Thermoelectricity: From Atoms to
Systems

Week 3: Nanoscale and macroscale characterization
Tutorial 3.1 Homework solutions, problems 1-6

By Je-Hyeong Bahk and Ali Shakouri
Electrical and Computer Engineering
Birck Nanotechnology Center
Purdue University
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Prob. 1. Transient Harman method

------------------------------------------------------------------------------------------------------------------------------------------------------------------

| Heat balance equation under adiabatic
() condition at the cold side
_/ _ N
(T,,=constant/reservoir):
1
O = STI —51213 —~KAT =0

_ST.I I’R
K 2K

oo AT

What we measure is the total voltage:
2 2
S*T.I SI°R

Vi =IR+SAT = IR +
K 2K




Prob. 1. Transient Harman method

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Att=70s-¢

1-2. 2 >
Vo(+I)=IR+ > ;C] - SleR
S At t = 140s e SR
o V.(-I)=-IR- KC -
g
A==V +Vep =V
“““““““““““““““““““““““““““““““““““““““ Z_VR_VSP_VSJ
1-3. 2y, =320 (=80)=400mV
. (80)=400m Vo 27072

B=2Vy =-80—(-350)=270mV " V. 400/2
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Prob. 2. 3®m method

Heater & thermometer
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Prob. 2. 3®m method

---------------------------------------------------------------------------------------

1.6
g AT+ AT P=30 mW
[ .
= 1 From the left figure, the
% T ATz,=0.4K " temperature drop across thin film
Q.
! —&==Superlattices | , .
51 10 Az:s - Reference ATTF — 04 K-
1 ! % ................ 1015 K .
—_— Assuming 1D heat flow from
100 1000 2000 heater th h thin fil
Frequency (Hz) eater roug In 11m,
wL
d
Pd 0.03 W)(I1x10° m
- Kpp = ( X ) =3 W/mK

WLAT:  (25x107° m)(1x107° m)(0.4 K)
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Prob. 2. 3®m method

------------------------------------------------------------------------------------------------------------------------------------------------------------------

Take the derivatives with respect to

d(ATy) = —d(in(w)

3 ATret AT P=30 mW From the AT curve in the plot,
Q §
-
213 A0k - d[AT . d[AT
Q = log(e)
I | I 2 )
,91.110 ................. wem =(1.015-1.10)*log(e)

| - . : 2 SRS — 1015K :_0.0369

100 1000 2000
Frequency (Hz)
-1
Kg =— P [ daTy) =— _(3)°03 W =129.4 W/mK
27\ d(In(w)) 277(1x107° m)(-0.0369 K)




Prob. 3. Individual K& |

. | Supporting
nanowire \} Sy
characterization |

Serpentine
heater,

Li Shi

h o o
NANOHUB| X Y I\L7L/Ls
\—/




Prob. 3. Individual nanowire characterization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

3-1. Sensing Q,, Heating _@_ |

membrane membrane 1720
E/
i Qh |
AT Ter@uaT | O

S NW L
RNW
Six TR R II_@_ AT, R,
supporting : a b / b Q
beams ~Phi-oH.HH.: ~HN.HA. R, 0
ST Qw :
AT, —AT, AT, AT,
Onw = ;le = R O = R_h
NW b b
Heat energy conservation at the heating membrane: AT + AT
AT AT, h + N
Q +Q _Qm :Q +Q — S+ L ".'Rb:
neE ¢ N R, R, Oy +0; O
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Prob. 3. Individual nanowire characterization

------------------------------------------------------------------------------------------------------------------------------------------------------------------

3-2. Sensing Q,, Heating _@_ |

membrane membrane 172Q
E I
i Qh |
AT Ter@uaT | O

: NW il
RNW
supporting - : | Q,.q
beams  ~Er -k 151" ~HA.HA. R,
S S S S S S S S Quw Q,

Including the contact

resistances N RNW +Rcl +Rc2 N Rb
AT, — AT
R.., =R, —~ S R .—R
NW b AT;, cl c2
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Prob. 3. Individual nanowire characterization

----------------------------------------------------------------------------------------------------------------------------------------------------------------------

a) Thermal resistance of nanowire is underestimated if radiation loss from the nanowire

surface is not taken into account.
Ry g ALTAL o g =_RL*AL
NW b AT 1 ¢2 Qh + QZ o de

S
b) Radiation loss can be negligibly small if the nanowire is sufficiently thick and short.

c) Thermal contact resistances between nanowire and membranes reduce the actual
temperature gradient across the nanowire, and create non-uniform temperature on
the portion of the nanowire that is in contact with the membrane surface.

d) The nanowire thermal resistance is overestimated unless the thermal contact
resistances are accurately quantified and added.

e) All of the above
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Prob. 3. Individual nanowire characterization

----------------------------------------------------------------------------------------------------------------------------------------------------------------------

3-4 1505 § 0.08 éé.. £
. :.0‘ ..o': — 006— ’ :‘f_
ol SR &
150,75 wemee L £ I 0.04;- -------- 3 o

05 1 Y 002 % &

: ] o 2%, :

0.00 Wt
00|....\....|...m.|..|‘..‘5....|_ I I \..I..‘.I..\E..\I
6 4 -2 0 2 4 6 6 4 -2 0 2 4 6

Current (pA) Current (pA)

AT, =0.75K 0, =(4x10"° A)*(2x10° Q) =3.2x10" W
AT, =0.04K O =(4x10"° A)?(0.47x10° Q)=7.52x10"° W
AT, +AT, 0.75+0.04 K

0,40, 32x10°+7.52x107° W
1 Ly, 1 AT, Iy

=2.0x10" K/W

o.o Rb

K = = a)
NW
Ry ANW R, ATh _ATS ANW Includes coptact
i 0.04 12 10= m thermal resistance
: =0.49 W/mK

~2x107 K/W 0.75—-0.04 7(148/2x107° m)>
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Prob. 4. @)

Probe tip
Scanning I A
thermal probe
method Bottom
(b) Probe tip size = 3 nm (C)
— Voo
< : 11016 @
>s1 =370 P 10 @
=857210 i 3 SAT | ST
g Y ] Q@ A A
_5 " = R,=3.0x10" & T -
s oz B T
8 : E"?" e 50x1011 E:
S N e B
g 200 . ’\\ """""""""" {Ra=1.5x107 3 2R1 R, 2 R;
o) : \ —_
8 -400 \X 9_, {108 L2
; I ity =
10 -5 012345 10

Position x (nm)

Neglect temperature
di

istribution around the lead

1
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Prob. 4. Scanning thermal probe method

----------------------------------------------------------------------------------------------------------------------------------------------------------------------

4-1. oV Kirchoff’s current law:

— | —— 13 I, =1,+1,

Kirchoff’s voltage law:

%Rl 12 R, %Rg = S,AT + LR,

= S,AT + IR,
S, S, S
“Effective” R R. R
e’ gzt B B B 54y
coefficient AT 1 + 1 + 1
Rl R2 R3
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Prob. 4. Scanning thermal probe method

----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Which one is closest to the measured Seebeck coefficient value, and
why?

a) S;, because R, is much larger than the other two resistances.

b) (S;+S,)/2, because R; is much smaller than the other two resistances.
c) S,, because the probe tip is centered at the position of R,.

d) (S,+S;)/2, because R, is much larger than the other two resistances.
e) S;, because R; is much smaller than the other two resistances.

S, .58 [ 5 | Ve
+—=+
S = Voc — Rl R2 R3 SIAT | SoAT | S3AT
+—+
Rl R2 R3 2R1 2 R2 R3




Prob. 5. Raman spectroscopy

------------------------------------------------------------------------------------------------------------------------------------------------------------------

(a) (b)  x10% Y
Stokes Anti-Stokes 3f
A A 0
[y
states — .
=
2y wy-wy |y Jopto; S
Vibrational s _@ 1+
states =
v
-0—402 ............................... h ................
£°0 A o T J

"800 -60G 400 200 0 200 400 $00 800

4 -520 520
]AS _ (a)o B C()l) exp| — hCC()l Wavenumber shift (cm)
I, (0,+0) k,T

B

_ heo, 1 - (6.626x107°* m?*kg/s)(3x10° m/s)(520x10°m™)

ST =
kg I (0,—)" N 7
ln{]S 0~ W ; (1.38><10_23 mzkg/(s2K))1n ( 2 ) 1/(632.8><10_7) 520
s (o) 0.2 \ 1/(632.8x1077)+520

=367.3K
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Prob. 6. Ballistic and diffusive thermal transport

------------------------------------------------------------------------------------------------------------------------------------------------------------------

2 ]
[ 10 Diffusive .-
Diffusive: [; = — 108}
D 2 10710 SiGe-"" §j
§ 12 /(’/
102 f _ |
i f = L = .| Ballistic :
Ballistic:  {, 2 10
Vs S T
10718
2
L _ L o I 10*
Ve D Distance (meter)
— 2
D 8.8x10~ m°/s .
" lc = = 3 =10.4nm forSilicon
v 8.433x10° m/s
[ 10.4 nm
" tO: £ :1.24pS

v, 8.433x10° m/s




