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Improving thermoelectric properties of oxide semiconductor thin films by controlling carrier
concentration and crystal structure
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Thermoelectric energy conversion has gained attention for its ability to directly and
reversibly transform heat to electrical energy without the need for mechanical or noisy
components. Thermoelectric efficiency is typically described by a dimensionless figure of merit
zT = 68°T/k, where o stands for electrical conductivity, § for Seebeck coefficient and x for
thermal conductivity. The electrical contribution on zT, which is the power factor (PF= $%), is
critical in achieving high =7, but the main challenge lies with the coupled but inverse
relationship of ¢ and § with carrier concentration (n). Thus, optimizing » is central to attaining
better thermoelectric performance. Among potential thermoelectric materials, ZnO and its
related materials are desirable for flexible and transparent applications because of its low
toxicity, low temperature fabrication and good tunability of electrical properties. In this research,
an enhancement in the PF of ZnO-related thin films was achieved by optimizing the carrier
concentration and crystal structure.

Three approaches are proposed to improve the PF. Firstly, ZnO thin films were sandwiched
with dopant layers of TiO; or HfO: by atomic layer deposition (ALD) to form a multilayered
thin film. The TiO»/ZnO thin film showed a twofold improvement in » compared to pure ZnO,
which led to a successful increase in the PF. On the other hand, HfO»/ZnO thin film not only
improved the PF, but also exhibited superior cyclic thermal stability. This can be attributed to a
shift towards the c-axis orientation upon addition of Hf*, as well as the high bond dissociation
energy of Hf-O. Secondly, hydrogen incorporation during post-deposition annealing was
utilized to introduce additional carriers in an InGaZnO thin film. It was found the effect of
annealing atmosphere on the PF of the thin films depend on their crystallinity. For amorphous
InGaZnO, annealing with pure nitrogen yields the highest PF owing to the formation of a high
amounts of oxygen-related defects, On the other hand, adding hydrogen in the annealing
atmosphere significantly improved the PF in the case of c-axis aligned crystalline InGaZnO. Its
stable crystal structure hinders defect formation, thus additional source of carriers in the form of
H* is needed to enhance its thermoelectric performance Lastly, integrating an InGaZnO thin
film in a thin film transistor (TFT) was successful in enhancing the PF compared to pure
InGaZnO thin films. By utilizing a standard InGaZnO/SiO» TFT, it was observed that the o
exponentially increased as gate voltage is supplied, while maintaining only a slight decline in S
values. This is likely due to the formation of a charge accumulation layer near the
InGaZnO/8i0; interface, which significantly narrows down the thickness of the
thermoelectrically active region to ~1.3 nm. Because of this, the InGaZnO TFT exhibited a
significantly higher PF’ compared to those of pure InGaZnO thin films. The suppression of the
coupling reaction of § and ¢ is suppressed probably through a phenomenon called energy
filtering.
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1. EFBHEECLY . In0BL HF0,BEEIETio BoRB#HEL ERL.
T DBEIGEER XU -y 7 REEFE L, Zn0 HBIC HEO, B AR A
THI L TBREBEEBLIUP—Ry 7RO 7 L REEORE L%
EHR LT, PSRV BEFRRFESEIEML, B 1 7 V%O HE0, BIREAL
i, BRXMEREORKEOEMBIMHEENTNAZ L2 RHLE,

2. InGaZnO BT LIERE R L OBIERIC L 2BEBHIEDER N L ARS
BEEESK TOMESEOFELHA LM L, ¢ BRABEIC—8T & A
BLm & 2 Ol T, JR B ¢ BREE MARIC LR CARFE OV ARIZ L 0 BE
PN KRIBICET A2 L ERE LK, '

3. R E InGaZn0 W ZF v XNV LT 2EE T PR FBEICRITAE
BREOEXRCEER LU -y 7 REE ML, BRI ~BEEREN
LT3 EHLMI L, FrRAEN 900un THEBE NS L URF
DOBONEERCEERVOY—y 7B EOBRIZY L, A—al—irg
MEREE Y AT Kamiya—Nomura model 235 3R 3 v AEEREDEWVMZ X
DEBREREPTRATEDZZ L EHALNIT Uiz, FERY InCaZn0 HECIE, [
RORT Vv VIEBEORZICKRERSENEETIZ LT, EENS
YUREDEBRETIEX, BT vy VEBEOSEN/NENT EERLE,
EhiIC, VEMEDHE LERF Uy VEBREIC LA RAF—T A NVEY W
THRPBEELTCWAZ 2R LT,

ZOE DT, AT In0 BB L EEBEO BB IFMILM & 7 0 LY
TEEMEE BRI L, BB L OMBYRBLOBEMOREBLIML., Ei-
BIROBRR LB DABHUENERE NS O FBERC LV TETHAI L %
Rl ZBbORRIT. B8R0 B E O AR HILE B B OB
RRBICHRESTHLOLEXbND, Lo TEEB—Fit, ABTHEL
(I%) ORMMXE LTMHMESCHD HD ERDE,






