Thermoelectricity: From Atoms to
Systems

Week 5: Recent advances in thermoelectric materials and physics
Tutorial 5.1 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. Differential conductivity and S — o trade-off

......................................................................................................................................................................

Differential Conductivity

2
(Transport Distribution Function) 7T = S'o T
K|+ K
o (E)=e(E) €] - )| .
ok
o= ZI"(’ (EXE Comparison with Landauer
formalism in diffusive limit
S = Z( jﬂ(E = )} (E)dE (see week 2 lectures)
O

(EN(E)poos(E)= - MIEIT(E)

2
F} o, (EXE —S%T

NIE

g =—€ (conduction band)
Z : sum of bands -[

g =+€ (valence band)
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Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

The thermoelectric material properties simulation tool
https://nanohub.org/tools/btesolver

#)Band Structure

Built-in

| .
: _ — Customizable
m ate rl a IS %Materlal:lMgZSnSl - Magnesium Tin Silicide hd
Bands: | 6. Double Conduction Bands - Double Yalence Bands - ba N d Stru Ctu re
y MgESnxSi1_x has two conduction bands at the > valley in the Erillouin zone with band separation ( M ax. 2 con d .
dependent on &n content . There are two valence bands af the Gamma valley. The band structure
is & strong function of both temperature and Sn content. Enter the Sn content walue to simulate in ba N d S an d 2 Va | .
the Fractional compaosition box below the band figure.
Change values... Ba n d S)

Electron effective mass of 2nd conduction band: |D.55+2.De—4*(‘|’—300)
. Monparabolicity for 2nd conduction band 172V |D
Band prO pe rtIeS . Band degeneracy of 2nd conduction band:la Convenient

a S a fu n Ct|0 n Of ) Secondary Conduction Band .
tion X and ~ graphical user
COmpOSI lon an _ _ - i/ Conduction Ban SE @ .
Primary Conduction Band s | nte r-fa ce fo r
temperature T P

Frimary Yalence Band —

N\ Yalence Band Offset ba n d St ru Ct ure
| Secondary Valence Band ed |tS

Fractional composition?: @ _F yes

® (fraction of composition): |IJ.B

Sl Scattering Properties >
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Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

The thermoelectric material properties simulation tool

https://nanohub.org/tools/btesolver
Three scattering @ Scatiring Praparties

O pt i O n S . éﬂﬁering Options: |Energy-Dependent Scattering Time j
L]
Constant Scattering Time Y
Laftice constd Constant Mean Free Path
1- ConSta nt T v ) Energy-Dependent Scattering Time ||
ass density (ki =

2 . Consta nt m f p Elastic madulus (N/m=2): [10.2e10 Optical phanan energy (8Y): | 0314%(1-x)+0.0376%
3. Realistic E-dependent
z_(E) Enable: @ — jm yes

Enable: @ #m | no
AC. ph. defarm. potential (e'): [5.92

Enable/disable / p—’"’,— cnanie: @ o
specific scattering
meChanismS Enable: @  jm yes Enable: @ jm yes

r-factor (energy expunent):l.-‘-ls &lloy scattering potential: |0.26+0.3%

N A@UB < Band Structure Simulation Parameters »




Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

1-1. In a single non-parabolic band (n-type In, :;Ga, 4,-AS)

Select “n-InGaAlAs — n-type Indium Gallium Aluminum Arsenide”
\

@sana sw:u.* _

Materipl: |n-InGaAI.&s - n-type Indium Gallium Aluminum Arsenide =

Here we simuate ntype (In, ..Ga, . As), (I, Al As), alloy. This [l semiconductor alloy has

the primary conduction band at the Garmma valley in the Brillouin zone. Although this material also
has awvalence band at the Gamma valley, we ignore the valence band in this simulation to focus
only on electron transport. Enter the Al content x in the Fractional Composition box below the band

figure.

The effective mass Change values...
Electron effective mass of 15t conduction band: |D.D41"(1—x)+D.D?5"><
a n d a Manparabalicity for 15t conduction band (1/e): |1.1E?—D.324“x
n O n pa ra b O I iCity Band degeneracy of 15t conduction band: |1
VNS

Primary Conduction Band &)

are a function of
composition X

Enter “0” for x

e J
| % (fraction of composition): |0

Scattering Properties »




Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

1-1. In a single non-parabolic band (n-type In, :;Ga, 4,-AS)

Select “Constant Scattering Time” option

@30&{%’1{1 Properties

Seattering Optlor*: |Constant Scattering Time

2" phase:

[EN

Scattering Time (‘s);|l].1

Enter “0.1” ps for scattering time.

3

Select “Differential Conductivity Analysis” option
\

¥ € simulation Parameters

r . Analysis typd: | Differential Conductivity Analysis v
3 phase: ki | o Hoa 3

Enter Val ues here Type of carrier concentration is Electron

Fermi level (e¥): |ﬂ relative to 1st Conduction Band Edge

Cut-Off energy level (eV): |0 relative to 1st Conduction Band Edge

Temperature (K): |300

Lattice thermal conductivity (#/mi<): [4

* Note: Lattice thermal conductivity can be a function of x (fractional composition) and T
(temperature). For example, enter ‘5.0-0.03*(T-300)+0.2*(1-x)"*2" without the quotation marks.
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Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

1-1 & 1-2. Differential conductivity vs. energy

&) simulate
Result: | Differential Conductivity, DOS vs Carrier Energy j @
de+89 ﬂ
o withE;=0.1eV 5
$=-95.0 uVl/K e
= o=843.2 Q-cm-

oy with E.=0.0 eV

S=-242.5puVv/K
o=105.7 Q1lcm1?

1e+89 —

DOS

I
[
17
T+
T2
=

(L-kr wowyo) fuananpuol [e

I U I U I
0 0.1 0.2
Electron Energy (%)



Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

1-3 & 1-4. Seebeck coeff. and electrical cond. trade-off

Carrier concentration scan from 1el7 to 1e19 cm?3

Hesult:lEIectrical conductivity and Seebeck coefficient vs Concentration j L@ n_l nGaAS

ry| 300K
g | 7=0.1ps
-

S

lscu:u:l - | a0

)

.

200 O

Electrical Conductivity ((Ohm*cm
s
=
|
A 002U USIDIA0T Yoagaas

=

=

=
|

I 1 I I I I I I | I I I I I I I I
1e+17 1e+18 1e+19

Electron Concentration (cm®-3)
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Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

Result: | Power factor and 2T vs Concentration j @

5 O |
Fower Factor v& Cancentration @300 K #4 O
n-InGaAs 8.01827micraW/(cm™K~2) @ B.376788+17cm"-3 L]
300 K )
[y
7=0.1ps : B

n=238.4el7 cm3
pa
for PF,_...=8.02 uW/cmK?
ALY
| n=6.6el7 cm™
forZT .= 0.057

Fower Factor (imicroWAcmees 2

1 1 1 I 1 1 1 1 | I 1 I I I I I I
1e+17 le+18 le+149

Electron Concentration (cm~-3)
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Prob. 1. Differential conductivity and S — o trade-off

......................................................................................................................................................................

1'3 & 1-4. Electronic thermal conductivity increases with carrier concentration
’

(Cont d) Hesult:lThermaI Conductivities vs Concentration j L@l
n-InGaAs N ol
300K

I

7=0.1ps Z .

£

% o

=47

= Total Thermal Conductivity vs Concentration @300 k. #0

E 4 2BETEWAM™K) @ 8.37676e+17cm 3

5 7] ]

E — .

£ k= 4.0 W/mK (input)

|_

K, =0.29 W/mK (calculated)

[ T T T T T T LI T T T T T T T
Te+17 1e+13 Te+1
Electron Concentration (cm™-3)
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Prob. 2. Influence of a secondary band

......................................................................................................................................................................

2 1 € Band Structure

katerial: |n—|nGa.-‘-‘-.I.-‘-‘~s - n-type Indium Gallium Aluminum Arsenide

ﬁl:l Double Conduction Bands - Mo Yalence Bands
Add a secondary

Here we simulate n-type (|r1|:|_53t3z:10l4?£xs]1_x(Ir1Dlszﬁxllj_qﬂa’lks]x alloy. This % semiconductar alloy has

CO N d u Ct|0 N ba N d the primary conduction band at the Gamma wvalley in the Brillouin zane. Although this material also

has a valence band at the Gamma valley, we ignore the wvalence band in this simulation to focus
only on electron transport. Enter the Al content x in the Fractional Composition box below the band

by choosing figure. ‘o1
7 . m™ = U. mo
double conduction o =0 eVl
bands” option

Lo o

Band degeneracy =1

() Secondary Conduction Band

Dnductinn Band Offset
N

0.1eV

N

Frimary Conduction Band «

m* =0.041 m,
o =1.167 eV!
Band degeneracy =1

Fractional composition?: @ _F ves

= (fraction of composition): |l]

Scattering Properties =

W
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Prob. 2. Influence of a secondary band

......................................................................................................................................................................

2_1 £) simulate
Double bands tihy, DOS vs Cartier Energy o 3
S=-120.1 uV/K O |
o=1013.8 01lcml o, with double bands =]

L)

Sl oy with single band
S=-95.0 uv/K

o=843.2 Qlcm1?

— de+24

DOS with dpublke barnjds

t T |

DOS with single“ljban {

Densit
Tl wu@'ﬁlmuanpuna FIUEIEN Tl

Se+59 —

N
I
o
[N
©
(%)

T T T T
0.1 0.z 0.3 04
Electran Energy (e
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Prob. 2. Influence of a secondary band

......................................................................................................................................................................

2-2 Correct statement? Implication of band convergence effect

a. The Seebeck coefficient decreased due to the existence of the
secondary conduction band because of additional scattering.

b. The Seebeck coefficient increased because the secondary band
increased the differential conductivity above the Fermi level while
the differential conductivity below the Fermi level remained the
same, so that the degree of asymmetry of the differential
conductivity around the Fermi level increased.

c. The electrical conductivity decreased because the Seebeck
coefficient increased by the influence of the secondary band and
there are a trade-off between the Seebeck coefficient and the
electrical conductivity.

d. The electrical conductivity increased because the secondary band
added more states within the Fermi window.
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Prob. 3. Mg,Sn,Si,_, solid solution

......................................................................................................................................................................

Band gap needs to be
large enough to

1.0 — . S .
(@) (b) ] ' minimize the bipolar
A3 X 0.8 E effects.
< 0.6
3 s
Eg W o4
| Fets W02
m 0.0 femmcccc e SN oo
LH HH 02 R .
[ 00 02 04 06 08 1.0
| Sh content x
% / i
AR Convergence of the two
/f%&ﬁx "< First Brillouin zone > conduction bands at X

valley for x=0.6~0.8
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Prob. 3. Mg,Sn,Si,_, solid solution

......................................................................................................................................................................

vl Fal

ZT. .. = 1.1for x=0.6

3_ 1 Result: |F'|:|wer factor and 2T vs Concentration

Composition |_x=0.6 =

and Carrier ZT vs Concentration @700 K #1 =t 1 700K
- 1.09707Unitless @ 1.19378e+20cm-3 |(){ /] 0.8 i

concentration 0.2

co-optimization :

T T T T T T T T T T T T T T T T
Te+18 1e+20 Te+21
Electron Cancentration {cm=-3)

Simulation = #1

bx (fraction of composition) = 0.6
I

L=
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Prob. 3. Mg,Sn,Si, , solid solution

Power factor |

........

40 -

saun) L2

05 .2

Electrical conductivity

—

Electrical Caonductivity ({Ohm*cim)"-

4000 —

3000 —

2000 —

— 100

—-100

21U JUBIIIMEnT Yaagaag

=
—-200 &5

—-300

and Seebeck coeficient vs Concentration
Seebeck

13

Electrical Canductivity ((Ohm*cm)

4000 —

3000 —

2000 —

1000 —

Large Seebeck
| due to band

convergence 0.

100

1.0

#4042 JUBIAWEN D YIagaas

.0.8 Kl

=0.6 Increase

Total thermal conductivity

KD

@
1

Thermal Conductivity (W./(m

s -

=
1

5}
1

Large bipolar k
due to smaller

bandgap ™= 1.0 0.2

0}




Prob. 3. Mg,Sn, Si,_, solid solution (Sn content)

......................................................................................................................................................................

3-2. Band convergence and bipolar thermal conductivity

a. Large Seebeck coefficients due to the larger separation of the
two conduction bands

b. Large Seebeck coefficients due to the convergence of the two
conduction bands

c. Large electrical conductivity due to the relatively lighter effective
mass

d. Large electrical conductivity due to the relatively heavier
effective mass

e. Smaller electronic thermal conductivity due to smaller lattice
thermal conductivity

f. Smaller electronic thermal conductivity due to the smaller
bipolar electronic thermal conductivity with a larger band gap
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Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

Band structure of PbTe

\
\\ XKW
;) \ >
\ib3 //

E,=0.169+5.02e-4*T (eV)

{ E,=0.237-0.42e-3*T (eV)
Valence bands
convergence

: Band degeneracy = 12

: Band

degeneracy =4 m.=0.079m,
my,,=0.084m, All temperature-dependent
m, s=0.368m,

[Vineis et al. Phys. Rev. B 77, 235202 (2008)]

. - (Room temperature)
[Ravich et al. Phys. Status Solidi B 43, 453 (1971)]
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Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

9 Band Structure

PbTe material e e Leni ot
se I ectio N Bands:|3. single Conduction Band - Double Valence Bands

L o

PbTe has primary conduction and valence bands at the Lwalley in the Erillouin zone. There is a
secondary valence band at the Sigma valley, of which the band edge is about 40 meY down below
the first valence band edge at 300 K. The secondary conduction band is ignored. The band gap,
the band offset between the two valence bands and their effective masses are all functions of

temperature (T).

One conduction band
Two valence bands

Primary Conduction Band —7
) Band Gap

Primary Yalence Band —

L
[ -

“alence Band Offset
| secondary Valence Band

Fractional composition?: @ -_] no

UNIVERSITY
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Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

E Scattering Properties

Energy-dep. — _ ‘

ng Cptions: |Energy—Dependent Scattering Time j
Scatte rl n gs Laftice constant {m): |E.4Ee—1 1] Static dielecttic constant: |4DD
kass density (kom™3): |8.24e3 High freq. dielectric constant: |33
Elastic modulus (Mim~2): |E.391D Optical phanon energy (2%} |.D135
Enable: @ = yes Enable: @  jm yes
A, ph. deform. potential (eW): |1B Opt. ph. deform. potential (EV):IEZ

Enable: @ _ m yes
Enahle: @ ™ |no
Compensation ratio: |1 _]

Enable: & = yes

Enable: @ -_]nn
r-factor (energy exponent): |.427

1. Acoustic /optical phonon deformation
potential scattering

2. lonized impurity scattering
3. Polar optical phonon scattering
=5




Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

4_ 1 . Result: |Electrical conductivity and Seebeck coefficient vs Concentration B
p-PbTe
4000 - 5 Trade-off I

{I

< o0 @
L} [1u]
"= 3000 o
= L)
'S -
= ]
=3 &
R -3
= —
o 2000 — . =
O Bipolar 5
fai] -0 =]
= t t 5
= i ranspor b
ek}

0 O

1000 —

—-200

| T IIIIIII| T T IIIIII| T T IIIIII|
1e+18 1e+19 1e+20 Te+21

Hole Concentration {cme-3)
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Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

4' 1 . Hesult:IThermaI Conductivities vs Concentration j

Bipolar Ktotal
effect

Thermal Conductivity (Wm* KD

Kiattice= 1.2 W/mK

attice™

Kelectronic

Kbipolar

[ T T T T T T T T1] T T LI I I I
1e+13 1e+14 1e+20 let:
Hole Concentration (cm™-3)

runbuUR Bahk & Shakouri nanoHUB-U Fall 2013



Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

4- 1 Result: |F'|:|wer factor and 2T vs Concentratiol

=
=
|

=
5
= X
5 -
£ =
E e
L
o 20 —
2 :
= Bipolar

transport | |

regime 9.6e19 |
1.9e20
13-118 T T T T T T I‘I';J-19 T T T T T T I1:3+|_2|:| T T T T T T I‘I:}l21

Hole Concentration {cm-3)
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Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

4'2 Hesult:lEIectrical conductivity and Seeheck coefficient vs Concentration

p-PbTe
4000 —
Bipolar effect
occurs earlier

900 K

le+18 1e+14 Te+20 Te+21
Hole Concentration (cm™-3)

— 400

S 600K

— 200

L

=

=

o
1

Electrical Conductivity ((Ohm*cmy™-1)
(2 0421W) JUBI2IWS0D YI80a8g

— -200
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Prob. 4. Doping optimization of p-type PbTe

......................................................................................................................................................................

4-2.
p-PbTe
900 K | By o reduction

(Wiedemann-Franz)

Besult: | Thermal Conductivities ws Concentration B

K:cotal
600K

Ktota I
900K

Thermal Conductivity (WM™ K]

K, 900K

Ki

K‘lz 12 W/mK @600K - 1E=+1EJIHI:IIE Concentration (cm*—ﬁjmeu et
k= 1.0 W/mK @ 900K

runbuUR Bahk & Shakouri nanoHUB-U Fall 2013



Prob. 4. Doping optimization of p-type PbTe

..................................................................................

4-2.
p-PbTe
900 K

) |
NANOHUB| X YUIWLJU L,
=

ZT ., =1.49 at
Result: | Power factor and ZT vs Concentration h=2_2e20 Cm'3’ 900 K _:
PF 600K
: ZT 600K
ﬁ? 40 — B
x
=
E; | — 1 Ej
u% 20 Bipolar regime PF 900K )
% — 0.5
i Large reduction of o
b due to stronger phonon
/ \ scattering at higher T
I
| | T | T T I| T | | I T T 1T | T | T I T T T |
Te+15 1e+19 1e+20 1e+21

Hole Concentration {cm~-3)
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Prob. 5. Analysis of the recent Nature 2012 paper

......................................................................................................................................................................

[Biswas et al.(Kanatzidis group), Nature 489, 414 (2012)]

Spark-plasma-sintered Na(2%)-doped p-type PbTe:SrTe(4%)

Na-doped PbTe Na-doped SrTe:PbTe SPS b 24- —@— 4mol% SrTe, 2 mol% Na: SPS .
i —e— 2 mol% SrTe, 1 mol% Na: ingot (ref. 14)
00 —A— 0 mol% SrTe, 2 mol% Na: ingot |
1.6 -
Atomic scale @~ €—> Nanoscale =~ <€—>» Mesoscale
0.8 i
. . 0.4 4 .
* All-scale hierarchical structures for |
thermal conductivity reduction. ool B -
. 300 400 500 600 700 800 900
* Electron transport near optimal. TK
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Prob. 5. Analysis of the recent Nature 2012 paper

......................................................................................................................................................................

5-1 & 5-2. Hole concentration and o at 900 K

Seebeck coefficient

b 350 A S A L N S S 260"'" Result: |Electr|c:al conductivity and Seebeck coefficient vs Concentration
1p=919 cm3 = 4 .
B (measured) o0 558 S.h= 9e19 1.5e20 cm 3
250 54 “ |
; 200: 4 A000 | ol L
2 p="?cm3 = . D
»n 150+ . 1 | A NS S S O 0 0 SRR SRR A A SO S ! | "
1001 ] B I a0 &
£ 3000 4 | @
- g i ;
50 7 : ] =]
| g Abgve 9e19 | L =
o T ) 1 L 1 L] 1 L T | T 4 I g —3 i I %
300 400 500 600 700 800 900 Z 5000 — (RT hole | Z
T(K) 5 | o 3
Electrical conductivity 8 i : =
= | 2
- 25004 <X —®— 4 mol% SrTe, 2 mol% Na: SPS | o !
’ —®— 2 mol% SrTe, 2 mol% Na: SPS * 1000 ! B
—A— 0 mol% SrTe, 2 mol% Na: SPS :
2,000‘ —©0— 4 mol% SrTe, 2 mol% Na: ingot T i i ]
— B\ —— 2 mol% SrTe, 1 mol% Na: ingot - o =280 _:4;99#__:_ : | oo
§ L
5 1 T T T |1| |1El T T T T 11 |1| |2I:I T T T T 11 |1| |21
s 1,000+ il E+Hu:ule Cnncennaﬁnn(cm*—;T -
c =250r300 _ . _
500+ A Slightly reduced due to additional carrier
; . scattering by nanostructures/grain boundaries

300 400 500 600 700 800 900
T Bahk & Shakouri nanoHUB-U Fall 2013



Prob. 5. Analysis of the recent Nature 2012 paper

......................................................................................................................................................................

5-3. Thermal conductivity at 900 K

d 4.4
4.0
36 R
32
2.8
2.4
2.0
1.55
1.2-
0.8

TotaI thermal i HesultlThermaI Conductivities vs Concentration
conductivity

3 —

"ctntal (W CITIJl K_1)

[
|

300 400 500 600 700 800 900
T(K)

Thermal Conductivity (Wam= k)

%, = 0.7 W/mK

O3W/ K/ W'
m

T T
1e+15 1e 19 1e EIZI
Hole Concentration (cir-3)

VK= Koty — K = 1.0-0.7 =0.3 W/mK

runbuUR Bahk & Shakouri nanoHUB-U Fall 2013




Prob. 6. Carrier energy filtering in PbTe at 900 K

......................................................................................................................................................................

Differential Conductivity

4 )
of, (E 2
o0 ()= e(EN (E)pooe - 2L g
4= K, +K K,
Boltzmann transport with a cut-off energy \_ J

o0
O = @Gd (EME . Electrical conductivity
i

| (E—E..
S = Z ﬁ ( i) | o4 (E)dE : Seebeck coefficient
=\ g KgT o
K.\’ E-E | Electronic th |
«| E—Eg; : Electronic therma
Ke :T(FBJ Zé;E T } Oy (E)dE —S’oT conductivity
I B

{ g =—€ (conduction band)

g =+€ (valence band)

Z : sum of bands
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Prob. 6. Carrier energy filtering in PbTe at 900 K

......................................................................................................................................................................

J.-H. Bahk et al., Phys. Rev. B 87, 075204 (2013)

Power factor enhancement Electronic thermal conductivity reduction
4
' 1.2 et
g SE) - —4—o(E)/o(0) |
8 3t 18 "pF —o— x(EIx0)]
AL S| '
..GC_J. @ 0.8 _
£ 2 1 < o6
S 0.
8 I:)F(EC)/F)Fbqu 8 5
@ L o4
L -~ :
c 1 - L“Q
LI < I
o E o, 0.2
0 ....|.\|\»‘L.. 0_0-....1... A
0.0 01 £ 02 0.3 0.0 0.1 . 0.4
Cut-off energy, £_(eV) Cut-off energy £_ (eV)
300 K —
E-=0.1eV (const.) Ke — LoT
r=0.5
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Prob. 6. Carrier energy filtering in PbTe at 900 K

......................................................................................................................................................................

p_type PbTe Result: |Electrical conductivity and Seebeck coefficient vs Concentration

900 K
E.=0.1eV

— 200

e

=

=

=
l

I
=

Electrical Conductivity ({Ohm*cmi™-1)
(/A 0J20W) JUBI2IB0 D Y2a08ag

o with filferi

— -200

=

g

| T T T T TTT] T T T T TTT] T T T LN
1e+19 1e+20 1e+21 Te+22
Hole Concentration (cm~-3)
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Prob. 6. Carrier energy filtering in PbTe at 900 K

......................................................................................................................................................................

p_type PbTe Result: | Thermal Conductivities vws Concentration i
900 K
E.=0.1eV

Thermal Conductivity (W/m*K)

i

K, with filtering

| T T T T I T T | T T T T I T T | T T T T I T T |
1e+149 1e+20 1e+21 le+z
Hole Concentration (cm®-3)
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Prob. 6. Carrier energy filtering in PbTe at 900 K

ZT .. =4.9 at h=7.6e20 cm?,
p-type PbTe 900 K with E_. = 0.1 eV
900 K Result: | Power factor and ZT vs Concentration / =
E.=0.1eV
ZT vs Concentration @300 K #2
4.89786Unitless @ 7 E095e+20Ccm™-3
PF with filtering
ZT bulk E
ZT . =2.4 at h=1.9e20 cm?3, e
for bulk PbTe (x, = 0.3 W/mK)
900 K -

Hole Concentration (cm®-3)
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