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The main concern of the TE community:
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An inconvenient truth about
thermoelectrics

Cronin B. Vining Nature Materials 8, 83 (2009)
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Figure 2 | Assessing thermoelectrics. Efficiency of 'best practice’ mechanical heat engines compared with
an optimistic thermoelectric estimate (see main text for description).

Despite recent advances, thermoelectric energy conversion will never be as efficient as steam engines.
That means thermoelectrics will remain limited to applications served poorly or not at all by existing
technology. Bad news for thermoelectricians, but the climate crisis requires that we face bad news head on.



Material type and components of ZT
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Current status
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Reminder:

Efficiency for T =300K and T, =700K
13% for ZT=1; 19% for ZT=2;

24% for ZT=3; 27% for ZT=4



Message from previous slide and other works

Research over 6 decades (1950-2010) suggests:
Large ZT for bulk alloys or complex crystal structure

Larger ZT for embedded structures

/ ZT>4 for commercial viability
e

fabricating ordered nano-composite structures,
e.g. (a) superlattice formation;
(b) embedded wire formation,
(c) embedded dot formation




Another look at the expression for ZT

Seebeck Coefficient Conductivity

\ / / Temperature
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K — Thermal

Conductivity

S=3S(carriers)
o=o(carriers)
K= Kg + K,
K = K_(mono-polar) + k_(bi-polar)

ZT determined by a total of 5 transport coefficients.

While other coeffs are inter-related,
phonon conductivity K | can be controlled

iIndependently



Limits of thermal transport

amorphous IIn'lit—\1I I(,—alln:,r limit

Molecular Nanawires &
heterostructures arrays :

Phonon  Correlated scatiering |Uncarrelated seattering |  Waveguiding &

Filtering & diffusion & diffusion ballistic transport
Ultralow Polym jamond Ultrahigh
Phonon Length Scales (300K)  10* @300K
Wavelength = 1-10 nm Thermal Conductivity
Mean Free Faths = 10-100 nm = Cvlfs

Fig. 1 Schematic illustrating vanous approaches fo expand the limits of themmal transport. This can be accomplished with nanostructured materals, which can tune
into the phonan wavelength and mean free path.

Kim et al, Nanotoday 2, 40 (2007)

K . spans four orders of magnitude
Y



Promise land: the PGEC concept

o ZT ocS%0/K ), oc um*¥2/k - (u: carrier mobility)

e Conficting requirements of high m* and high u
can be by met by employing the PGEC
(phonon-glass electron-crystal) concept: achieve
record low K without appreciable deterioration in

electron transport (Slack 1994).

For low K, fabricate nanocomposite structures,

with length scale range 5-250 nm, with deliberately
roughened (or intermixed) interfaces.



Theoretical ingredients-1
Carrier transport:
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where 0 = —ele) 18 the carrnier [electron(hole)] charge,
k represents the carrier wavevector, v, = r,il,;‘ is the ™
component of the carrier velocity, . is the carner relaxation
time, Eg = Ep(T) represents the Fermi level and f is the

Fermi—Dirac equilibrium distribution functuon.  With these,
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Theoretical ingredients-2
Phonon transport

Considerations must be based on phonon MFP (A)
vs. unit cell size (d) in structure:

(1) d << A (bulk and ultra-thin nanocomposites)
(2) d~A
(3) d>> A



Theoretical ingredients-3

Phonon transport
(1) d << A (bulk and ultra-thin nanocomposites)

EQ
= NoQkaT? 4%

w (gs)vi(gs)v;(gs)T(gs)n(gs)(a(gs) + 1),

H’ij

Ng: No. of unit cells, £2: Unit cell volume,

n: Bose-Einstein distribution function,
T =18 +TyuDp T TID T Ty
T5': boundary scattering,

Ti7p: isotope scattering,

775 interface scattering,

s

T,y . Phonon-phonon scattering,

Uqsi: 1 velocity component for phonon w(qs)



Theoretical ingredients-4
Phonon transport in superlattices
(2) d~A and (3) d>>A

us consider a SL structure of repeat period swee dg) , contaimng
material A of layer thickness d4 and matenal B of layer
thickness dg. The three regimes are:

[A] If dg. 3 A, the cross-plane resistivity 1 /x; will just
be the weirghted avermge ol the bulk resistivities:

1 (ﬂl_.!, ﬂlﬂ)
1/ey = X ] 2 (144)

iy +dy By Ky

[B|Ilde — A, the SL conduwavity should be expressed as

1 ( I'.!I_.-il I'.!I.|'_-| s ) o
0 - + — 1. (145)
day+dg \xvy kg oOg

wherme og 15 the Kapitea (boundary, orinterface) conductance.



Theoretical ingredients-5
Phonon transport in
low-fraction embedded nanowires and nanodots

Effective medium theory, based on multiple scattering theory

Host (cubic unit cell size L)

Particle (diameter d)

Nan et al, J. Appl. Phys. 81, 6692 (1997)

Minnich and Chen, Appl. Phys. Lett. 91, 073105 (2007)

Behrang et al, J. Appl. Phys. 114, 014305 (2013); Appl.
Phys. Lett. 104, 063106 (2014)



Effective medium theory for particle insertion volume fraction V.

Conductivity across particle-host interface: K =g K.

Conductivity along particle-host interface: K =V, K+ (1-V)) K

k(14 20) + 26y + 2V, (1 — @) = &y

Nanodots: ¢ = , .
! kp( L+ 20) + 2k — Velip (1 — @) — k)
, _ fip(L + ) + iy A H|H|,[1 () = fip|
Nanowires: g = . , ]
ko1 +a) + my = Vilko(1 =) = &y
i . |r'|.|:|
superlattices ; § =

k= Vilip (1 — ) = )’

K, (K.) : particle(host) conductivity; o =K R ../(d/2)

TBR

Chtn + Cotp

Rt =1( T
= I:'1|'."”|'.'f1|3|'”|Jn

). = Kapitza's thermal boundary resistance

C=specific heat; v=sound speed



Effective medium theory for particle insertion volume fraction V.

Particle interface density ® plays an important role:

Svstem Vi ¢
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Ingredients for computation of ZT

Power factor:

(1) Electronic band structure;

(2) Temperature dependent Fermi energy;

(3) Relevant carrier relaxation rates;

(4) Sound scheme for carrying out k momentum-space
summation (integration).

Phonon transport:

(5) Phonon dispersion relations;

(6) Relevant phonon relaxation times;

(7) Kapitza thermal boundary resistance;

(8) Sound scheme for carrying out @ momentum-space
summation (integration).



SOME RESULTS
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Doped Si . Ge, . alloy (n=9.4 x10%° m~)
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[2] Ultra-thin superlattices: SiGe(4,4

and sample lengths

periodicity 2.2 nm; different doping levels

FIG. 1. Awmic structure represemtation of the Si(4)Ge(4)[001] SL. Gald and
blue-gray sphems represent i and Ge atoms, mspectively. Figums wer
genented wing Jmal.”
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=20, B=1,and N;= 107 m ™, (Results in the y-direction are similar to
those in the v-direction. )

Thomas and Srivastava, J Appl Phys 119, 244309 (2016)
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Ultra-thin superlattices: SiGe(4,4)
periodicity 2.2 nm; 1 bilayer interface mixing;
doping n=9.4 x10% m>

kappa (W/m/K)

Conductivity (W/m/K)

10 1("0
T (K)

I
20Kk Ak L]

Alloy and amorphous

conductivity limits

(~ 4 W/m/K) beaten

(35
T iy T . _—0-\—.__:3_\__

”_g? LN I 003 i —hﬁ‘—m
uf \% — ]
# -

7 " o 2s
/ \\ 1 :?d
¢ T ol
N
- »
= ﬂﬂljm?"
0 e (oo dlloy
TK) o .01 O3 suporki tce (| sk )
2 § et canpeerlon pace 1 croees-old Ben) |
(05 -
- B o e o e i e o e ]
'::Irﬂ_ﬂ:}_'_ . : :
ELi 1] B L] 00 1 {60 1 200
ah T(K)
15
.*. H.I-;.;I.'I..'_ﬁ.l-'al;'. prliee
i 1w e cos | - pda e o
e 2 0 X O (T O e . £
15F g
2
2 >
N >
15 -
-'-..--
L] 1 XKk
5

W0 400

b

[T B0 oo
TI{K)

12(x)

ZT >3

Thomas and Srivastava, AIP Conf Proc 1590, 95 (2014)



[3] Thin and thick PbTe-PbSe nanocomposites
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Figure 2. Lattice thermal conductivity results, computed using Figure 1. Temperature variation of the thermal boundary Rrug
Callaway s expression, for bulk PbTe and PbSe samples in [34],  resistance at the PhTe/PbSe interface.
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Figure 9. Effective thermal conductivity for different Ph'Te-PbSe nanocomposite configurations, Notice that the results along superlattice
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AlOtaibi and Srivastava. JPCM 28, 145304 (2016)



Dimensionality- and size-dependent phonon
conductivity results for nanocomposites

e In general K(SL) > K(NW) or K(ND);

e For small nanodots (typically d=10 nm) K., Is strongly
influenced by interface density: K o«1/~®

AlOtaibi and Srivastava. JPCM 28, 145304 (2016)



Summary

* Discussed theoretical ingredients for tuning TE
properties of semiconducting systems.

* Showed that the PGEC concept applied to
nanocomposite structures has the potential to improve
ZT 1n the range of commercial viability.
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EXTRA SUPPLEMENTARY SLIDES



K=K, T Kph

Normal practice:
Use free-electron Fermi gas
model for calculating
S, 0 and K
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“* For an n-type semiconductors

1 T . N, -
Ef — E(Ec —+ Ed) -+ k; In 2Ud — kasinh_l( L e kaT)

** For an intrinsic semiconductors

b, + & 3 m
Be=—— L BTFn{—
i 2 +4b n(mn>

“* Chemical potential

. E
e o’ i}
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John P. McKelvey, Solid State and Semiconductor Physics, The Pennsylvania State University, 1966.



Phonon dispersion curves in bulk Si and Ge
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Interface mass-mixing scattering
in A(n)/B(m) SLs

T(05) = s () (o))
n(g's )+1 bl ik . €4y 2 €€y
BT aw(ge) — w(d's) (1= 2+ - L2y

g(w): density of states,

o : interface atomic mixing parameter,
ep /e, : interface atomic amplitude ratio.

= 1(q, w , amplitude ratio)




Interface broken-bonds scattering
in A(n)/B(m) SLs
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wq: highest phonon frequency,

o’ parameter for concentration of broken bonds.

t =1(q, w , amplitude ratio)




Anharmonic scattering in SLs

mhpg, Y’
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pav - average density of SL, € : average acoustic velocity,
G : reciprocal lattice vector = 0 (# 0) for Normal (Umklapp) processes,

v : Gruneigen's constant.

T =1(q, w, T, amplitude ratio)




Anharmonic scattering in A/B SLs --
Dual Mass Term
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Phonon conductivity of short period Si/Ge superlattices

Theory of interface scattering and anharmonic interaction:
Originally by Hepplestone+GPS and revised by Thomas+GPS

2.5

— Si(19)/Ge(5)[001] | |
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FIG. 11. (Color online) The thermal conductivity ratio k.. /.,
for the superlattices Si(19)/Ge(5)[001] and Si(72)/Ge(30)[001] as a

T (K) function of temperature.
Si(n)/Ge(n)[001] Si(n)/Ge(n)[001]
n=no. of bilayers n=no. of monolayers
| Thomas and GPS S P Hepplestone and GPS

PRB 88, 115207 (2013) PRB 84, 115326 (2011)
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(B): Borca-Tasciuc et al, Superlattice Microstr. 28, 199 (2000)
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