No need to deal with modeling of TIM
® Quicker solution

® No need to exchange proprietary information between
vendors and end-users as no detailed structural data is
required for the model generation
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First and Unique Fully Automatic Measurement-
Based Modeling of Power Semiconductor Packages

114

Heat flows from the junction directly to
the cooling surface of the package.

T3Ster Master
Software

Model Creation

0.000001 0.0001 p.n;
0000007 0'0007

junction Ry R; R R, case

coI c11' cal’ csI

[=]-#81 DCTH
[=] & Junctiontlode
% Metwork Cuboid
i-.. ¢7 DCTM Junction

-k nternalN odel

- InternalMode?

- |nternalModel

FIoTHERM - l Internalt oded

-G |nternald odeb

- |nternalModeb

[=]- & BatormMade
ﬂ} Collapzed Mebwork Cuboid
JESD51-14 compliant RthJC measurements are S e i

automatically converted into compact thermal e

models used in FlIoTHERM.
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First and Unique Measurement and Model
Validation of IC Device Packages

Validated 3D

& l Thermal Model

From FLOTHERM
simulation

From ] |

MEASUREMENT

T3Ster Master '
Software

CFD models of packages are compared to T3Ster
measurements. ’

Validated CFD model used to generate DELPHI compact
models for FloTHERM & system level thermal
analysis.

Alternatively the validated 3D thermal model may be used
directly in FloTHERM

© 2016 Mentor Graphics Msng
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DEMO

Identification of R, ,. of the package
measured before, using the JEDEC
JESD51-14 method implemented in
T3Ster Master

d
¢

G'r‘é%ﬂ.

®

(A
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Modeling and industrial QA
analysis of IGBTs and other power
component in the 1500 A ... 3000 A

range
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Testing an IGBT module with kW level of power

m In power electronics industry both proper thermal design and I
reliability analysis of components such as IGBT modules is

needed

m These tests need to be performed under realistic conditions
— 500 A ... 1500 A ... 3000 A of current needs to be supplied
— This results in multiple kW-s of heat to handle (needs proper cooling)

m MicReD industrial testing series of solutions

— Test conditions meet
industrial requirements
— Powering
— Cooling
— Safety
— Automated tests
— Setup
— In-situ degradation
monitoring
— Stop criteria

:
Ll
.
AR s
' : 3 L
} J k s
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Test conditions for the half bridge modules

m Devices mounted on a cold-plate with highly stable thermal
pad

m Gate and drain electrodes interconnected

m Common powering, but each device connected to a T3Ster
channel
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Simulation of temperature distribution

m Model built up, calibrated and simulated in FlIoTHERM and in I
FloEFD

FloTHERN

[ Befaulizn

S
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Model calibration

T3Ster Master: cumulative structure function(s)

I I I T T
—— transient_000000 - Ch.0
—— 1_Diedunction_Temp - Ch.0

10000

100

Cth [Ws/K]

0.01

A 0.2 0.3Rth [KNV]OA 0.5 0.6
Automated process in
FIoTHERM v11.

Learn about this in detail in Mentor
Graphics’ workshop

How to Automatically Calibrate
FIoTHERM Package Models and
Improve Thermal Design Reliability

15 March 2:00 p.m. - 3:00 p.m. (Fir)

A. Poppe & G. Farkas: Transient Measurements...
14 March 2016
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Cth [Ws/K]

Initial model

Calibration steps:

1.
2.
3.
4
)

Die material parameters
Die-source geometry

Die attach resistance

Conductivity of the ceramics

TIM between copper and cold-plate

Calibrated model

T3Ster Master: cumulative structure function(s)

10000 H

1 1
—— cpTIM_Cond_1.2e+0_veg - Ch. 0

100

0.01

1e-4 |

—— transient_000000 - Ch.0 n

0.1 0.2 0.3 04 0.5 0.6
Rth [K/W]

© 2016 Mentor Graphics Corporation Menbr

www.mentor.com/micred Gl'dpthS”



Powering conditions

122

m Base plate temperature: 25° C
m Targeted junction temperature: 125° C
m Input power: 200W @ 25A

N
P i
m Cor T W} >hange
3 13 16 26 29 t(s
m Tra (s)
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Results of the reliability tests

m The power cycling was conducted until the total failure of the IGBT-s

Power cycles until failure

| | |
Sample 0

Sample 1

Sample 2

Sample 3

I
0 10000 20000 30000 40000
# of power cycles

Failures identified by visual inspection
m Broken bond-wires and burnt areas on the chip surface

m In face all IGBT-s failed due to the overheating and damage of the gate-
oxide

Further failure analysis

m Structure functions obtained in situ during power cycling
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Results of visual inspection

m Broken bond-wires and burnt areas on the chip surface

In face all IGBT-s failed due to the overheating and damage
of the gate-oxide
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Structure functions showing die-attach degradation

T3Ster Master: cumulative structure function(s)

10000 H— tranlsient_EIEIEIIIZIDEI -Ch. I:II
— transient_005000-Ch. 0
H— ftransient_010000-Ch. 0
1000 B— transient_015000 - Ch. 0
100 N— tran=zient_025000-Ch. 0
H— transient_030000-Ch. 0 a——]]
= [|— transient_035000-Ch. 0 Mwww
® M,;H"" s
Z 10 s " —
o
1 . '?./ — e .H'___,-"'
P o
0.1 : N anid
0.01
0.05 01 015 0.2z 0.25 0.3 0.25 0.4
Rth [KAW] c . 0 .
In situ monitoring results of DA quality
,0.045 *
o ,0.040 rd
< ,0.035 coe?
- ,0.030 *
£ ,0.025 ®
X ' R XK
0020 so oo s s s se0et et e
a ,0.015
IJE ,0.010
Y ,0.005
,0.000
0 5000 10000 15000 20000 25000 30000
# of power cycles elapsed
125 A. Poppe & G. Farkas: Transient Measurements... © 2016 Mentor Graphics Corporation Menbr
14 March 2016 www.mentor.com/micred Gl'dpthS@



Z7 S




N\
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Recommended reading:

m For more details and references of the topics covered in this I

course please refer to
Chapter 4 Thermal Testing of LEDs (G. Farkas, A. Poppe)
of a recent book C.J.M. Lasance — A. Poppe (eds): Thermal
Management for LED Applications, September 2014, Springer

Clemens J.M. Lasance
Andras Poppe Editors

Thermal
Management

for LED
Applications

H Springer

http://www.springer.com/engineering/electronics/book/978-1-4614-5090-0
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