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“Soft” Thermoelectric Materials
— Control of Heat and Carrier Transports Using Organic Molecules —
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Upon using thermoelectric generators (TEGs) as an energy harvester for wearable or room ambient electronics,
mechanical flexibility, lightness, and low thermal conductivity are major issues. Because natural air cooling is assumed
for such applications, very low thermal conductivity and millimeter thicknesses are required to obtain sufficient
temperature difference between the front and back sides of the TEG. In this repot, two approaches in the authors’ group
are introduced. The first one is a novel device structure and fabrication method using CNT yarn with p/n doping and a
fabric substrate. It is highly durable against bending or stretching because of the mechanical isolation of the
thermoelectric components from the substrate. A key issue is how to suppress the high thermal conductivity of CNTs. A
protein molecule is used as a gate for the phonon propagation and as a tunneling junction for electrons. The second one
is to use molecular solids of organic semiconductors. Giant Seebeck coefficients, > 0.1 V/K, are found to appear in such
materials near room temperature range. Owing to the extremely large Seebeck coefficient, the device structure can be
ultimate simple without connecting many p/n semiconductor blocks as in conventional TEGs.
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Table 1 Comparison of various ambient energies in indoor environment and energy harvesters for them.

Typical energy density in Energy conversion Typical
Energy type indoor environment ey . conversion Lower limit of thickness |[Mechanical flexibility
2 mechanism .
(per 1 cm”) efficiency (%)
. Photodiode A few ten —
Room light 0-300 uW (Photo-voltaic) 10-20 a few hundred pm Excellent
Radio wave . 0- 1. uw . Antenna + Rectifier 30 A few ten - Excellent
(without special transmitter) a few hundred pm
. A few —
1) El - P,
Vibration / 0-1 mW (vibration) (1) Electro-magnetic 30 a few ten mm oor
Pressure A few ten mW (pressure) (2) Electrostatic 30 1 —a few mm Poor
(3) Piezo electric 30 1 —a few mm Fair
> 5 mW (human body) B a few hundred um
Heat 0-2 mW (building wall) Seebeck effect 0.05-0.5 2 few mm Good
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Fig.1 Dependence of thermoelectric conversion efficiency on
the device thickness and thermal conductivity. The efficiency was
calculated by assuming a skeleton-type thermoelectric device,
negligible temperature drops due to the electrodes, a 37 °C human
body, and 22 °C air. The calculated data were normalized by the
maximum value in this graph.

D, BT HHRBEENECIT WD TH 5, Figd 12,
FTHOOARERZHITRE LT, EfARE TOLHRY)
REFZFOBRERLESOBE L TR LEEREET
T, Y BEMEIORES ZHoIIENT I, AR
&L THBEA/NE W 0.1 WmK FREDOBMREREZ > TL
TH, HmmBEDOEALANLETH D,
ﬁﬁ%ﬁ%%zéifmﬁ%ﬁﬂ®%ﬁabf,:@;
WCBMBELR DN NS W TRL, DTREEBIE X+ U 7
%@ﬁ/7)/7#k%w EHBIRIEON A TH D, EE,
For N —FBIEFL WD L AL, BIFEAWEEXY )T
BAE NS TRV B)RTT LR Y Sy — &
Thb, TTIZHLNTWAEITIE, 74/ KTy 7k
FEIZIL D BN EITHY T 5, —RITKBIC L& Re
PRI BN LBHBETH LN, 74+ /o —BFHEEM
PEBRFMFICBWT, 74/ UBNETICENRELZ 525
ZEILE o TE— Ry VRN ENDIBRTH D, —
A, AHEERICRIT 2 RIBMAITETOF v U 7k
Ry B TEEDH DWWy B SR LY R EE O
R CTH D EBXZLNTWD, MBI TH DV IE0 T
REIRX v U 7THRIC G 2 28BN KE L, TOROME
TER%E 22 LA 6 ORERZIRINS RN S TH AR
ETIIRWVWEE LTV D,

0

L 2B KO v U 7 ik il —

DX, AERMEITIE, SFEERIOT T
wU~WXI%&LT@%L@igﬁéﬁ6%5%%%%
BT TR <, FRAR S 1A IE R0y 1 FEAR BRI EE IR
THNINVEMRER, HTREIERBES Y VT EOR/KED
TENDHRDEES L X v ) THEOMAERR L, BE
IR LNV RERMHE & T 5 BEAEMECIZR 20
R bW BVEMMENERICRVED & ZAIZ, PR
DEHAS EAEHRED T L —27 Z—~OIENEFEFTEHD
Tbh D,

3. AHRMHORBHFIELERERRER

Fox DEWREGEMEIOBRR Z 4D T 2007 FFORFRT

X, BHEEMEL QBB R I IR A B O 3 SO R ST
W, 4D 2Dz, T%éﬁ%@%ﬁwﬁﬂmﬁ* M
ST DI LT, T VTN ERTO-DICHLEM

BHESUER DB —~y 7 R OMS EIRIET 5 L 5 eb kit
HERBET DL ELDMEE A Y — LTz, ZOB, #Hx
PR E O BYRE R SRR O K 5 Ze &R I A - T
6:&#6,wyif@wiﬂm%ﬁﬁ%%$®ﬂﬁ%ﬁ
L, ETRIRV—T57 77— lLoTRI Y —=2T%
ﬁb:kabto36_,AW¢Tﬁx%%%€@t%§
gy ha—LEXHALITNEY, TSNS T b
D72\, KD TEIPLR BN LB D 7o &0 S BRI
DR Z R T T 72D, B OFFAEEE 2 REL 729,
ZOEEERAV, ZhE TICEEX MR (R
WEAME G Te) OB —_y 7 {55k L ONEERZ 5T
L7 R a2 LC, Fig2 (ORT, ZELOEOIC, hodf
%27 — TN STV S AR 19 B L OVERSH
BE1420 oW TofEL ey NLTH B,

H—RrF ) F a—T CNTYEAEME & & e A 18R
(AHD) 1ZG)RTITfEb 20T, B =y 7R EI A
TREERIKTEIEII R ST, B X 10~40 uV/K O#FHIC
DAL TWD, 72721, #ilziE PEDOT:PSS 2V A F /L A
AARFT R (DMSO) WEEZ 4 7: & L CaEERp Lz
HLDIZHONWTC, RERNRNT—T 7 7 X4 —=RNE5N5Z LN
HBWEEnTwb, B PEDOT:PSS TIXLAFIN G K& /e ZT
ERHE 2D SN TEY, EEAEME L RSB —~Xy 7
AR BRI ISR VIAATND 2 206, JEROEET
N ZADEER ETHND Z &R T 5 A HEME & AR

T lll'.l'lq ll!lmk"lllm} SRR ||||||\|| lllmm 1|||rlTl'| ||||rm| "'“"‘1 IR |u|||11'| TITT
10 ?10 - 10 —10 (W/K m) : at ~300K ITE%
i S > el | 1
— 10 E 58 . b ¥ ; E
< £10 | s | Food B | | E
S GFE T T ~. 1 T :
£ 107 gy Y E
jg E " ~ organic semiconductors L inorg. thermoelectri ]
= -3 ~
g 10§ \/31%%' ‘ E
= B "/Q%Qh i
& 10"E, - o 5 / =
B E10 L AL MBS '// -
) B e = 2 < | 1
? 1055-\6 s s = :
E - A T~ - or anic metals and CNT com osﬂes =
1076+|\||u_|ﬁ ||||\uJ ||||u_u} ||\||u,|] ||||uJ_|J |||||Lﬁj ||||u¢|J %/{//Wf%/luuuﬂ |||\|_|_Ut
10° 107 10° 10° 10" 10° 10* 107 10" 10" 10* 10° 10

Electrical conductivity (S/cm)

Fig.2 Distribution of the Seebeck coefficient — electrical conductivity values of various organic-based materials. The oblique
dashed lines indicate equi-power-factor lines. A dash-dot line approximately corresponds to Z7'= 0.1 when the thermal conductivity
is a typical value of organic materials. A hatched area indicates the typical values of organic semiconductors predicted by eq. (5).
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Fig.9 Schematic drawing of a fabric-type thermoelectric
module with a p/n-stripe-doped CNT yarn.
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Fig.10 (a) Folding test of the thermoelectric fabric using CNT
composite yarn. (b) Operation test of the thermoelectric fabric by
touching one side of the device in air. Approximately 5 K
temperature difference was obtained against 9 K difference
between the finger and air.
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