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Thermal Conductivity in Individual Single-Crystalline PbTe Nanowires
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Abstract : We investigated the thermal conductivity of individual single-crystalline PbTe nanowires grown
by chemical vapor transport method. Suspended MEMS was utilized to precisely measure the thermal
conductivity of an individual nanowire. The thermal conductivity of a PbTe nanowire with diameter of 292
nm was measured to be 1.8 W/m-'K at 300 K, which is about two thirds of that of bulk PbTe. This result
indicates that the thermal conduction through a PbTe nanowire is effectively suppressed by the enhanced
phonon boundary scattering. As the diameter of a PbTe nanowire decreases, the corresponding thermal

conductivity linearly decreases.
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7] &3size effechE Qlste] H
= 7 A4+ (phonon boundary
scattering)°] FrEo] VpeEdA uj$- we 7ks 71
oz dSHo] gitt oyt dF2 HAA Si v,
Si/SiGe 2AAF YA, A% BHE 7K E Si VA B
oA oju] AHA =T ZFHEHIYT [5-7].
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o™, molecular beam epitaxy(MBE) Hell <]l A%
H PbSeTe/PbTe FAHE ZZAA FZ(quantum dot
superlattice)ol| Xl ZT ~29] =2 4d HASATFE RIS
2A 2 #Alo] oA AL Ut} [8]. ol#ldk I HE]
PbTe L=id G =2 G4 ASATE 7H o= 9
Zxg]o] gLor} [9], PbTe WieXloA =7] &3=& <13 4
Arreo] el #g AAA A7 AgE A2 Qivk

2 A& suspended MEMS(Micro Electro
Mechanical Systems)& ©]-83}] chemical vapor trans-
port o= /474H A% PbTe T Wi=ile] ddx=x®
£ FAsisen, ol& Fote] &4 PbTe Hi=AdolA
7] &2 A%t dAEE 7AAE AFSIS T

2.1. EF4™ PbTe LicMo| A&

2 A= @44 PbTe vieAe] S $lskd
chemical vapor transport H2 ©|-&3}%Th 1:1 mol H]
&2 &% lead(Il) chloride (PbCl,, 99.999%)<}
tellurium(Te, 99.8%) ¥4 quartz tube reactorol]l $JX|
AlA PbTe sourceZ ANE-3}ITE PbTe sourceZHE 10
cm Eoizl Aol 3nme] Au gtEto] 2 Si 7|HS
T2 5 1100TAA 300 scem @] Arg ZEFHA] 2A17F
B ATt 27 10 7] WEo R 4E PbTe
FAPA A W] 4 (scanning  electron  microsopy,
SEM) olu]A|7F el vk dAE § Si 719 $loll A
4 PbTe WheAle] AR 548 48] st A

Fig. 1. A SEM image of PbTe nanowires grown by chemical vapor
transport method.
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3} - o] 94
Al 534 24 v] Z (field-emission  transmission electron
microscopy, FE-TEM)3} high-resolution x-ray diffrac-
tion (XRD)S ©|-&3}9ith. TEM ¥4 23 YA
T A8 FWs R @EAR FxRE 7R dsleH,
selected-area electron diffraction(SAED) pattern 4 Z
# PbTe H=Ad [100] BFo s JAEUES IAL
T AAT [10]. =3+ XRD 4S Fat] 474E PbTe

o] PhTe o2 FAHEY U & F AT
[10].

22. S LM AMET EXME 9|8 suspended
MEMS X|&}
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stel 19 2(a)el]l HA
HiAE < 2= micro-
suspended MEMSE A&kt [11].
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Fig. 2. (a) An optical microscope image of the suspended MEMS
for measuring the thermal conductivity of a PbTe nanowire. (b) A
SEM image of a PbTe nanowire sitting on the membranes. The Pt/C
thermal contacts were locally deposited using dual-beam FIB.
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o] SiN, WEZ 2l (membrane)> & A= At F 7H<]
SiNg HEH QIS 7H7h vl exulE AT + 3l
+ heating HEH Q1 p=AS Bl AEE I8 IS
= sensing WEFIOZ FHET, ZHzte] HHQl $]
+ Platinum resistance thermometer(PRT) coilo] SE1F
o] glom, PRT coil®] 3} 7= 72 300 nm <t 30
nm©] T} PRT coil> HHEHRIEY =& 7] 9%
micro-heater?} WEHIS] 25& FHT T U= ther-
mometer®] J&-5 FAlol| FAT F AT AAEHAT
Suspended MEMS®] = WHHQ] Alo]o] PbTe L=
< SIXAN717] 18t drop-casting™©] ©]-&-= AT} PbTe
wizdo]l A44E Si 713-E isopropannol 1 mlel] Fo]
sonicationg ©]-&3te] UxdE EAAZ £
suspended MEMS ¢l Eojxe] PbTe Y-S MEMS
o] flB Q] Atolo] YAIAIHTE. 28 2(b)e] FARIAA
U7 (SEM) o]w|A]ellA vreRd A3 o] PbTe vh=Adzt
B el Alole] IRERS HAINAT)7] Ystd dual-beam
focused ion beam(dual-beam FIB)Z ©]-&3}o] Pt/C
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@ PbTe WeAlo ISR S-S ALHe 225
AASHA 74T 4 A= cryostat WollA FYESACH =
st RE A2 EulF(heat convection)Z 13 HEAS
27 f18ted 5x10°° Torr ©]8ke] 2 FolA =AUt
o] W] heating WEZHQI sensing HEH S Ale]e] {d

3k dolx] A= PbTe LpcAlolt}l. Direct current
(DC) voltage 7} heating HE#|<1¢] PRT coilel] <17}
o] Joule E(Joule heatys =AYA|7|Al 3L, heating HE
gl 5 (T,)7t 3 ®o}. o] w] heating HE Q!
©] PRT coilell 2J3] HAYE Joule @ F S| 24
oFYAJEl (thermally steady state) 3tollA] © PbTe Lo
S 53519 sensing WHEEQICZ HMEEE PRT coil
of oJgt Joule ¥} PbTe WirdlS 53 HeEd d=
ste] 77} heating WHE.8|Q12] 2% (T;)9} sensing HHEE|
Qo] RE(T)7t 5stal sA10 F WEHRIS A3 (R,
R)= Zdss At ol 7,9k = 27 4 SAbo R
4 R,°F RE ©l&3l9 PRT coil®] A3 =AF
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Fig. 3. (a) The measured temperature coefficient of resistance of the
PRT coil in a heating membrane and a sensing membrane,
respectively. (b) The temperature rise at 300 K in a heating
membrane and a sensing membrane, respectively, as a function of
the applied current.
(temperature coefficient of resistance, TCR)ZF-E A4k
HolXth 2% 3(a)ol heating WEH 2} sensing HWHE]
1 Z¥zke] PRT coiloll theh A& 2&=Al7F veht ot
. Heating #E.#]213} sensing WEZ<IC] PRT coil2] #
& =AFTE o] AolE Hole A PRT coil #HH
BA AR G Apolell &gk Zloltt. Y 3(b)= A
Audk A" 2% 300KoIA 4 SExpioR SAHE R,
RSk PRT coil & A% 2=AFE ol&ate] Ate 7z}
o] glEgcle] xEMsts BoFEth 27 3(b)olA]
heating HE#213} sensing WEHQ Alolol= =27}
A oF 5K A% EAFS & 4 9101, heating WH
gQleA] S Joule & & YF7F PbTe UidE &
ato] sensing WHEHIOR ALHASS 1T + Uk
PbTe ‘}=Ale] A% 3K (thermal conductance, G,)=
A 2-# suspended MEMS<2] &< 2](heat transfer
equation) S ZHE Ao 4 (1) o]&3sl] A= R
o} [5,10].
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A71M, P=I*(R,+R/2)°1™ RS heating HH&|Q £
o] PRT coil#} 4Z% SiN, beamo] ZHElH Pt A2 A
ot iAo SAEE(0E k=G, L4 28 ALt
oy o71M L3 4=z WEle FEE
thermal contactZt A} 4 Y=o whHZ ot}

471 WHOE 292nm A7 A% PbTe Hi=Ae]
QAEEE AIZH2E 300 KFE 340 K7HA] 5K 7HL
2 FAs] 2 AAE 39 4o =AET A7 292
nme PbTe W=Ale] dAETE Lo F 1.8 WmK
2 ZAHA PbTe YiAle] AEEE 350 KOlA A
2O 8 S Ascte A Holi et olHd &

= 4L bulk PbTed] 799} FAFSITE [12]. Bulk
PbTe®] 7%, 10K ©]’ol* Umklapp phonon-phonon

Akl Z19lete] = gl wel dXx=rt S7tst
HH 10K ofstolre A Abhdt EE Abes)

o T2 A gqle s & ad] mel dAdEE
A hashs AFS EAG [13]. & PbTe Whieide] 3

$olHE Debye 25 o491 300~340 KolA A& =9l
Umklapp phonon-phonon AHh 7Zd3d-8 Holut bulk 4
oMol g2 AA Atz tgiiE= size effectt &
Aoz 2T 7ol EHh ol % ST wek
phonon®] & ZFAdkil wave vectore 5 71RO
phonon-phonon AFge] A o= ApFaht vl 2
7] 2w F7HQ ZAA RS fdete] SAEREE 7
A7l a3E BYer] wielt [14]. AAE 19 4
of vebd 27 292nm Weile] SHEES bulk PbTe
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Fig. 4. Thermal conductivity of an individual PbTe nanowire with
d=292 nm.
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(@AEE: 2.5 WmK at 300 K)o} H]wa}
30% AaE FXE 2 ole AskE E=o A 4t
2k(phonon boundary scattering)®l]l €] PbTe L=l
phononel] o]t Fxgo] A= o] WA A= sl
o} [5-7,14].
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port HO 2 AE TAA PbTe @Y iAo GH=®
S5ttt &A% PbTe Y= suspended MEMS
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== 171 918led dual-beam FIBE ©]&3} Pt/C
thermal contacts @FA AT A4 292nme| ©ZEA
PbTe the/ile] QAEEE 2004 1.8 WmK=E S35
o, o]= bulk PbTe ¢ FA=w=s} Hwslle o oF
70% T FAEES 7RIS RIT F AT o=
7] &3(size effect)@ QIsted E=2] A A (bound-
ary scattering)ol]l 23t GHEE 747t dojwtr] wjEo]
o 2 A7 Aas Y 2 a8 GHAAEEA AR
PbTe W=ile] ARE 78S HoiErh 35 ©d e
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