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ABSTRACT.

Band structure engineering is an effective way to improve the Seebeck coefficient without
affecting the electrical conductivity. This study Al 3s state hybridized with Zn 4s state shifts the
Fermi level inside the conduction band in Al, Sn codoped ZnO exposing its metallic behavior. Sn
impurity creates large density of states near Fermi level leading to high Seebeck coefficient. In

this material, in addition to scattering of low-frequency phonons by interfaces and of high-



frequency phonons by point defects, scattering of mid-frequency phonons by dense dislocations,
localized at the grain boundaries, has been an effective strategy to reduce the lattice thermal
conductivity. Dual doping creates low angle grain boundaries composed of dislocation arrays with
a misorientation less than about 13.5°. These dislocation arrays along with lattice strain
significantly reduce the thermal conductivity to 6.391 W m'K™! at room temperature in
Zn0.97A10.02Sno.010. All these effects lead to a high figure of merit ZT of 0.61 at 997 K. A single
leg thermoelement fabricated using Zno.97Alo.02Sno.010 shows an open circuit voltage of 122 mV
with AT at 500K.

Introduction:

Thermoelectric (TE) materials are of paramount importance in the direct conversion of heat energy
into electrical energy ((Please add applicative references here: L. E. Bell, Science 321, 1457 (2008),
I.  Petsagkourakis et al, Sci. Tech. Adv. Mater, 19, 836-862 (2018) DOI:
10.1080/14686996.2018.1530938, Phil. Trans. R. Soc. A.37720180450, (2019), H. Akinaga, Jpn.
J. Appl. Phys., 59 (2020) 110201, N. Nandihalli et al., Nano Energy 78, 105186 (2020) doi:
10.1016/j.nanoen.2020.105186)). The performance of a material for this application is quantified
by the thermoelectric figure of merit, zT = S°6T/(k.+x;), where S is the Seebeck coefficient, o is
the electrical conductivity, x. is the electronic thermal conductivity, x; is the lattice thermal
conductivity and 7 is the absolute temperature.! Majority of these parameters (S, o, and e, except
k1) depend upon the charge carrier concentration n.2 In order to improve the thermoelectric
performance of a material, the most effective approach followed has been to increase the power
factor (0S°) by increasing Seebeck coefficient without significantly deteriorating electrical
conductivity.’((Please add the review T. Mori, Small, 13, 1702013 (2017)) In addition to rather

exotic principles such as utilizing magnetism [Vaney et al., Materials Today Phys., 9, 100090
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(2019), Y. Zheng et al., Sci. Adv. 5, eaat9461 (2019), Materials Today Phys., 9, 100090 (2019), S.
Hebert, R. Daou, A. Maignan, S. Das, A. Banerjee, C. Bourges, N. Tsujii, T. Mori, “Thermoelectric
materials taking advantage of spin entropy: lessons from chalcogenides and oxides”, Science and
Technology of Advanced Materials, 22:1, 583-596 (2021)], energy filtering [A. Shakouri et al.,
Mater. Res. Soc. Proc. 545, 449 (1999), A. Soni et al., Nano letters 2012, 12 (8), 4305-4310], band
engineering strategies have been proven to be effective for decoupling these parameters to achieve
enhancement in power factor[The 2 references you have in 3 + T. Mori, Small, 13, 1702013
(2017)+ Y. Pei et al.,, Nature 473, 6669 (2011)]. This has been demonstrated in many
thermoelectric materials, where the transporting bands can be engineered to be converged in
energy resulting in an increase in ¢ without affecting S.* On the other hand, low thermal
conductivity can be achieved through scattering of phonons by atomic scale point defects,’
softening of phonons and bonding,®((please add: A. R. Muchtar, et al., “Physical insights on the
lattice softening driven mid-temperature range thermoelectrics of Ti/Zr-inserted SnTe — an outlook
beyond the horizons of conventional phonon scattering and excavation of Heikes' equation for
estimating carrier properties”, Advanced Energy Materials, 11, 2101122 (2021).)) nano-
micropores,’((please add: Y. Shimasaki, et al., “Preparation of mesoporous nitrogen-doped titania
comprising large crystallites with low thermal conductivity”, Nanoscale Advances, 4, 2509
(2022).)) nanoscale endotaxial inclusions,® all scale hierarchical architectures,” nano/meso-
architectures,'® inherent lattice anharmonicity'!((please add: N. Sato, et al., “Bonding
Heterogeneity in Mixed-Anion Compounds Realizes Ultralow Lattice Thermal Conductivity”, J.
Mater. Chem. A, 9, 22660-22669 (2021).)), interstitial site doping [Z. Liu, et al., Joule, 5, 1196-

1208 (2021), Nat. Commun. 13, 1120 (2022).], and utilizing layered grains'?.
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Zn0O is a promising n-type semiconductor with wide band gap (~3.3 eV) and large Seebeck
coefficient (~-400 £V K). However, it has low electrical conductivity because of the covalent
character of Zn-O bond with small electronegativity difference between the individual elements.
This leads to relatively large carrier mobility with low charge carrier concentration (below 10'®
cm™). Simple wurtzite crystal structure with lighter Zn and O elements results in a thermal
conductivity of 100 W m 'K at room temperature.'® Several attempts and strategies have been
adopted in the past with varying degrees of success to reduce the thermal transport in ZnO based
materials such as doping with homologous compounds like InO and GaO for nanoscale engineering
by creating nano inclusions of planar defects'*, superstructuring'’, pores/voids,'® nano-graining,'’
nanoprecipitates,'® grain boundaries,!” point defects,?® etc. Highly dense grain boundaries and
interfaces make nanostructured doped ZnO effective in scattering phonons.?!>* Nano-structured
ZnO bulks are limited by their inherently low mobility caused by the high density of grain
boundaries and interfaces. At the same time in polycrystalline ZnO, intrinsic defects like zinc
vacancies (Vzn) and interstitial oxygens (Oi) are more likely to exist in the GBs of n-type ZnO
ceramics as localized acceptor state. These acceptors attract charge carriers to create a depletion
region around the GBs and then an energy potential barrier is formed, which impede the motion
of the electrons.??” Thus reduction in thermal conductivity through nanostructuring and Schottky
barrier at the GBs substantially limits the independent optimization of the electrical and thermal
transport properties blocking any further improvement of TE performance in ZnO.?® Enhancement
in electrical conductivity was attempted through increase in carrier concentration by introducing
dopants like (Al, Ga, In) and increase in carrier mobility was attempted via adding MWCNT in
ZnO and RGO, MWCNT in Al doped ZnO nanocomposites. However, RGO, MWCNT

encapsulated Al doped ZnO sample would show lower S compared to undoped ZnO encapsulated
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with RGO, MWCNT.?**7 The reason for this reduction in Seebeck coefficient will be explained
in later section. Recently, defect design of ZnO grain structure was proposed. The results showed
that the three-dimensional stacking faults designed in the grains led to a large increase in the defect
scattering to suppress k.. Meanwhile these defects in the grains showed little influence on the
electrical conductivity.?’ Therefore, to simultaneously increase the electrical conductivity and
decrease the lattice thermal conductivity, three pathways are proposed: (i) decreasing the amount
of acceptor defects at the GBs to lower the Schottky barrier and increase the mobility (ii) addition
of dopants like AI**, Sn*' to substitute for Zn?" site to increase the carrier concentration without
deterioration of Seebeck coefficient (iii) forming multidimensional lattice defects to increase the
phonon scattering in order to lower x;. Related to these strategies, thermoelectric studies on
individual Sn and Al doped ZnO have previously been reported, showing high power factors of
7.5x10* W m™ K2 at 730 °C (1 at% Al-doped ZnO)'® and 1.1x107* W m™ K% at 730 °C (1 at%

Sn-doped Zn0)*8-4°,

Herein we report the increase in carrier mobility via control of grain boundary orientation
angles in nanostructured ZnO ceramics. We observe that in Al doped ZnO Fermi level moves
inside the conduction band bringing about semiconductor to metal transition behavior. In Sn doped
ZnO, formation of impurity states near Fermi level leads to high Seebeck coefficient. Simultaneous
reduction in thermal conductivity can be achieved via all scale hierarchal structure along with
dislocation induced lattice strain. Therefore, as illustrated in this work, codoping ZnO with Al and
Sn is an effective strategy to increase both electrical conductivity and Seebeck coefficient, and
attain reduction in thermal conductivity giving remarkable enhancement in the figure of merit ZT
of 0.61 at 997 K. The experimental observations are supported by using the first-principles density

functional theory (DFT) calculations of the electronic structure of ZnO and Al, Sn codoped ZnO.



The simulated data corroborated the hybridization of Al 3s in Zn 4s state and Sn 5s state creating
new impurity states near Fermi level.

Details about the experimental procedures, characterization methods and computational
studies are given in the supplementary data S1.
RESULTS AND DISCUSSION

Phase analysis:
The room temperature XRD patterns of the as-sintered pellets of ZnO, ZngogAlp.020,

710.99Sn0.010, and ZnoogxAlo.02SnxO (x=0.01, 0.02, 0.03) are shown in Figure 2. All the major
peaks in the diffractograms of ZnO, can be indexed according to wurtzite-type structure with

hexagonal unit cell (space group: P6smc; JCPDS no. 36-1451).*! The cell dimensions and cell

volumes deduced through Rietveld refinement are listed in Table S1 in section S2 of the
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@ure 2. a) XRD patterns of sintered pellets b) Tauc plots ¢) PL spectra d) Raman spectra of

Zn0, Zno.98Al0.020, Z10.99S1n0.010, and Zno.9g-xAlo.02SnxO (x=0.01, 0.02, 0.03).

The XRD data of as-sintered samples Zng.9g-xAlo.02SnxO (x=0.01, 0.02,0.03) reveal majority of
wurtzite phase along with the minor diffraction peaks at 26= 26.6°, 33.5°and 51.9° (indicated by
*) which is an additional superlattice peak, indicative of intergrowth or homologous phase

formation. No additional phases corresponding to SnO, ZnSnO; or Zn2SnOs are observed.*>* It

can also be noted that diffractograms of some of Al, Sn codoped ZnO show higher peak intensity
revealing their highly crystalline nature for compositions of Z#0.985#0.020; Zno.9s-xAlo.02SnxO
(x=0.01, 0.02). For the composition with the highest Sn content (x=0.03) a reduction in peak
intensity along with broadening indicates reduction in the crystallite size of the wurtzite phase.*®
Previous studies on Sn doped ZnO report that incorporation of Sn particularly restricts the growth
along the c-axis of wurtzite ZnO.*° 3% Sn concentration in Zno.ogxAlo.02SnxO could also have the
effect of reducing or even destroying the crystallinity leading to amorphization of the ZnO
structure.*’” Higher amount of Sn dopant can induce a large stress upon substitution for Zn/Al or
incorporation in interstitial site, resulting in reduced crystallinity of Zno.9sxAlo.02SnxO. However,

in this study, a moderate effect, with minimal loss of crystallinity is observed.

Optical band gap studies:
Tauc plots of ZnO, Zng.9gAlo.020, Zno.99Sno.010, and Zno.9g-xAlo.02SnxO (x=0.01, 0.02, 0.03) are
shown in Figure 2 b). These plots were used to estimate optical band gaps. For pure/undoped ZnO,

the observed band gap is 3.19 eV. Shift in the Tauc plots of the doped compositions towards the
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left hand side of the energy axis reveals a decreasing trend in the band gap values with increase in
dopant concentration. The observed narrowing of the band gap in Al, Sn codoped ZnO could be
due to the increased hybridization of the energy levels in the O 2p orbitals, shifting the valence
and conduction bands Al 3s, Sn Ss states towards lower values which is explained in DFT studies
given in the later part of the manuscript. In the present case a red-shift can be observed due to
merging of the impurity band into the conduction band, thereby shrinking the band gap from 3.19
eV to 3.05 eV. New impurity peaks formed near Fermi level cause band gap narrowing effect
which is already reported in Sn doped ZnO systems.**

Photoluminescence (PL) studies:

Room temperature PL spectra of ZnO, ZngogAlo.020, Zno99Sno.o1O, and Zno.ogxAlo.02SnxO
(x=0.01, 0.02, 0.03) are presented in Figure 1(c). The near band edge (NBE) emission peaks from
PL spectra of the donor element Al doped ZnO, Sn doped ZnO and Al, Sn codoped ZnO
nanostructures exhibit a blue-shift in comparison to that observed for the undoped ZnO
nanostructures. In the PL spectra of Zno.9sAlo.020 and Znp.99Sno.010, the intensity of the green band-
edge emission is significantly suppressed. Herein, the intensity reduction is coupled with
significant broadening because of the visible defect emission bands, which could be related to the
reduced number of oxygen vacancies (V;) due to donor doping in ZnO. Nevertheless, several
studies on the visible luminescence of ZnO and its origin are still controversial and a number of
suggestions have been made.?® The green luminescence has been attributed to defects such as
oxygen vacancies and zinc vacancies as well as donor acceptor pairs.?**%* The most striking
observation of the photoluminescence data is that in the spectrum obtained for Zno.og-xAlo.02SnxO

(x=0.01, 0.02, 0.03) the green band emission is effectively increased when compared to pure ZnO.

This implies that with the simultaneous substitution of Al and Sn, intrinsic V; defects are increased



in the samples. This evidence provides important insight into the role of Al, Sn addition to the ZnO
matrix.*> This observation also justifies the drastic increase in carrier concentration in Al, Sn
codoped composition which is explained in later section. This result is also in line with XRD and
Raman spectroscopy data, which shows the presence and influence of secondary phase in doped
samples.
Raman Spectroscopy studies:

According to the group theory predictions ZnO crystals with hexagonal wurtzite structure and Ceva
symmetry have eight sets of phonon normal modes at the I" point, represented as I' = 2A; + 2E; +
2B; + 2E>. Among them, one set of A1 and E1 modes is acoustic, while the remaining ones are
optical modes. Both A; and E; are Raman and infrared active whereas E» is Raman active only
and B, is inactive i.e. silent mode. Moreover, the A1 and E; modes are polar and split into
transverse optical (TO) and longitudinal optical (LO) components. The E> mode consists of two
modes, of low and high frequency phonons (E>'°" and Ex""), associated with the vibration of the
heavy ZnO sublattice and oxygen atoms, respectively.*’*® Room temperature Raman spectra of
Zn0, Znp.98Alp.020, Zno.99Sn0.010, and Zno.98-xAlo.02SnxO (x=0.01,0.02,0.03) are shown in figure 2
d). The vibrational modes in the spectrum of ZnO are assigned as follows: An intensive peak near
100 cm! is ascribed to the vibrations of the zinc sublattice in ZnO.* The peaks at 330 cm™, 379
cm! and 405 cm™! are due to the second-order vibration mode E>"&"-E,'°%, the transverse-optical
mode A; (TO) and the transverse optical mode E; (TO), respectively. A sharp and intensive peak

high

near 440 cm™! is due to E2"" mode which is related to vibration of oxygen attached to zinc atoms

in the tetrahedral coordination.*’ The strong E,"eh

mode indicates high crystallinity which is in
good correlation with the XRD data. The peak at 590 cm™ is attributed to A; (LO) and E; (LO)

modes, while peak at 657 cm™ represents combination of transverse acoustic and longitudinal
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optical modes (TA + LO). These two peaks reveal the existence of lattice defects, in particular,

oxygen vacancies and zinc interstitials.’>>> The Raman spectrum of tin oxide shows the peaks

centered at 474 cm™, 633cm™!, and 776 cm™ which are ascribed to the Eg, A1, and B2, modes of

SnOg, respectively. >*Due to high intensity of peaks of ZnO these peaks are suppressed.
Scanning electron microscopy analysis:

Figure 3 (a-1) show SEM micrographs of fracture surfaces of the sintered pellets of ZnO,
Zn0.98Alo.020, Zn0.99Sn.010 and Zno.9s-xAlo.02SnxO (x=0.01, 0.02, 0.03). The fracture surface is
parallel to the pressure axis which is applied while pelletisation. All micrographs clearly indicate
hexagonal flake like morphology (micro/nanosheets) of ZnO. The micrographs of the Zng.9sAlp.02O
and Zno.99Sno.010 pellets (Figure 2 (b) and (c)) reveal that the individual sheets are strongly inter-
connected with one another. Zno.99Sno.01O has much thinner micro/nanosheets when compared to
Zn0.98Alp.2O and ZngogxAlo.02SnxO (x=0.01, 0.02, 0.03) samples. Zno.9s-xAlo.02SnxO (x=0.01)
appears to be composed of strong connecting networks of micro/nanosheet arrays with grain size
of 5 ~ 6 um as shown in figure 2 (h) and (i). Though some specific arrangement of smaller
nanosheets can be observed in Znp.ogxAlp.02SnxO (x=0.02) no such regular microstructure was
observed in Zngos-xAlo.02SnxO (x=0.03), as shown in figure 2 (e) and (f). This kind of mixed
micro/nanosheet morphology scatters all frequency phonons without disturbing mobility of charge
carriers resulted an overall improvement in thermoelectric performance compared with other

different morphologies in doped ZnQ.3+?
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Figure 3. SEM micrographs of fracture surfaces of sintered pellets (a) ZnO (b) Zno.9sAlo.020,
(¢)Zno.99Sn0.010, and (d), (e) and (f) Zno.9s-xAlo.02SnxO (x=0.01, 0.02, 0.03). (g) enlarged top view
of Zno.o8-xAlo.02SnxO (x=0.01), (h) and (i) images of Zno.98-xAlo.02SnxO (x=0.01) depicting strong

connecting networks of micro/nanosheets.
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carrier mobility of ZnO, d) charge carrier mobility of ZngogAlo.020, Zno.9sSno.010, and Zno.os-



SnxAlo.020 (x=0.01, 0.02, 0.03), and e) a comparison of the room temperature mobility as a
function of carrier concentration values obtained in this work with the reported data. The star marks
indicate the mobilities of undoped polycrystalline ZnO composites with different microstructures
reported in the literatures. The dark olive and cyan curves are the calculated single crystalline
mobilities of ZnO for Z=1 and 2.

Thermoelectric properties:

Temperature dependent of electrical conductivity(s) of ZnO, Zno.9gAlo.02O, Zno.99Sne.010, and
Zn0.98-x)Al0.02SnxO (x=0.01, 0.02, 0.03) are presented in Fig. 4 a). A decrease in electrical
conductivity with increase in temperature is observed in all Al, Sn codoped ZnO samples, which
is the typical behaviour of degenerate semiconductors. An overall increment in electrical
conductivity is observed when ZnO is doped with Al, and/or Sn. At room temperature, the
observed electrical conductivity of ZnO is 3.8 S/cm. With the substitution of 2 % AI**, 1 % Sn**
in Zn?" sites, the room temperature electrical conductivity increases to 425 S/cm and 295 S/cm,
respectively. In Znp.og-xAlo.02SnxO (x=0.01, 0.02, 0.03) electrical conductivity values at the room
temperature are 255 S/cm, 121 S/cm and 24 S/cm, respectively. The replacement of Zn** with Sn**
increases the free charge carrier concentration to compensate for the electrical charge balance
which in turn improves the electrical conductivity of the sample. Higher Sn content in ZnO gives
rise to the formation of additional superlattice peak in Zno.9s-xSnxAlo.02O (x=0.02, 0.03), whose
presence decreases the electrical conductivity in them. Addition of dopants cause an increase in
carrier concentration which is shown in Fig. 4 b). Figure 4 c¢) and d) represent temperature
dependent mobilities of undoped and doped ZnO, respectively. In-undoped ZnO, grain boundary
scattering significantly suppresses the mobility leading to the positive temperature-dependence in

electrical conductivity for overcoming the Schottky barrier at the grain boundaries. However, the
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electrical conductivities in ZnpogxSnxAlo02O (x=0.01, 0.02, 0.03) revealed the negative
temperature-dependence as shown in Fig. 4 d), indicating that the effect of the grain boundary
scattering could be negligible. The absence of grain boundary scattering is proven through
calculations. (The details of calculations are shown in Section S4. of the supporting information).
Fig. 4 e) gives the room temperature mobility as a function of carrier concentration of the
compositions studied in this work in comparison with the reported values in literature.”” < The
room temperature mobility of undoped ZnO prepared in this study is compared with that of
undoped polycrystalline ZnO composites with different microstructures (indicated by star marks
in the plot) reported in literature.“+ Dark olive and cyan curves are the calculated single crystalline
mobilities of ZnO for Z =1 and 2. If electrons in undoped ZnO are provided dominantly by the
intrinsic point defects like oxygen vacancies and/or zinc interstitials, Z becomes 2 since the
electrons are scattered mostly by V> and/or Zn#. However, when most of electrons are donated
by extrinsic dopant, like in the case of Al and Sn doped ZnO, Z becomes 1 due to the ionized
impurity scattering by singly charged positive ions of Al*, Sn*".3 37 The room temperature
mobilities of Zno.9sAlo.02O and Zno.99Sno.010 are closer to the calculated single crystalline mobility
for Z = 2, demonstrating that majority of the electrons are scattered by doubly charged ionized
impurity. However, Zno.ogxAlo.02SnxO (x=0.01) exhibited single crystalline mobility for Z = 1,
which is determined by the singly ionized impurity ions, indicating that most of the electron
conduction was carried out through ZnO possessing Al and Snions. These results demonstrate that
the enhanced charge transport is mainly induced by the simultaneous increase in the carrier
concentration and the mobility through the release of the trapped electrons from the grain

boundaries. A significant improvement in the mobility also could be realized by the bulk ZnO



made up of micro/nano sheets with very small misorientation angles between the grains due to the

alleviated grain boundary scattering as discussed in later section.
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Figure 5. Temperature dependent a) Seebeck coefficient and b) Pisarenko curve of ZnO,

Z1n0.998Al0.020, Zn0.99S10.010, Zn(0.98-x)SnxAl0.020 (x=0.01,0.02,0.03).

As shown in Fig. 5 a), temperature dependent Seebeck coefficients of all compositions are negative

indicating n-type conduction. The Seebeck coefficient of the undoped ZnO sample at the room

temperature (303 K) is about -371 pV K! due to its low intrinsic carrier concentration. Seebeck

coefficients of Zng.osAl.020 and Zno.99Sno 010 are about -94 uV K'and -115 pV K at 303 K which

increase up to -177 pV K'and -192 pV K™! at 1002 K, respectively. Interestingly, for Al, Sn co-

doped samples, a synergistic increase in Seebeck coefficient value can be observed when

compared to those of individual Al and Sn doped samples over the whole temperature range. The

Seebeck coefficient values of Zng 9sxAl.02SnxO for x=0.01, 0.02 and 0.03 are -163uV K, -170pV

K!, and -198 pV K'at 303 K which increases up to -234 uV K!, -253 uV K-'and -285 pV K at

1002 K. In general, the value of the Seebeck coefficient in common semiconductors decreases with
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an increase in carrier concentration. In this case, the Seebeck coefficient values of different
compositions are in congruence with their respective carrier concentration. However, the observed
temperature dependence of both the electrical conductivity and the Seebeck coefticient in Sn doped
and Al, Sn codoped samples is unusual. Similar behavior has been previously observed in Sn and
Al, Sn codoped Samples. To understand this unusual behavior, as a first step the effective mass is

1.56

calculated using the Single Parabolic Band (SPB) model.”® According to Pisarenko relation for

degenerate semiconductors, the expression for Seebeck coefficient is given by

242 2/3
5% kgT m’ (lj .................. )
3gh 3n

where k3 is the Boltzmann constant, 7 is the absolute temperature, / is Planck's constant, g is the
electron charge, and m* is the DOS effective mass at the Fermi level. By plotting the room
temperature S versus 7> the m* of the ZnO can be estimated to be 0.29 me. According to the
measured 7 and estimated m* values, a SPB model can be generated by employing the following

equations'¢:

0 xr
F =|————dxunenee. (2)
-([1+exp(x—§)
4( 22m'k,TY"
Tm
n:_(_gj Fo, 3
T h

5
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Where F; is the Fermi integral and £ is the reduced electrochemical potential. A is the scattering
parameter, which is assumed to be 0 for acoustic phonon scattering, 1 for optical phonon scattering,
and 2 for ionized impurity scattering. The calculated effective masses m* of ZnO, Zno.9sAlo.020,

Z1n0.99Sn0.010, and Zno 98-xAlo.02Sn<O (x=0.01, 0.02, 0.03) samples with acoustic phonon scattering
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mechanism (A=0) are (.42, 0.32, 0.72, 0.53 and 0.47, respectively. Sn doped and Al, Sn codoped
samples show higher Seebeck coefficient than the Pisarenko line of ZnO curve as shown in figure
5 b) due to their increased density of states. To understand the origin of the enhanced Seebeck
coefficient the electronic structure calculations of undoped, Al doped, Sn doped and Al, Sn
codoped ZnO were performed, which will be discussed in later section. From the band structure
and density of states calculations, it can be observed that upon addition of single dopants like Al
or Sn in ZnO, Fermi level moves deeper inside the conduction band causing increase in charge
carrier concentration supporting the enhancement in electrical conductivity. Due to the shifting of
Fermi level deeper into conduction band, the absolute value of Seebeck coefficient at the room
temperature becomes substantially low (~100 pV K') compared to pure ZnO (350 uV K1).2% In
Al, Sn codoped ZnO, the presence of Al brings the Fermi level near to conduction band minimum
and due to Sn, extended density of states are formed with stronger hybridization which causes
increased effective mass leading to increase in Seebeck coefficient which is shown in schematic
Fig. 13. By using this strategy a moderate electrical conductivity with high Seebeck coefficient
can be maintained. Position of the Fermi level is important in order to estimate Seebeck coefficient.
We have calculated the position of Fermi level for doped ZnO in existing literature with respect to
reported Seebeck coefficient, carrier concentration and effective mass, which are shown in table
1.18:31.35.36545661 [y RGO/ZnO nanocomposite the Fermi level lies deep inside the conduction band

and no significant change in effective mass is observed. This is also one of the reasons for the

reduction of Seebeck coefficient.
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Figure 6. a) Temperature dependent power factors, b) total thermal conductivity, c) lattice thermal
conductivity, and d) figure of merit ZT of ZnO, Zno.osAlo.020, Zno.99Sn0.010, Zno.9s-xAlo.02SnxO

(x=0.01, 0.02, 0.03) samples.

Figure 6 a) represents the temperature dependent power factors of ZnO, Zng.ogAl.020,
71099810010, Zng 98-xSnxAlo.020 (x=0.01, 0.02, 0.03) samples. Znop.og-xAlo.02SnxO (x=0.01) shows
the highest power factor value over a wide range of temperature from 6.76 x10* W m™'K? at 303K,
increasing up to 9.80 x10* W m™'K"? at 1002 K due to its high Seebeck coefficient and optimal

electrical conductivity compared to individual Al or Sn doped ZnO. Zno.98Alo.020 and Zno.99Sng.010




samples show 3.73 x10* W m'K? and 3.86 x10* W m'K2 at 303 K, increasing up to 7.76 x10*
W m K2 and 7.67 x10* W m™'K? at 997 K, respectively. Figure 6 b) represents the temperature
dependent thermal conductivities of ZnO, Zno.98Alo.020, Zn.99Sn0.010, Znp.98-xAlo.02SnxO (x=0.01,
0.02, 0.03) samples. A decrease in thermal conductivity with increase in temperature can be
observed in all the samples. Micro/Nanostructured pellets of ZnO exhibit a thermal conductivity
value of 3.214 Wm™'K™! at 300 K which is much lower than that of non-nanostructured ZnQ.%>->’
To best of our knowledge this is the lowest thermal conductivity of undoped ZnO reported so far.
When doped with Al, the thermal conductivity of ZnO increases to 50.1 W m'K"! at 300 K which
is mainly due to larger micrograin networks as revealed by TEM images shown in S2. Zng.99Sng.010
and Zno 9sxAlo.02SnxO (x=0.01, 0.02, 0.03) show thermal conductivity values of 12.7 W m™ 'K,
6.3 Wm'K! 4.6 Wm'K!and 6.2 W m'K"! at 300 K, respectively. The thermal conductivity
values of the Al, Sn codoped compositions of ZnO are higher than those reported in literature.>?
The lattice contribution ki to the Kol Was estimated using the reduced Lorenz number of 1.8x10°
§ WQK2.3% The extracted kL values are shown in Fig. 6 (c). The values of ki are similar to the
values of Kotal, indicating that the lattice component dominates the thermal conductivity in all the
samples. Multidimensional lattice defects (including 2D grain boundaries, 2D nanostructure

interfaces, 1D dislocations, and 0D point defects) due to Al, Sn codoping evidently account for

x1-reduction behavior in the present work.%*’* Further, phonon transport by different scattering

mechanisms including Umklapp-process (Um), point defect (PD), grain boundaries (GB), and
dislocations (DS) were calculated and compared with experimental k. of Zno.97Alp.02Sn0.010 (Fig.
7 a)). The spectral lattice thermal conductivity (&) with respect to the phonon frequency (w) was
determined using the modified Debye Callaway model (Fig. 7 b))®%%*72 (The details of phonon

transport calculations and values are shown in Section S5. of the supporting information). It is
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noticeable that the Umklapp-process and electrons (the cyan area) can scatter phonons in whole
frequency range and grain boundaries (the yellow area) can effectively scatter low-frequency
phonons, while the middle- and high-frequency phonons are scattered by point defect and
dislocations (the green area). From this observation reduction of k. in ZnO based systems could
be achieved via controlling 1) grain size ii) pore size and iii) adding dopants which effectively
scatter high- and low-frequency phonons compared to middle-frequency phonons.?"*!7?® Jood et
al., reported that ZnAl>O4 nano precipitates in ZnO nanocomposite reduce thermal conductivity ~
3 W m'K! at 300 K by scattering mid- and high-frequency phonons.'® It is clearly evident that,
low K1 in Zno.97Al0.02Sn0.010 comes from scattering of full spectrum phonons by misorientation

between grain boundaries, dislocations and point defects without deteriorating electrical

conductivity.
4
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Figure 7. a) Comparison of experimental data and calculated lattice thermal conductivity of
Zn0.97A10.02Sn0.010 the solid lines represent the calculated ki when phonon scattering from three
phonon Umklapp processes (Um), grain boundaries (GB), point defects (PD), and Dislocations

(DS) and b) Calculated contribution of different phonon scattering mechanisms to the spectral
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lattice thermal conductivity (xs) using Debye-Callway model with various phonon scattering

mechanisms including (U), (GB), (PD), and (DS) at 300 K.

Temperature dependent figure of merit (ZT) of ZnO, ZneogAlo.020, Zno99Snoeo1O, Znogos-
xAlp.02SnxO (x=0.01, 0.02, 0.03) samples are shown in Fig. 6 d). Despite having the lowest thermal
conductivity, undoped ZnO shows the lowest ZT value of 0.05249 at 1002 K due to its lowest
power factor. Because of its highest thermal conductivity value, Zno.9gAlo.02O show low ZT values
in the range of 0.07606 and £-47 between 303 K and 997 K. Sn doped ZnO exhibits moderate
value of 0.47 at 997 K compared with the existing reports on the same composition.*® However,
Z10.97A10.020Sn0.010 exhibits the highest ZT value of 0.61 at 997 K. To best of our knowledge this
is the highest ZT being reported for codoped ZnO. ZT values of 0.33 and 0.28 exhibited by Zn;.
xAlp.02SnxO (x=0.02, 0.03) show the effectiveness of codoping in improvement of thermoelectric
properties of ZnO when compared to single element doping. The higher ZT values of Al, Sn
codoped ZnO when compared to singly doped ZnO is due to the enhancement in power factor and

reduction in thermal conductivity.

In order to elucidate the reasons for such a low lattice thermal conductivity of Zno.97Al0.02Sn0.010
and Zno.96Alp.02Sne.020 samples, extensive microscopy study was conducted by Transmission
Electron Microscopy (TEM).

Transmission Electron Microscopy analysis of Zno.9s-xAlo.02SnxO (x=0.01) pellet:

The electron transport properties and low thermal conductivity of Zno.97Alo.02Sno.010 were

further corroborated with TEM analysis.
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‘igure 9. a) TEM image of sintered pellet, b) mixed micro-nano sheets, c) at the interconnection
of three micro-nano sheets, d) enlarged HRTEM image and corresponding FFT ED patterns of
selected regions marked 1, 2 and 3 on the image of the sintered pellet. €) mis-orientation between
the two grains and d spacing of 0.28 nm (100 plane). f) and g) enlarged HRTEM image with
dislocations of Znoo7Alo.02Sno 01O (x=0.01). h) and i) geometric phase analysis of
Z10.97A10.02S1n0.010 (x=0.01).

In order to get an insight of the grain boundary structure and misorientation degree among the
oriented micro/nanograins, HRTEM and Fast Fourier Transformation Electron Diffraction (FFT

ED) analyses were performed. Figures 9 a), b) and c) affirm that the bulk pellet of
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Z10.97A10.020S1n0.010 1s comprised of micro/nano sheets. Figure 9 d) depicts the high resolution image
taken at the interface between two micro sheets. According to the FFT diffractograms acquired
from the regions 1, 2 and 3 marked within dashed white squares, each micro-nanograin exhibits a
nearly identical ED pattern along [001] zone-axis. An interplanar spacing of 0.28 nm
corresponding to the distance between the (100) planes of ZnO also can be observed in both the
regions (Fig. 9 €)).%° The presence of uniform fringes even across the grain boundaries (region 3)
can be observed as shown from the HRTEM images. The FFT ED pattern obtained from region 3
shows a combination of the ED patterns corresponding to both the grains oriented at an angle of
~13.5°.78 This reveals a ~13.5° mis-orientation between the (100) planes across two adjacent grains.
The inversed FFT image of region 3 also reveals the existence of several periodic edge dislocations
arrays along the grain boundary (marked in red) as shown in Fig. 9 f), which play a major role in
the electron and phonon transport. Geometric phase analysis (GPA) is a semi-quantitative lattice
image-processing approach for the evaluation of spatially distributed strain fields by combining
the real space and reciprocal space information. Displacements measured by calculating local
Fourier components in Fig. g) can be mapped in Fig. h) and 1). Large dislocations may meet and
interact within an individual grain leading to the formation of low angle grain boundary.%” GPA
analysis confirms the strain fluctuation induced by lattice dislocations. In Fig. h) and 1) &yy and &xx
components of the strain, reveal isotropous feature of the strain. Since dense dislocations are
converging as strip-like shapes at nanoscale (the strip-like defects), an extra high density of
dislocations can be realised. These randomly distributed dislocations combined with the
accumulated local strain contribute to strong scattering for both high-frequency and mid-frequency
phonons, and thus an increase in lattice strain causes reduction in lattice thermal conductivity. 338

The above structural analysis also demonstrates the formation of typical naneseale mosaic



micro/nanostructure in polycrystalline grains in Zno.97Al0.02Sno.010. This novel mixed micro and
nano grains are different from the conventional nanocrystals or nanocomposite materials in which
nanograins are randomly oriented with misaligned interfaces which would strongly affect electron
transfer. This characteristic feature is consistent with the mosaic structure obtained in Cux(S, Te)
polycrystalline bulks.%? Similar effect is observed in Al doped ZnO samples in which nanograins
are oriented randomly. Their misaligned interfaces affect electron transfer by grain boundary
scattering and impurity defect scattering.”>””’ Additionally, the micro/nano grains in the sheets
exhibited single crystalline nature with specific and ordered orientation along the axial direction
(Figure 9). The tiny misorientaion in between the individual grains provides independent pathways
for electrons and phonons. To conclude, electron transfer occurs along nearly coherent crystalline
framework while phonons are blocked frequently by the strained lattices containing the dense
network of dislocation edges.®® The presence of mixed micro/nanosheets facilitate synergistic
optimisation of both electrical and thermal transport properties. As a result, the material will
behave like a crystal from the perspective of electron while the phonon will make it function as
glassy material. As depicted in Fig. 9, through the fabrication of bulk sample comprising
micro/nano sheets, the classic thermoelectric concept of “phonon-glass electron-crystal”
characteristics are achieved?’.

Room temperature thermal conductivity of Zno.96Alo.02Sn0.020 was found to be lower compared to
710.97A10.02Sn0.010. It originates mainly from the formation of inter domain boundaries (IDB).* In
the present case two effects can be observed: (i) Dopants with higher valences such as Sn** do not
induce ID network formation; instead, the addition of these dopants to ZnO results in the formation
a microstructure with a single basal-IDB (b-IDB) in each grain. (ii) Dopants such as AI** which

have not been found to stabilize IDB development in ZnO, cause only spinel phase formation.
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When ZnO is doped with either Sn or Al individually, ID network formation does not occur even
after long sintering times at high temperatures-conditions favorable for ID network formation.*>%3
However, as shown in Fig. 10 a), ID networks do form in Zno.97Al0.02Sno.010, indicating the
importance of Sn, Al co-doping for their formation and stabilization. Thus, considering the low
solubility limits of Al and Sn in ZnO (Al: 0.3 at. %, Sn: < 0.1 at. %), *** the formation of ID
networks appears to be stabilized in Zno.96Alo.02S1n0.020 in order to facilitate the inclusion of excess
Sn and Al at the respective sites of the b-IDBs and pyramidal -IDBs. Moreover, the formation of
the ZnAl,O4 and Zn2SnO4 spinel phases, which form in ZnO doped with either Al or Sn, was
suppressed in Sn-Al dual-doped ZnO. This is attributed to the formation of stable inversion domain
networks, consisting of Sn-rich octahedral basal-plane and Al-rich five-fold pyramidal-plane IDB
sites, which avoid the unfavorable co-occupation of the spinel octahedral site by the significantly
size-mismatched Sn and Al dopants.*>83849091 Along with the IDBs the presence of stacking faults

help in reducing the thermal conductivity in Al, Sn codoped samples when compared to single

element doped ZnO.



Figure 10. a) TEM image of Zno.96Al0.02Sn0.020 pellet with b-IDBs and p-IDBs, b) large grain with
b-IDBs, p-IDBs and stacking faults, c) filtered enlarged stacking faults, d) lattice fringes of

Zn0.96A10.02Sn0.020 and e) schematic representation of b-IDBs in ZnO.

To test its efficacy, a single leg thermo-element Zno.97Alo.02Sn0.010 was fabricated. The details of
the fabrication are given in the supplementary information and shown in Figure S2 (1.7). The open
circuit voltage measured with cold side at 300 K, and hot side at 373 K, 474 K, 573 K, 673 K, 773

K are shown in Fig. 11. The maximum open circuit voltage of 122 mV was observed with the AT

K
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Figure 11. Temperature dependent open circuit voltage with cold side maintained at 300 K.

Computational details:

Simulated Band structures of ZnO, Zn.97Al0.030, Zno.97Sn0.030 and Zno.94Al.03Sn0.030 are shown

in Fig. 12.
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Figure 12. Band structures of a) ZnO, b) Zno.97Alo.030, ¢) Zno.97Sn0.030 and d) Zng.94Alo.03Sn0.030.

The valence band maxima (VBM) and conduction band minima (CBM) at I" point for all samples
are indicating that ZnO is a direct band gap semiconductor. In Fig. 12 b) the Fermi level of Al
doped ZnO lies within the conduction band. Introduction of Sn atoms into ZnO can change its
band structure distinctly by moving the Fermi level substantially within the conduction band. In
Fig. 12 ¢) and d) the band structure of Sn doped ZnO and Al, Sn codoped ZnO show significant
modification in the form of stronger band split appearing near the Fermi level. Theoretical band
gap values were calculated from the band structures. The band gap of pure ZnO is well below the
experimentally obtained value of 3.4 eV.* This could be due to the underestimation for the band
gap by CGA (comprehensive genetic algorithm).”®

Simulated density of states of ZnO, Zn.97Alp.030, Zno.97Sn0.030 and Zno.94Alo.03Sn0.030 are shown

in Fig| 12.
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Figure 12. Density of states of a) ZnO, b) Zno.97A10.030, ¢) Zno.97Sn0.030 and d) Zno.94Al0.03S1n0.030.

The valence band consists of two regions, the lower valence band between -9 and -5 eV and the
upper valence band between -5 and -2 eV. The lower valence band is contributed by the Zn 3d
states, the upper valence band is from O 2p states and the bottom of the conduction band is
dominated by Zn 4s and O 2s states which are shown in Fig. 12 a). In Fig. 12 b) and ¢) the upward
shift of O 2p states in valence band and downward shift of Al 3s, Zn 4s states in conduction band
cause reduction in the band gap of Al doped ZnO and Sn doped ZnO. Band gap reduction originates
from the enhancement of p-d coupling in ZnO. Additionally, the new unoccupied DOS caused by
strong s—p hybridization of Al-O, Sn-O bonds is incorporated into the conduction band. Impurity
peak formed near the Fermi level is favorable for the improvement in conductivity of ZnO. The
upper conduction band within -0.96 to 0 eV is mainly contributed by Sn -5s states near the Fermi
level. The lower conduction band is constituted by Sn-p and Zn-s states. The valence band consists

of two parts: the upper valence band within -19 to -18 eV introduced by O-s state, and the lower
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valence band within -8.71 to -8.31 eV introduced by Zn-d state. Schematic representation of

position of Fermi level in ZnO, Zno.98Alo.020, Zn0.99S1n0.010, Zno.97Sn0.01Alo.02O are shown in Fig.

13.
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Figure 13. Schematic representation of the position of the Fermi level in ZnO, Zno.98Alo.020,
Z1n0.99Sn0,010 and Zno.97Al0.02Sn0.010.

Conclusion:

Zn0, ZnoogAlo020, Znp9oSnoo10, ZneogxAlo.o2SnxO (x=0.01, 0.02, 0.03) samples were
synthesized by sol-gel method. Zno.99Sno.01O and Al, Sn codoped ZnO samples exhibit a high
Seebeck coefficient over a wide temperature range due to the conduction band splitting near Fermi
level, as confirmed with DFT calculations of the electronic structure. Nevertheless, they exhibit
moderate electrical conductivity when compared with Zng9gAlo.020. A remarkably low thermal
conductivity of micro nanostructured ZnO of 3.214 W m'K™! at 303 K is achieved, which is the

lowest among the undoped nanostructured ZnO reported so far. Among the studied compositions



the highest ZT 0.61 at 997 K was recorded for Zno.ogxAlo.02SnxO (x=0.01) sample. The results

observed in this study suggest that thermal conductivity of ZnO can be effectively reduced without

adding any dopants by micro nanostructuring along with introducing dislocations. Zno.gsx

Alp2SnyO (x=0.01) is an important candidate for mid temperature thermoelectric power

generation.
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Table 1. Comparison with other literature room temperature data of Electrical conductivity,
Seebeck coefficient, carrier concentration, mobility, Effective mass, Fermi energy Doped ZnO.



Composition c S n u D.O.S Calculated Ref
(S/em) | (uvK?) (cm™3) (em?V-is (m*/me) Fermi energy
) (meV)
ZnO 13.97 -360 | 2.40E+18 3 0.29 0.0025 This
work
2% Al Doped ZnO 130 -50 6.89E+19 13 0.332 0.184 31
2% Al Doped ZnO 315 -255 1.20E+18 10 0.28 0.0147 18
2% Al Doped ZnO 1300 -50.1 | 8.50E+19 50.7 0.58 0.121
56
2% Al Doped ZnO 490 -25 5.00E-01 45 0.43 0.115
Rod //
Rod L 64 -25 2.53E+00 90 0.43 0.338
platelet // 53 -25 3.08E+00 38 0.43 0.386 5454
platelet L 48 -25 2.34E+00 65 0.43 0.321
Particle 25 -50 3.04E+00 8 0.38 0.382
2% Al Doped ZnO 425 -9.60 | 3.54E+19 62 0.32 0.109 This
1% Sn Doped ZnO 295 -115 | 1.62E+19 58 0.42 0.256 work
Zn97A12Ga0100 543.48 | -188 | 1.39E+20 53 0.9 0.108
Zn96A12Ga20100 429.18 -125 1.04E+20 55 0.41 0.196 61
Zn96A13Ga0100 323.62 | -113 | 6.00E+19 59 0.26 0.214
Zn1—xCdxSc0.0201.03 177 -60.1 | 3.52 E+20 31.4 0.33 0.118 54
x =0.05
x=0.15 193 -58.1 | 5.48 E+20 22.1 0.42 0.125
2mol Al Doped ZnO - 35
1%RGO 1750 -40 2.40E+20 57 0.39 0.36
Zn0O-2%RGO 2150 -38 7.00E+19 55.8 0.4 0.154
2mol Al Doped ZnO 36
2%MWCNT 2500 -29 3.40E+20 46.5 0.38 0.466




Z1n0.97Sn0.01Alo.020 225 -160 1.80E+20 57 0.72 0.136 This work
Z10.96Sn0.02Al0.020 121 -170 1.42E+20 46 0.53 0.218 This work
Z10.9551n0.03A10.020 24 -198 6.2E+19 33 0.47 0.118 This work




