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BIPM Workshop on Challenges
in Metrology for Dynamic Measurement

« Session 1 Dynamic Mechanical Quantities
Force, Torque, Vibration, etc

« Session 2 Dynamic Fluid and Flowmetry
Pressure, temperature, and volume of fluid

« Session 3 Thermo Physical Quantities
Thermal properties, material properties, etc

Temperature
Dynamic response of

sensor, measurement

Frequency response, Step response, Impulse response
Mathematical
presentation

Impulse response function
Transfer function
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1. Introduction
* Needs for thermophysical quantities

« Common interest with dynamic measurement
of mechanical quantities, fluid and flowmetry

2. Pulsed light heating methods
» Laser flash method for thermal diffusivity measurements
 Ultra fast laser flash method for thin films measurement
3. Analysis by impulse response function and transfer function
* Analysis of heat diffusion
« Analysis of finite response time of temperature detection
 Transfer function and areal heat diffusion time
4. Summary
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* Energy production:

Electric power generator

Nuclear power plant

Natural energy

Geothermal power generation
Solar power generation

anionaL instiute o ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)



AIST

Needs for thermal metrology 2
* Energy saving:
Industrial sector
Production line
Plants
Furnaces, kilns, heat treatment
Steel making, ceramics industry
Transportation sector
Automobiles
Trains, ships, aircrafts

Commercial and residential sector
Buildings and houses
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Needs for thermal metrology 3
 Electronics:
Thermal design and management
PC, server, data center, projector
Home electric appliance
LED illumination
Flat panel display
Device
CPU
Memory and storage
Phase change memory
Hard disk (Heat assisted)

Organic EL
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CMC service categories covered by WG9

6. Thermophysical properties

6.1 Thermal transport property
6.1.1 Thermal conductivity
6.1.2 Thermal diffusivity

6.2 Caloric property
6.2.1 Specific heat capacity
6.2.2 Heat of fusion
6.2.3 Calorific value

6.3 Radiative property
6.3.1 Spectral emissivity
6.3.2 Total emissivity

6.4 Thermo-mechanical property
6.4.1 Thermal expansion coefficient
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Measurement of thermal conductivity

Thermal conductivity, A,

measurement by steady method 1'1&_:.-_. i

d

<>

Steady Steady
heating cooling
q,(t)= g, q,(t)=—4,
Thermal conductivity
—
_ d-q, _ d-q,

I,-T, 4T,
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Three pilot studies organized by CCT WG9

CCT-P0O1 (CCT-S2)
Thermal conductivity of insulating materials

Temperature range 0-100° C
Measurement technique guarded hot plate method
Pilot institute LNE, France

CCT-S2

N Tnformation

Metrology area, branch Thermometry, Thermophysical quantities
Description Thermal conductivity
Time of measurement 2007 - 2010
Status Report in progress, Draft A

Reference(s) No references available

U ENENTE  Thermal conductivity: 0.01 Wm iK! to 0.1 wm 1K1
Parameter(s) Temperature: 10 °C, 23 °C and 40 °C

Transfer device(s) Two thermal insulating materials

Comparison type Supplementary comparison
OGS SNGTlie==8  CCT (Consultative Committee for Thermometry)

Conducted by CCT (Consultative Committee for Thermometry)
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Measurement of thermal conductivity and thermal diffusivity

Thermal conductivity , 4, Thermal diffusivity, &,
measurement by steady method measurement by dynamic method
d d
<> <>

Steady Steady
heating cooling

'r:gz‘t’i'rfg Adiabatic
4,()=4 q.()=-q a,6)=5) | 4()=0

Thermal conductivity

\ ﬂ,: qu :d'% | i:a.c.p
T Tf—Tr ATfr =

r
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Laser flash method

1

- One dimensional
O PSSt diffusion  Temperature o, Time
heating detector 1+ 20,0017,
2: 1 =0.0037,
87 3: 1= 0.017,
— 4: = 0.O3Z'O
A 5.t= 0.1z,
F 67 6: 1= 0.37,
. o
- Observation of rear % 4
Specimen  face temperature 5
o
1.0 qg) 2 5
5 BN N —— °
37— ‘ ‘ ‘ ‘
g | 0.0 0.2 0.4 0.6 0.8 1.0
© | Distance from the surface x/d
()] \
Q ' 0.1388
= S 2 2
© 00 T = ! ! ! Thermal d d
00 ™02 0.4 0.6 0.8 1.0 d'ffe . ?t Kk=—=0.1388—
Time, t/7, Musivity To Ly

W. J. Parker, et. al. J. Appl. Phys., vol.32, 1961, pp1679-84
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Pulse laser

Trigger

Data
acquisition

DC amplifier

y

Radiation
thermometer

Specimen

Temperature change
at rear face

Controller ‘l

Power
supply

Vacuum
chamber

Thermocouple
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Thermal diffusivity measurement of carbon
by the laser flash method
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Three pilot studies organized by CCT WG9

CCT-P02 (CCT-S3)
Thermal diffusivity of dense materials

Temperature range RT-1000° C

Measurement technique laser flash method

Pilot institute NMIJ, Japan
CCT-S3

Thermometry, Thermophysical quantities
Thermal diffusivity

2007 - 2008

Report in progress, Draft A

No references available

Thermal diffusivity in m2s1
Temperature: 300 K to 1200 K

Dense materials

Supplementary comparison
CCT (Consultative Committee for Thermometry)

CCT (Consultative Committee for Thermometry)

Measurements using laser flash method for dense materials
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Flat panel display

Power device L|ght|ng

Low Kin LSI, AIN and diamond for heat spreader,
X GaN for LED, ITO and IZO in FPD )
v
Thermophysical property data
Thermal conductivity
Thermal diffusivity
Specific heat capacity

Thermal design
. and simulation

Temperature, K
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The Structure of Thin Film Stack : HD DVD-ARW Medium

Reliable values are especially needed for ZS, GSTB
and boundary resistance between them.

NA:0.65
405nm

0.6mmt
_~~ substrate

ZnsS - SiOz(ZS)

GeSbTeBi
ZnS - SiOz(GSTB)

Ag - alloy

10 — 100 nm each
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Length and time scale of pulsed light heating methods

, | Thickness Specimen
: . ) d Pulsed -
Heat diffusion time |7 = — Light emperature
a Thermal heating detection
diffusivity
Laser flash method
Bulk materials, 1mm > 10ms-10s
Observation of radiation
Change of reflectivity
Nanosecond TR method as a function of
Thin films, 1um surface temperature 10ns-10ps
R_R 4+ dR AT Thermoreflectance
=R, +—
Picosecond TR method dr method
Thin films, 30nm LdR s 1o 10ps-10ns
RdT
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N

! National Metrology Institute of Japan

Block diagram of measurement system
by the picosecond thermoreflectance method

Ti/sapphire laser

Pump beam

AOM

|

Specimen

N

D 4

Function

N
Optical delay line

Probe beam

Photo diode %\j

Lock-in amplifier

7

generator
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Thermal diffusivity of molybdenum thin films measured
with the picosecond thermoreflectance method

N
o

Thermoreflectance signal / a.u.
(@)

Synthesized by magnetron DC sputtering
Substrate: Corning 7740 glass

Temperature response curve of Mo thin films

RN
Ol

RN
o

o
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Thermal diffusivity of molybdenum thin films measured
with the picosecond thermoreflectance method

Synthesized by magnetron DC sputtering
Substrate: Corning 7740 glass

Nominal Measured Absorption Thermal

thickness thickness coefficient diffusivity
nm nm x 10’'m™" 10° m%s™
70 65.4 5.8 3.0]
100 94.6 0.4 3.6
200 191.0 2.0 3.0
Bulk — 9.9 2.4
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ThAPMAI A:'FFI Iﬁl\ll‘l‘\l 2 2VaYeYald! IIFI\MI'\I!‘\‘I‘I\ -Fv-nm I'\I IIII MA"'I\IF:ﬂIﬁ
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to thin films by pulsed light heating methods
Thin films Thin plates Bulk materials
108 10”7 106 105 104 103 102
| | | |
— ; — . | |
Heat diffusion length / m ! ! ¢ l 5
(d) l E Conventional Laser ﬂasr:n method
! < > |
Nanosecond thermorefléctance method

L L

Picosecond‘therr’rforeflect;nce method
(Electrjcal delay)

L

Picosecor‘1d thermorefleéctance method
(Optical deliay)

Time after pulse heating / s
(T) i i i I : I ! | 1 :
10-12 10-10 108 106 104 102 100

(Thermal diffusivity, o =1x10"m’™, r=d’/a)
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3 003nm Mo 140 nm
‘:g S10, thickness
2 0.5 nm
1.0 nm
aehng — 3.0 nm

Mo 70 nm

0 1 2 3
Delay time / ns

Normalized thermoreflectance
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Areal heat diffusion time

A::[

5 —0
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Yl Transfer function

(95 )/ I max } Laplace transformation

£(&) =] exp&)f (¢)dt
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Temperature history curves of 3 layer specimens with different
thickness of nonmetal thin film

Metal Metal Metal Metal
Thin Nonmetal Thin Thin Nonmetal T:,;na
film Thin film film film Thin film film

d d, d

Normalized temperature rise
Normalized temperature rise

Time Time
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Normalized thermoreflectance

signal / a.u.

NM

\ National Metrology Institute of Japan

— 5nm
— 9 nm
21 nm

Film thickness of interlayer

Delay time / ns

10
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_____ Calculated value
Kqi0,=8.8 X 107" m?/s, Rgioome=2 X 10-° m2K/W
..... Calculated value 2

K i0,=5.9 X 10" m?/s, R=0

)
RO

-0- Experimental value
| . | . | |

0 20 40 60 80 100
Film thickness of interlayer / nm

Areal heat diffusion time,A / 10%s
(@)
S
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 Metals: Al, Mo, W, Pt, etc.
» Oxides: SiO,, Al20,,In,0,, ZnO, etc.
* Nitrides: TiN, AIN, etc.

« Compounds composed of 3 elements:
Mg(OH),, GeSbTe, etc

« Compounds composed of 4 elements: AgIinSbTe, etc

« Boundary thermal resistance between
metal layer and nonmetal layer
Mo/SiO,, Mo/Al20,,Mo/In,O4, etc.
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AIST

Y/
via Ju A

« Heating Heating function
Impulse, step, sinusoidal, etc.
Intensity variation in time domaing s |

t Time

qcg

« Geometry Heat conduction equat|on
Shape and dimensions of the specimen |7

Heating method and position
Temperature detection method and posmon e

Finite response

Response of temperature detection
Nonlinearity

Time

" Detector
response

Response time
Impulse response function

1:ch
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dynamic thermophysical quantity measurement

« Heating
« Heat diffusion
« Response of detector

Laplace Transfer Transfer Laplace
) Laplace .
transform of function of function of transform of
. transform of :
heating temperature { temperature signal from
: emperature
function response detector detector
~ N (<) ~ ~
q(5)—1 R(&) 1 D(G) ——0(S)
0 (<)

0(£) = D(&)-R(£)-G(&) R() = D(&)- g (&)
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Infrared radiation thermometer for
laser flash thermal diffusivity measurements

| Finder

Detector

}‘7 100mm _.{ Blackbody
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Frequency response of the infrared radiation thermometer

4 LEELELELLLLL LELELELLLLL LELELLRLLLY| LEELELELLLLLY LEELELELLLLL LI RLL
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Frequency, Hz
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Frequency response of the infrared radiation thermometer

2 2
(40, (),

F.(0)=D(iw) = : = .
pl@)=Dlie) (iw)?+2n(io)o +0° ©°-*+2i-n-0- o,

2 ( 2 2) 5 3
_ o \o —o i n-w-o,
2 2 2 2
(a)n —w2)2+4(77-a)-a)n) (a)n —a)z)2+4(77-a)-a)n)
2
@, Amplitude
‘FD (a))‘ = - “L\
2 2 2 35
o 3 1
% 25 \‘q ":
£ 0
s 2 L
@, =54.6 kHz I
S ’ *
S - -8 \
n=0.135 : ‘
Y
f0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06

Frequency, Hz
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Transfer function of detector
2

~ @, =54.6 kH
D(é) — 2 2 a)n ?
E°+2ném + o, n=0.135

D= joob(t) dr =i j exp(-&)D(1)d: = | iggﬁ(f) ~1

= jot'%(t)dt =lim j exp(—&) -t - D(£)dt= nm[— dD—(ﬂ

o dE |

2
=lim — - [ ? “ ZJ = lim| '(2§+277w”)
0 dE\E+2ném o, ) f*°_(§2+2n§az@+wn2)z_

@, 5.46%10" Hz

n

wstirute of ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST)



\ National Metrology Institute of Japan

A@ — .OTl_H(t)/ gmax ]dt = LII’T;J-O Xp (_ é:t)[l_g(t)/gmax]dt
1 18] 1 |1 [D&)R,(£)7,(8)
_Igl_rjg_g 9(5) gmax__lgl_rjg_é Eoermaxoq )
:||m_1—( 5 tch].lz I—:‘érf(g) (1_5 tch) q_
0 & DR, |
1 R,(&)
— Ietl_r;r(]) é: R]; + zLch + tch — Ay T tch T tch
AT — AH - tch - tch
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Correction of observed areal heat diffusion time
for finite duration of the heating function
and finite response of temperature detector

|deal signal

A=Agtyeqtpeg

Time

Impulse
heating

Time

Infinitely fast response

Time

Normalized
signal

o

Heating

Detector

intensity

response

—

Observed signal

A9=A+tch+tDCg
S — o
i Ag
—

Time

Finite duration of heating

1:ch Time

Finite response

toeg Time
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Uncertainty evaluation for pulsed light heating methods

1. Heat diffusion time: 7, <<= Evaluated by transfer function
. Heating and areal heat diffusion time

« Heat conduction equation

Shape and dimensions of the specimen
Boundary conditions

Heating method and position

Temperature detection method and position

* Temperature detection —
Nonlinearity Thermal diffusivity at 2T
Response time a = a-

2. Thickness of the specimen:d %o

3. Steady temperature of the specimen: T
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Summary

 Light pulse heating methods have been
developed to measure thermal diffusivity from
bulk materials thicker than 1 mm to films thinner
than 100 nm.

* One dimensional heat diffusion can be analyzed
by the response function method and the areal
heat diffusion time method.

* Uncertainty of finite heating distribution,
evaluation of heat diffusion in material and finite
response of detector can be universally analyzed
by transfer functions and areal heat diffusion time.




