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Introduction

W Aim of the presentation
e Awareness of LED technology and use

e Solutions and keys to make fully effective
luminaires with LEDs

+ You will then be confident to put on your products...

© CEA 2009. All rights reserved
or use of the information contained herein
is prohibited without the prior written consent of CEA
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W Efficient light source

eLow energy consumption

eNo Infrared or UV energy loss
WQuite all the visible spectrum is
available
MLong life duration

eMore than 50000 hours
eRobust and compact

MEnvironment friendly
eNo mercury or lead
eOnly made of minerals and metals

W ... But as an electronic component,
LEDs are thermally sensitive device !

Thermal Management of LEDs

BB

~. _Silicone
Encapsulent

|
- InGaN
\-E Semiconductor
Cathode Lead Flip Chip

Gold Wire X ‘Solder Connection

ozl
Heatsink Slug

\Silicon Sub-mount Chip
with ESD Protection

© CEA 2009. All rights reserved
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Introduction - Comparison

Wincandescent light
eOnly 5% of the energy used for lighting

eJoule heating + Infrared radiation (also
converted into heat) = 95% of energy loss

mLED light

©25% of the energy converted into light

¢ Goal : 50% of energy conversion
for 2025 !

eModerate Joule heating

+ Thermal transfer mainly by
conduction

Thermal Management of LEDs

Visible light

59 Heat

' 10%

Infrared

Visible light

Heat
70/80%

© CEA 2009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
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Introduction — LED evolution

WHeat dissipated by conduction + constant increase in LED power

Advanced
Power Package
- Power Package
Extended Pins
g 4 Pin Devices
s 1.2-5'W
E 1 Rip=15°C/W
= 12w
=S Rip=75°C/W
s 0.5 W
(]
= N Rip~125°C/W
038w
~300°C
gjll;? W b Rip = Resistance Junction to Pinor Slug  Chip on Board
.I'|l.l'll :
Pre-1996 1996 1998 1999 2005
Source : Petroski — Electronics Cooling - 2006
- ) ©CEA2»009. All rights reserved
Thermal Management of LEDs Paul MESSAOUDI 26/01/2010 |
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Thermal effects — LED technology

W LED is an electronic component
e Semiconductor material

¢ Electrical insulator or conductor
— Depending on operating conditions (temperature, electric field,
doping)
+ Radiative or non-radiative transition
— Gap Energy E, defines the Wavelength (color) of the photon

Espace réel

Vi i ¥
Vi elscizan ibrating atomes (phonons)

? E,.
small Ax

E v Hole
Position x ——w=

Radiative recombinaison Non radiative recombinaison

© CEA 2009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
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Thermal effects — LED technology

¥ LED materials

e Gallium nitride : (UV) Blue to Green
e Gallium phosphide : Amber to Red
e Gallium arsenide : Red to Infrared

wavelength / nm

AlinGaP

® No direct Yellow (550-590 nm) and low efficient Green

© CEA 2009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
is prohibited without the prior written con: f CEA
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Thermal effects — White color with LEDs

® Warm White vs. Cold White
e Beware: Correlated Color Temperature (CCT) is inverted !
¢ High CCT for cold white (>3000K)
¢ Low CCT for warm white (~2700K to 3000K)

(.8

0.7

.6

Lk
g 6510K 5030K 4170K
2 05
]
5
2
',3' -------
£
g 0.3 )
T 3460K 2840K
0.2 ..
| CCT description
0l Location of planckian
: black-body radiators
G ﬂg g]—ﬁ (planckian locus)
F - ! ’ 1 | | ! 1 | | 1 © CEA 2009. All rights reserved
00 ol 0.2 0.3 04 0s 06 07 0.8 A O O B O o ehibited wihot the prir witten consent of CE
ARy Sou e Paul MESSAOUDI 26/01/2010
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Thermal effects — White color with LEDs

B How to make white with LEDs

Blue and yellow LED Blue LED plus yellow phosphor Dichromatic-LED
(a) Di-
mnsie: (GG = &
white
source
% M_Q_ A ‘_LL A

Blue, green, and red LED Blue and red LED plus green phosphor UV LED plus tri-phosphor
(b) Tri-
o chromatic
| wee A A A AAA AAA
source
' A A )

Blue, cyan, green, Blue, cyan, and red LED Blue and red LED plus
and red LED plus green phosphor cyan and green phosphor

o OHED  EEE8 O
AL AL m X

source c\
N J N

Méthode multi-chromatique Méthode avec convertisseer
lumiere
© CEA 20009. All rights reserved

Any reproduction in whole or in part on any medium or use of the information contained herein
is prohibited without the prior written consent of CEA

e Thermal Management of LEDs Paul MESSAOUDI 26/01/2010

|11



Thermal effects — Light output

W Efficiency degradation with the temperature

200% .
\Red — Eliue Royal Blue Green Cyan

150% LN N\ \ \
' \ E \ \ White
e \ ! \

100% —— 1

e - ;- -

~—— s —
E \

|
n%r--u,r---

-40 -20 o 20 40 alll =0 100 120

Relative Light Qutput (LOP}

E0%

eeeeeeeee

Junction Temperature TJ [*C]
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Thermal effects — Color Consistency

M Color shift due to the semiconductor effect
e Different materials in RGB module = different behavior with the

temperature
16 I | i 1 I 1 1 |
GaAs |
1.5 B - l
» \w—Eg=1424¢V
— InP
- I
® g \?‘\\
=i} -
N I g =135eV"~
e ! <
o | S
[~ g . Ey=1.12¢V
' S 11} g ad
g
=
g 1.0
=)
S 09
o
g
'g 0.8
|~
0.7
0.6
05 o ) © CEA 2009. Al rights reserved
0 200 400 600 800 LO00 e wihout he i e conent o con
p— Thermal Managemer Temperature 7' (K) NESSAOUDI 26/01/2010 |
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Thermal effects — Color Consistency

m Effect of the temperature on the color spectrum of a
phosphor converted white LED

t Blue peak shift
to green

Less efficient
phosphor conversior

Intensity

0 100 200 I00 400 K00 00 TOO 800

Input current ! mA
-
—

© CEA 20009. All rights reserved
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Thermal effects — Power shift

® Drop of the forward voltage with temperature

e Semiconductor behavior

Caractéristique |-V de la diode bleue

0,12
r'
Vf 0,1
Vs observé =
e;m régime ¢ §’ 0,08
permanent =
8
f g 0,06 -
2 o
* 4 > 0,04
Température de TO
jonction 0,02
correspondante
0 - X KK [ | } ! T T T 1
2 21 22 23 24 25 26 27 28 29 3 31 32
Tension Vf (V)
No possible Voltage driving
e Thermal Management of LEDs Paul MESSAOUDI

—=-T=50C
T=100T

- T=150C
T=25TC
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Thermal effects — Lifetime

® Reduced lifetime with high temperature
e CITADEL Project for investigating reliability of LED fixtures

Normalized light output
InGaN LUXEON stressed at 350 mA, various slug temperatures

71
= ——
1.0
S —-E::E""'H.
= 04 B
O o=
, = ., ™~
L W — \\ o
g) 08 — 550 aairan \
Q o5 — BEC data
= e — BSC ssimap \
)
o] — 1110 dain
—_— 0=
(D) — 00 axwrap
o
(i |
oo Fl L1 1 1 111 11l 111l FE |
10 120 1,000 10,0040 i HlE |
Ti me (h O u rS) Any reproduction in whole or in part on any me?\t‘m Zr Eifi%?eziggu?r;weﬁwlrl)lzlggwttsawtvizirevrga
is prohibited without the prior written consent of CEA
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Thermal effects — Thermal transfers

W Heat transfer modes for electronic components

Convection
} s e ‘ Radiation
Dissipated heat | ( \
from the LED
= rcB
Conduction )
e e
Thermal Management of LEDs Paul MESSAOUDI 26/01/2010



Thermal effects — Thermal transfers

B Heat transfer modes for electronic components

e Radiation is low h

+ Small exchange areas (1 mm?2) and packaging . ~10%
e Weak convection inside packages

+ Relatively low temperature ~100C py
e Conduction is the most effective mode - ~90%

© CEA 20009. All rights reserved
roduction in whole or in part on any medium or use of the information contained herein
is prohibited without the prior written consent of CEA
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Thermal effects — Thermal transfers

B Heatsink effect on the thermal conduction

=)

[ Jj_um

Thermal Interface material

I
I
© CEA 2009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
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Thermal effects — Thermal modeling

MLinear behavior or Steady-state modeling

eThermal conduction (electrical analogy)

A
ATA—B = I:eth A-B X I:)dissipated PdiSSipated
Rihas

+ AT, thermal gradient between A and B ()
+ P, dissipated power (W)

Ri = B

- AXK

t
: "
/\ﬂ,_\7 A * Ry, thermal resistance (T/W), depends on
surface A, thickness t and material's thermal
\k

conductivity K

I:)dis sipated

— /"

© CEA 20009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
is prohibited without the prior written consent of CEA
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Thermal effects — Thermal modeling
A

Ta
B Dynamic behavior or Transient modeling Ry, — C,
. . I:)dissipated
e Thermal conduction (electrical analogy)
R Tg
At th B
— — _ aRnCm
ATA—B - TJunction - I:)dissipatedx RTh 1-e
| Power 4 T, &
| a Steady State
:> Transient
Time Time
[a) Powst Tnp Ut Step (b) Response function
R eton i whole or . ©CEAh2’Of09' All nghtsrezehrved
Py Thermal Management of LEDs Paul MESSAOUDI 26/01/2010
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Thermal effects — Thermal modeling

WRth of the overall assembly of a K2 LED from Lumileds

TLED junction
Plastic Lens RTh LED
- Silicone 1
Encapsulent
: P Ry, Solder
_‘ | InGaN T connection
\.._J Semiconductor
Cathode Lead Flip Chip R, Submount
Gold Wire | Solder Connection 3
Silicon Sub-mount Chip R.. Glue
eatsink Slug with ESD Protection 3 Th
TLED junction RTh Slug
TBoard RTh total 5 to 10K/W I
TBoafd
P Thermal Management of LEDs Paul MESSAOUDI 26/01/2010
' | 22



Surmoulagw\

Thermal effects — Thermomechanics

® Thermomechanical behavior

e LED module assembly

* Metals, Semiconductors, Ceramic and
Polymers altogether

' Principal causes
of electronic system failures

polymere

Temperature

55%

J

Drain thefwe G o f:l O 650 um

Slice of Luxeon K2 from Lumlleds
Source : CEA

Any reproduction in whole or in part on any medium or use of the information contained herein
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Thermal effects — Thermomechanics

WThermal dilatation coefficient : a
edisplacement and the strain due to AT

E= AL =axAT
L
AL =axAT xL
WIinduced thermal strain : beware of CTE mismatch !!!

0 = EX& (elastic behavior — Hooke law)

- so g=axXxExAT

A (surface) Aluminum :
a = 24ppm/°C
D L, — . Copper :
AL o =17ppm/°C
. ' Stress Silicon :
== L,+AL || o = 4ppm/°C

e Thermal Management of LEDs Paul MESSAOUDI 26/01/2010 P
- 4



BB

Thermal effects — Thermomechanics

W Failure modes In electronics

1: Package 5: Die Crack
Crack

2. Excessive 6. Die Lift
Warpage

3: Delamination

7: Stitch Break

4: Passivation
Crack

8: Bond ball lift

. All rights reserved
nation contained hereir

written consent of CEA
1/2010
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Thermal effects — Thermomechanics

W Failure modes In electronics

9: Broken Wire

12:
Delaminating
layers in metal
IC stack

10: Ball Neck
Break

13: Substrate
Cracks

11:Solder Ball
Fatigue

14: Metal Peal
Off in Bondpad

Thermal Management of LEDs

Paul MESSAOUDI
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Outline

B Advanced characterization of LEDsS

© CEA 2009. All rights reserved
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Advanced characterization

®Non-Destructive Testing :
eInfrared Thermography

In soldering

Aum

eOnly pictures of the surface

Source : CEA

eDifficult interpretation when multiple material are involved in the system
+ Relative emissivity is a material property i )
© CEA?2 . All rights reserve

Any reproduction in whole or in part on any medium or use of the information contained herein
is prohibited without the prior written consent of CEA

Thermal Management of LEDs Paul MESSAOUDI 26/01/2010 |
28



Advanced characterization

®Non-Destructive Testing :
eVoltage drop measurement

Effet de la température sur la diode bleue (I | gp gleue =1MA)

2,7
2,6
S 25-
g ~s
‘©
G 24
2 y = -0,0016x + 2,694
R* = 0,9863
2,3
2,2 T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Température (T)
AV, co geud)|
LED Bleu -1
=~-16mV0O3C
dT ‘ | :lmA rroduction in whole or in part on any medium orie%llzt/:ezigg?r.nQ\Ill)r?g:n[tzizehrevrgg

is prohibited without the prior written consent of CEA
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Advanced characterization

AN

AFR 27 2005
2i:19:01

NODAL SOLUTION
STEP=1

¥ Non-Destructive Testing :

DMX = (.257E-03
SMN = 150467

e Voltage drop measurement o7k
¢ T3Ster from Micred

1e6

Al 3
10008 oo e e 1 _———————————y
g g . ,! = 4 o8 150467 O159E+08  O317E+08  OA7SE+08  0.633E+08
B e (a) 0.804E+07 0.238E+08 0.396E+08 0.554E+08 0.712E+08
100 3 hours—= - = —F
| "".: : Lo -
- 1 6 hours_1 g L =
g H ;
& ! W
g 0.01 24 hours -
x _ ,f"/ - n-'/
1e-4
|
1e-6 A
N
1e-8 1 -
0 50 100 150 200 250 300 350
_ _ Rth [K/W] _
Differential structure function of LEDs
package under a risk of delamination Thermal modeling and micrograph
Source : Mechanism and thermal effect of delaminatioight-emitting diode packagedianzheng Hu et all., of a delaminated Sample
MlcroeIeCtronICS ‘]ournal 38 (2007) 157_163 is prohibited without the prior written consent of CEA
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Outline

B Introduction to LED technology
B Thermal effects in LEDsS
B Advanced characterization of LEDsS

™ Applications of LEDs

B Advanced thermal management

B Conclusion and perspectives
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120/135 °C

120 °C

135 °C 120 °C
150 °C 135°C
185/150°C| 170/135 °C
135 °C 120°C
150 °C 135°C

e Thermal Management of LEDs

Applications of LEDs — Component choice

W Be careful with LEDs specifications
e Light ouput : candela or lumen

e Cold/hot factor and lumen maintenance

e Thermal Resistances and Maximum bearable temperature
¢ Datasheets from Lumileds

9 °C/W

12 °C/W

5,9 °C/W

10 °C/W

12 °C/W

© CEA 2009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
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Applications of LEDs

®Chip-on-Board
Encapsulation
ePackaging-free technology board

eAdvantages
¢ Low-cost solution
* Flexible Design

+ Reduced thermal Chip-on-Board-LED

Interfaces Contacts
Source : GLI

Chip

eChallenges
* Need to supply LED crystal
+ Need of managing LED assembly techniques
+ Improvement of the thermal spreading
+ Use of highly efficient PCBs

Any reproduction in whole or in part on any medium or use of the information contained herein
is prohibited without the prior written consent of CEA
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Applications of LEDs — PCB choice

WRelevant Printed Circuit Boards (PCB) for LEDs
ePCB with vias (filled or capped)

Plugging
25pm pI t g n top material
of filled \ Solder Mask

Copper (85um)
Epoxy

Ry, ~ 5K/W

Copper (85um)
Plated through hole via

(35um)

eMetal Core PCB

Ink

Solder mask

70

Ry, ~ 3,5K/W

™~ Epoxy
MCPCB " Alluminium

BFlex PCB generally not recommended

eUnless having very thick copper layers for heat dissipation

o ) OCEAzoog AII ght ed
ey Thermal Management of LEDs Paul MESSAOUDI 26/01/2010
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Applications of LEDs — Heatsink choice

WHeatsink types

Pin fin type

Fin type

WHeatsink thermal resistance
¢+ Exchange area A of the heatsink

" ¢ Heat transfer coefficient HTC of the convection
— HTC =5 to 20W/m2.K under natural convection (indoor and not confined)

— HTC =50 to 1000W/m?2.K and more with forced convection (outdoor or with
fans or fluid cooling)

_ 1
Rth heatsink — HTCx A

Source : Lamina SoL

P=8W and A~100cm? —— If AT~50°C,R,~6K/W soHTC~15W/m?.K

( CEA 2009 All ri ghts reservi ed
Any reproduction in whole or in part on any medium or of the f ormation conta d her
s prohibit dwwh t the prior written con: fCEA
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Applications of LEDs - Retrofit

Agence de lEnvironnement
et de la Maltrise de [Energie

PACTE LED

W LED challenges for Halogen replacement
e PACTELED project

20W Halogen SW LED

Cominous effciency MR16 MR16 Efficiency drops with high current
(Im/W) 12 50 and high temperatures
Power Supply DC or AC DC —» Beware of the transformer compatibility
LIghBSpectiim continuous discrete | ., Color Rendering Index (CRI) > 85 wanted
- Lifetime (h) 2000 to 5000 30000
Main hriztdteransfer radiation conducton |——» Need of a highly capable heatsink with
extended surface heat exchange area :
Max temperature () 400 ~60C -

5 © CEA 2009. All rights reserved
SO u rce . OS ral I ln whole or in part on any medium or use of the information contained herein
is prohibited without the prior written consent of CEA
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Applications of LEDs — LED luminaires

m CITADEL project

e Examples of luminaires with multiple LEDs and various heatsinks
+ Few luminaires with relevant thermal management

is prohibited without the prior written t of CEA
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Outline

® Advanced thermal management

© CEA 2009. All rights reserved
Any reproduction in whole or in part on any medium or use of the information contained herein
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Advanced thermal management

® Material properties to enhance
e Interface materials are key parts for efficient cooling
e Difficulty to know their exact thermal properties
+ Need to have all these experimental methods

Test Machines

*Microforce Test System
*Micromechanical Test System
*Universal Strength Tester

Microscopic analysis
*Scanning Electron Microscope (SEM)
*Atomic Force Microscope (AFM) Speckle,  Strain Gauges and Extensometers

*Dielectric Analyzer (DEA) *Moire Interferometry ' :
*Dynamic Mechanical Analyzer (DMA) *Holography Interf. *Micro Tensile Tester
*Differential Scanning Calorimeter (DSC) *Speckle Correlation Methods 'N?mo Indentett .
*Differential Thermal Analyzer (DTA) *Electronic Speckle Interferometer *Micro Mechanical Fatigue Tester
*Thermogravimetric Analyzer (TGA) *Twyman-Green Interferometer *Vibration Tester
*Thermomechanical Analyzer (TMA) *Shadow Moire, Projecting Moire *Drop an<.j Impz?ct Tester
*CSAM, X-Ray Imaging, *Test Chip Technology *X-Ray lefract|on
*Wyko Measurement System *MEMS Technology *Raman M'CrOSCOPY.

*MicroDAC *CSAM, X-Ray Imaging, Wyko

-Raman Microscopy Measurement System

*X-Ray Diffraction
Thermal Management of LEDs Paul MESSAOUDI 26/01/2010
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Advanced Thermal Management

® Active cooling
e [t consumes power so use it carefully

e Above 70 Im/W and below 13W dissipation, active is not required
for a 1000 Im lamp

1000-Lumen Single Emitter (White)

He at Generation (W)

5 Passive cooling sufficient

U’ |l T T T T T T 1
20 40 60 &0 100 120 140 160
Luminous Efficiency (Im/W)
o ) © CEA 2»009. All rights reserved
Source : NXP v ’ é prohibited without the prior written consent of CEA
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Advanced Thermal Management

W Active cooling examples
eHeatpipes
* NeoPac

— Copper hetpipe with
radial fins

+ CEA

— Fully integrated Silicon
heatpipe

ePeltier module
¢ OptoCooler from Nextreme

eAcoustic cooling
+ Synjet from Nuventix

Thermal Management of LEDs
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B Thermal effects in LEDsS
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B Advanced thermal management
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Conclusion

m Effects of the thermal stresses on LEDs
e Difficulty to use LEDs at nominal temperature (25C)

e Light output is sensitively shrinked
* 80% to 50% of nominal intensity at T=100C

e Color shifts to higher wavelength

¢ Color consistancy with RGB or phosphor converted
white LEDs

e Forward voltage drops
* Need to drive LEDs with the current not the voltage

e Lifetime is reduced
* Less effective Semiconductor effect
¢ Failures occur more rapidly

© CEA 2009. All rights reserved
or use of the information contained herein
is prohibited without the prior written consent of CEA
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Conclusion

W Passive cooling needed
e Use heatsinks and relevant PCB for mounting your LEDs

W Active cooling option
e Use it to develop more power in tinier space

e Always improve thermal conduction in your system before
adding an active cooling device

B Thermal management has to be firstly
considered before designing LED
application

e Think twice or ask a thermal expert !

is prohibited without the prior written consent of CEA
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