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Measurement guide for measuring in—plane thermal

conductivity of nano and thin—film materials
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3.1 KS Q ISO/IEC Guide 98—3:2008, “=# E3r - A34F: = B3v 7d A3
(GUM)”, 2017

3.2 KS A ISO/IEC Guide 99:2007, “=rA] =43t go] - 7]& 2 2wt i3z} AH &
o] (VIM)”, 2018

3.3 Frank P. Incropera, David P. DeWitt, T. L. Bergman, Adrienne Lavine,
“Principle of heat and mass transfer’, 7th edition, John Wiley & Sons, 2013.

34 WEHEEASFATY AFEGA T-04-016-2010, “BEAAHA AF BaA
3.5 FEEFEISATY AFEAA T-04-020-2017, “XH-g el ok A7l whah F7 gk
3|

3.6 S.G. Jeon, H. Shin, Y.H. Jang, J. Ahn, J.Y. Song, “Thickness—dependent and
anisotropic thermal conductivity of black phosphorus nanosheets”, Nanoscale, 10,

5985—5989 (2018)

4. gole] Qo

4.1 €d(heat transfer)
=4 WY g8 A4 =5 A Alo]e] &% Aol ISty =7} H A E o

1
4 I
Ee @ A o] FojA= 4o EEor MR, ti, HAF 37 FHE Aot

4.1.1 € 4% (heat conduction)
A gEe] 3A EA4 e 2% Zolo] oA R Fo s E AR
d F EAY 2% Aot A= dH Aol uldslar, Aglel wha] sk}

4.1.2 t+(convection)
FA(AAY 727 2] dol deEE FelE AU (forced convection)9t A
A o) 7 (natural convection)”7F 4

4.1.3 FA}(radiation)
ARt EAp A e AAp wj =] Wstm Qlste] A7 e FAke] FHE EAZS
B A = U AR Ak, tiFet E] HAbe] o3 o Ag2 Sk w7 2

%)
2844 9tk Bate] 9d oA Age A mEn AT AR kA g

4.3 A=A S (Temperature coefficient of resistance, TCR)
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FEj (steady state)
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9] ZEAPl(K)olA defdol(m)oll EAIZHs)

o},

452 94X (G :thermal conductance)

4.5.1 €% (heat flux)
4.6.1 125 (hot side)
4.6.2 A% (cold side)

4.6.3 A%

o
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(measurement uncertainty)
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4.7.3 A=A E3 = (relative measurement uncertainty)
SH B9 Add v&olth

4.8, MTMP (Microfabricated Thermoelectric Measurement Platform)

-7 24 SAE 3 2 SAHTPel=d A AMEee REEA] A4S o] &3l Al
wlo] 3 &2 AR}
5 /\]6414]%_
S 49 4

[0.5 W/m'K ~ 300

X
ot

5.1 9= 18 o] &d Alge dHEEE [W/m
W/m'K] o
A= SAHE
6. A8 FH] 2 AT
] e A4 274
6.1 DC current source(6220, ) AF £ (100fA - 100mA)
Keithley) A& :10nQ to 200MQ (requires 2182A)
6.2 Lock—in amplifier(5210, 5 Reference frequency range : 0.5 Hz to
signal recovery) 120 kHz
6.3 1 F HX(PKR 251,
) 1 AF= : 10—T7torr
Pfeiffer vaccum)
6.4 XA o] Al (Lakeshore 335) 1 2% Aol HY : 300 mK to 1505 K
6.5 A& (vacuum chamber) 1 Lx W9 4 K ~ 475 K
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MTMP(Microfabricated Thermoelectric Measurement Platform)2 HEt}. 1% 1
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o714 Q& I’Rell slEdsts AZdd 32+ dAIHs) T dolvx]Joule)ol 3datH

watt @915 Zteth 28al ATE AE9] 259 x1%1-}g] LT (Taey—They)o

-
~—
—

o SAAMEY Hel(L)¥ dHiA(A)S o83 f9 F HAdAREYH dAELEE
k=Grare AR £ 9l 2" 5 AARE AW AR ASgule AE A7
< YeElE adolth. ade|A Eoli= AAF nanoheatero] A3 AFE A7bstA
=s|go o do] TAsta, MTMPY suspended T3 &3 Y=g oA wHAYst
d2 Aadez dAge] v MES I sE27 "y A2FA AHALFEE T2+
dofl 93] ME UH& 25 AFIF AVIA Ha 7 e 2EAbolE A=A
£ 5 3

3 x lock-in

amplifier

1 x current source
2 AAdx
T-A A © 2= nanoheaterel Keithley 6220 DC current sourceS AF&3le] @A 4 o

2 VA FE W3l 7| 1o whE a1 2H9} A28 25 F 719 lock—in amplifiers
o] &3l St MEe SHL wel o] SAHE NSl 2% E dAEEE S
Ae o 54 AEstE A& #R 7] SHZ2 RS Y 639 o] JNESESIT.



eotisas caxesa oiodoss orsdsen  oeod

Currentsource &f %‘ =

SamoR RI (0 fesd Vi 3

Oy 72 AA SAS 8 AR SAHZAE BATH US| H Sovte
A5 055 200 uA7FA] 40 pnA {Pzﬂlﬁi 5 step9] 545 oA Ha F 180712 dlolH

<
amplifierS A}&3st=d] 2zt 3t reference 359 1159} Xi%‘j LA ] A &)
Ba AT 7R 10 pAE 215 A EH k. FASHI YieslH o A=
gk reference 3= 100 nAS] A7FE S8 SAo] MPdAt) A= SHo| &
gt AYPEug g&Ro} Ao LnAlME 25 W A3 E A(TCR)Z o3 2
2 Wskelt) 18 8 1125 (sensor 1)9F A4-(sensor 2)l
gk TCR A& HojFrh 2o A9 2EMA = U3 vheA] Aol o3l )%}

=5
w}

Ao
ol

r}o-l

==

_4

6220 Sweep Config
neu e o
. L5 =T 55 Hof
Sweep Type Hinear I thermometer H|0{ thermometer H|0{ He=Bldd
Total Sweep [Cycle] 1 4 5210 Set 1 5210 Set 3 5210 Set 2
Shaet Current §A) 0 _E osc. freq. [Hz] |36.50 13 osc. freq. [Hz) |32.80 13| ||| osc. freq. (Hz) 3840 [
Last Current [A] 200u 5 osc. volt [mV] | 1000 = osc. volt [mv] | 1000 = osc. volt [mV] | 1000 |5
Step Current [A] 4u 3 StdR1[0] 100k 3 StdR3 [  |100k =
Data Read Points 180 & Stdv[mv]  [100 = Stdv[mv]  |100 =S
Voltage Limit [V] 10 B Auto stdv [ Auto stdv [
A R = B - 4
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[ O sensor1 O
T0 - [0 Sensor2 DD 7
DD
—~ 60+ .
S o
8 sof ] 1
= B
8 0 Temperature
L 40 I:ID A coefficient of
o ) resistance,
& gl )
0 (£VK)
2o} O 1

0 50 100 150 200 250 300 350 400 450
Temperature (K)

13 8. MTMP A#}e] a2 (sensor 1)¢ A% (sensor 2)¢] TCR =H A}
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Q=GAT

@ : heat dissipation [W, J/s]

G
AT

Q (heat flow)

G: thermal

K- Wil

A

thermal conductance [W/K]

oA el )

T

temperature difference [K]

K=k, 4
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714 AEo] gl AEel AL YasE el do] Aoy AU %3 '

¢ © 3% nanoheater®] =< [J/s])
G MTMP Tz 93t 94 % (thermal conductance) [W/K]
Th1 o 29 &% [K]

7o © heat sink(E: FH)9] 2% [K]

=) s
AU7toz Toe ALF o L5271 ol heat sink B8 FRF 259 @), wala]
Q.

ToE Toke] 7o HAA|Z+= heat sinke] &%

e}

S
o3
To

Ugso2s MTMP al25-9F A287F AZol o] dAx o] Yis| g oA )

d o] WZL Fa ALz AgHE Aol

R

QZ = Gl(Th,Q - TO) + Gsample(Th,Z B TC,Q) (Eq2)

ol 4 13} 28 o] &3

)
oo
oy oy OE

)

e}

9] thermal conductance [W/K]
o a1 2% [K]
o

AL 2% [K]

°

e
o,
rlo

=o] A& wek fls We SAEAHRENE v5e] 433 2ol
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};]:’J%‘Q] Gsamp/e% 7‘“&?’:‘. -)IZ 9\}]\‘:]’

Gsample = (Th — T 2)

EA o &k
SAE b A5 HE o] 83 2 39 o8] AE2] thermal conductance, Giampe®) 274 =W
4] o

(scanning electron microscope)™ P& & v 7 (atomic force

L
ksample - samplez (Eq4 )

ksample :/\g%g] OEﬂﬁEE [W/mK]

9 112 el Ae SANAS el 1-1 3 AA SA4S volHE HolFErh A 17 2
o sdst= AP Uws|E QIVF AFE DAHCE FUMATIH e A REE
A SR Ao R, AMEo] S Wt gls W AdE B T2F (B, hot side) o] A
P(LE)= A/ S7t et 7 A Wsheity, R A5 48 dAgsts AE
o] A= A--(FHA, cold side(w))olE= MES wet AgE = Do o) A9 AH(&
) 7F kA WeskA "ok ey AlEo] gl A9 (ER Al A ()9 #srt
As gle Aem SAHAHHSM, cold side(w/)).

_14_



ME0| AS M(w) ME0| AS W (w/)

T

1
Hot side

.___’
\i

= Hot side

< 100 __| = Cold side (w)
= [e] Cold side (w/) p—
& 0 . I
£ e E
3 ]
bo b 2 h
2 2 g I
= &
< :

0 200 400 €00 800 1000 1200 0 200 400 600 800 1000 1200

e (x) Time (s)

a8 11, A5

o
O

¢

183 ddx= 574 dolg

F?O

a9 119 SA4ATE A 7t SAH2E0| wEt 229 3o 9] AL o]
T 129F #Zo] AElstth 19 1204 = HS5o] SAZ dErd ol E e 502 1
AF(D O A2 (Ruo) &F A2 (Rea) & AWt 5847} o] F TCRE o] &3l &
313k TyoF T, 2 ATZ Aol AE FES 25 100702] dHolE 0 E 9] H gk
Fia=y

_IIN' oZi
18
ol

Obrﬁm%

ol—r{

A B @ D E E G H J K
1 |Sweep Type : Linear
2 Total Sweep [Cycle] : 1 Rh Rc Th Tc dT
3 Start Current [A] : 0.000E+0 o 253267 39376 0.00 0.00 0.00
4 Last Current [A] : 100.000E-6 207 254307 39379 192 0.03 1.88
5 Step Current [A] : 20.000E-6 40" 257317 39382 743 0.07 7.36
6 Delay Time [sec] : 300.000 60" 25797 39386 8.64 0.11 8.53
7 Voltage Limit [V] : 10.000 80" 26294 393.93 17.25 0.20 17.55
8 Sampling Time [sec] : 1.000 100”7 26476 " 39397 21.09 0.25 20.84
9 Lock-in Amp : Single
10 |5210-1 Std.R [Q] : 100.000E+3
11 5210-1 Std.V [mV] : 100.000
12 |5210-1 Std.V Auto? : Auto
13 |5210-3 Std.R [Q] : 100.000E+3
14 5210-3 Std.V [mV] : 100.000
15 5210-3 Std.V Auto? : Auto
1A

2% 12, SRl oA

B =

AFME o4& WE A dFel dnAApdolth okl Fol e Al Aje] ez 7k7 oo
35 A
=]
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Ao AR 2% 12014 BSAMTMP)o sl data, 2 20 sjgsis Aol gt &
O -

=
o] A4 T (MTMP+AE) 280 g3},

l

6
5 /,» a
% 4
2 3 - MTMP+AZ
- A - MTMP
g 2 o
E G=Q/AT
o1 —
0 f«IAPH_«;) 4
L S
AT (K)

a9 13. €A %= (thermal conductance) 574 ZA3}

MTMPE o8& HME9 dAdr® 5A A Ad¥dH= SHES ] el =93
th 7] = S®(black phosphorus) Wi=gl&S o] &3 SA4Ae} SHAA =TS 74
st AN e 98 Bgrg uddt. B3R @rts A% SAHARGL ofugl ol
AZo] A% (thermal conductance, &), ¥4 (cross—sectional area, 4), 4] (length,
D& P4 obelet o] hepdnt

k= q(4/L)  FEg5 G =& (
A AEZe) wwA [m?]
I



2 59 FAHRG Uid IPETEId=E oo 2ol Ykl F Ak 974
ul(k

1e) R )=
%% OE:]{EE‘O’] %EH_{%_%%QEO]E’ U(Gsample)y U(Asample)y U(Lsample)% %L/B]O}'
sample

3

of A= ES =

i
=2

u(ksam )Ze) U(Gsam ]Z(‘) U(Asam ]Z(‘) U(Lsam I(’)
(=) = (T () o () B 6
ksample Gsample Asample Lsample
39 9J8] &A= (thermal conductance)2] EFEHE u( Goampe) =%

o Q_ G1(Th - Tg)
Gsample - Th_ T

c

rlo
=
;%
=
o
lo,
g
2
f
=3
gﬂ

o714 Qi Joule heatingoﬂ ot doqxolar [J/s], G
To= 242 28 A2 heat sink(FE+ FH)o] Lot} &3 % zupy Fo] 2]3F

Gsampleg] %L/Kc—)] Q— EE— -TTJZ— ] ]’U:] 1:].054_ LE]’

o

w(Q) .y, L ulG) .,  ulT, =T,  ull,—T,),
Q 1 h 0 h c
1. B/ AA (6221) 2. YA (5210) 3. Si-diode 2 =7 (D670)
Calibrated Accuracy
SignalChannet
Accuracy Temperature Voltage Input
Range (1 Year) Coefficient/°C Modes Aonly or Diferentil (45) i
(+5% over  23°C5°C Programming 0°-18°C& st Sensivy 1001V 103 Vina 1310 seuercean v Typical sensor accuracy”
range)  *(% rdg. + amps) Resolution 28°-50°C adjustment
20A 04 %+ 2pA 100 fA 002 %+200 fA Mox. Dynamic Reseve >13068 14K £12 mK
20 nA 03 %+ 10 pA 1pA 0.02 %+ 200 fA Tepetance 100M0/255F 42K £12 mK
200 nA 03 %+ 100 pA 10 pA 002 %+ 2pA Hatium Sefenpit 30V piepk 10K £12 mK
2 pA 01 %+ 1nA 100 pA 001 %+ 20 pA Vottage Noise SV @1k
20 pA 0.05%+ 10 nA 1 nA 0.005% + 200 pA i >0 iE LS 22k
200 pA 0.05% + 100 nA 10 nA 0005%+ 2nA Fromency Resparse SmATe T ; 300K £32 mK
2mA 0.05%+ 1A 100 nA 0.005% + 20 nA Sl Accurscy ;:g;:j‘m"ugf‘m“»"-'vv‘"‘""“W 500 K £50 mK
20 mA 0.05%+ 10 A 1 pA 0.005% + 200 nA v —
J0omA JL X ik L QOLRE 20k Distrion 905 THD (60 8 AC i, 1 k) 2 [(Calibration uncertainty)’ + (reproducibility)’] ° for mo
Grounding BNC shiels canbe grounded orflostec via 1 2 0 information see Appendices B, D, and E
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(7;,) (T, — Ty) ——
“ — /0.0002% + 0.00022 + 0.02% ~ 2% . ——"— 207 — /0.022 +0.0002° ~ 2%
T, 1, — T
G
u(Gl) V0.022+0.02% = 2.8%
1
2o} Ao Pt AL Ale TUS FA0E AFHJOEZ (L) = u(T) ©]
al,
u(7,—T,) = N °
w2} — =7 = V2 x2%=28%7F Bt AFHoZ WE G i Giample
h

NP=5.6% 7} Htt.

u(GNM)i Q Q G (T, — Ty) & (T, — T,)
) it L S Ty S

e}
U(ksample) U(Gsample) 9 U(Asample) 9 U(Lsample) )
Tk = AAY 7

ksa,mple \/( Gsa'rrL[)Z( ) * ( AS(lmplp ) +( Lsample ) ) 9% i = OE/]_J—, n >
109 =, 95 % ATl dlFste E3FAA(coverage factor) k=2.31S ¥3dko] 13.6

%1l 9iEE S E3x g4 A 7% (%)

u(Q)/Q 2.0 u(Ti-To) 2.8
u(R)/R 2.0 u(T) 2.0
u(l)/1 0.050 u(Te) 2.0
wW(G1)/Gy 2.8 u(Te-To) 2.0
u(Q)/0 2.0 u(Th) 2.0
u(Tw-To)
(To-To) 2.0 u(Ts) 0.020
u(A)/A 0.10 u(L)/L 2.0
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