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In this study, we describe the changes in thermal conductivity behavior of ZnO-Al micro- and

nano-two-phase self-assembled composites with varying grain sizes. The reduction in thermal

conductivity values of micro-composites was limited to �15% for ZnO-4% Al. However,

nano-composites exhibited large reduction, by a factor of about three, due to uniform

distribution of nano-precipitates (ZnAl2O4) and large grain boundary area. Interestingly, the

micro-composites revealed continuous decrease in thermal conductivity with increase in Al

substitution while the nano-composites exhibited the lowest magnitudes for 2% Al

concentration. Raman spectra indicated that phonon confinement in ZnO-Al nano-composites

causes drastic decrease in the value of thermal conductivity. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4745034]

INTRODUCTION

Thermoelectric (TE) materials for application in waste

heat recovery should be stable at elevated temperatures

(>500 �C) and exhibit high figure of merit (zT) for high effi-

ciency and reliability. The coefficient zT is defined as: a2rT/
(j¼ jphþ jel), where a is the Seebeck coefficient, r is the

electrical conductivity, T is the absolute temperature, k is the

thermal conductivity, jph is the phonon contribution to j,

and jel is the electron contribution to j. Semiconductors are

usually considered as good thermoelectrics due to their large

Seebeck coefficient and moderate carrier concentration1

which leads to high power factor a2r and low j values

(much larger jph compared to jel). Recently, interest has

surged towards the investigation of semiconducting alloy

based thermoelectric materials which have shown good

power factor (10–100 lW cm�1 K�2) and low j values

(around 1 Wm�1 K�1) associated with controlled phonon

scattering.2 However, scarcity of elements in the optimized

compositions, expensive synthesis techniques to achieve

good density, and poor durability at elevated temperatures

limit the potential of alloys. Some less toxic and abundantly

available oxides have also been considered as the promising

materials for thermoelectric devices such as Co-based p-type

NaCo2O4 and Ca3Co4O9þd single crystals.3,4 Modified

Ca3Co4O9þd polycrystalline material has revealed zT of 0.61

at 1118 K.5 We believe that these oxide based materials

could provide cheaper and environmentally friendly alterna-

tive to the tellurides and other alloy compositions.

Doped ZnO is another promising n-type semiconductor

due to its good Seebeck coefficient (around 200 lV/K) and

substantial stability at elevated temperatures (up to

1000 �C).6 The Zn-O bond has a covalent character because

of small electronegativity difference which could lead to rel-

atively large carrier mobility.7 However, the simple wurtzite

crystal structure and light Zn and O elements result in ther-

mal conductivity as high as 100 W/m K at room tempera-

ture.8 The reduction of j becomes a primary and essential

task towards improving the zT of ZnO. In the case of alloy

TE materials, substantial progress has been realized in reduc-

tion of j which could be attributed to strong phonon scatter-

ing by nanostructure.2 Further, it has been reported that the

lattice thermal conductivity (jph) contributes 90% or more

towards the overall thermal conductivity of ZnO.7 Therefore,

control of phonon propagation in crystal lattice becomes sig-

nificant factor towards lowering the value of j.

The centers for phonon scattering can be point defects,

grain boundaries, nano-size inclusions, and pores.8 Using

combustible nano-sized polymer particles as a void forming

agent (VFA), the nano-sized void introduced in ZnO matrix

was shown to reduce j values by 16%–25%.9 However, mill-

ing with VFA may cause severe deterioration of electrical

property. Foaming technique employing polystyrene to intro-

duce micro-pores in ZnO has been used but it did not have

significant effect on the value of j.10 The thermal conductiv-

ity of ZnO has been noticed to decrease with Al dop-

ing.7,11,12 Co-doping with Ga in Al-doped ZnO showed

reduction in the value of j to �5 W/mK.13 The strong sup-

pression in the value of j was attributed to the granular tex-

ture due to Ga impurity; however, ZnO ceramics with large

concentration of Ga were highly porous. Also, due to the

limited solubility of Al in ZnO,14 the secondary phase easily

precipitates in ZnO matrix, which contributes toward j
reduction as well. Recently, nano inclusions have been used

as phonon scattering centers in bulk ZnO samples and were

found to reduce the thermal conductivity substantially

(�15% of bulk value).15 The reduction of j was ascribed to

ZnO nanograin, ZnO-ZnAl2O4 boundary, point defects, and
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porosity (�90% relative density). It is still not clear that

which of these factors play dominant role and how the sub-

structure size modifies the thermal conductivity behavior.

Thus, more systematic experiments are required to clarify

the mechanism. In this paper, we address this subject by con-

ducting systematic experiments on micro and nano self-

assembled ZnO composites to understand the effect of pre-

cipitate size and grain size on j.

EXPERIMENTAL

Two sets of Zn1-xAlxO (0� x� 0.04) samples were syn-

thesized using solid-state reaction method. For first set of

samples, micron-size precursor powders, ZnO (�75 lm, pu-

rity >99.9%, Alfa Aesar) and Al2O3 (�60 lm, purity

>99.9%, Alfa Aesar) were used. These samples were sin-

tered at 1400 �C for 5 h in air to obtain micron-size grains.

The second set of samples was synthesized using nano-size

precursor powders, ZnO (�30 nm, purity >99.7%, Advanced

Materials LLC) and Al2O3 (40–50 nm, purity >99.5%, Alfa

Aesar), and sintered at 1100 �C for 5 h in air to obtain ZnO

with nano-size precipitated phase. Further, to study the influ-

ence of ZnO grain boundary area, pure ZnO samples were

synthesized using ZnO (�30 nm, purity >99.7%, Advanced

Materials LLC) powders. These samples were sintered sub-

sequently by one-step sintering (1100 �C, 1000 �C, and

950 �C for 5 h) and two-step sintering (first heating up to

1000 �C holding for 1 min, cooling to 825 �C holding for 5 h

with the rate of 4 �C per min and 20 �C per min, respectively)

to achieve different grain sizes. The phase(s) and microstruc-

ture(s) of the samples were examined by using an X-ray dif-

fractometer (XRD, PANalytical X’Pert, CuKa; Philips,

Almelo, the Netherlands) and scanning electron microscopy

(SEM, LEO (Zeiss) 1550 field-emission). The Oxford INCA

Energy E2H X-ray energy dispersive spectrometer (EDS)

system with silicon drifted detector was utilized for elemen-

tal mapping. The thermal conductivity was determined by

combining thermal diffusivity measured using TA Instru-

ments FL5000 flash diffusivity system and Cp measured

using Netzsch 404 DSC. The Raman spectrum was collected

using 100 mW–514 nm argon laser integrated with JY Horiba

LabRam HR800 (high resolution 800 mm focal length spec-

trometer) and Andor electronically cooled CCD detection

system (1024� 256).

RESULTS AND DISCUSSION

X-ray diffraction (XRD) patterns of the sintered Zn1-

xAlxO pellets are shown in Figs. 1(a) and 1(b), respectively,

revealing hexagonal wurtzite type zinc oxide phase forma-

tion (JCPDS # 36-1451). The samples synthesized using

micron-size powders exhibited a and c lattice parameters as

3.245(9) and 5.201(4) Å (x¼ 0.0). Incorporation of Al in the

ZnO lattice leads to shrinkage and subsequently lowering of

a and c values to 3.243(0) and 5.199(3) Å, respectively, (Al

content x¼ 0.02). It is evident that ionic radius of Al3þ

(0.39 Å) in four-fold coordination is smaller than Zn2þ

(0.60 Å) and therefore, if Al3þ occupies Zn2þ sites, a

decrease in lattice parameter should be noticed.16 An

increase in Zn vacancies may also lead to the decrease in the

value of lattice parameters a and c. XRD patterns of the sam-

ples obtained using nano-size precursor powders exhibited

lattice parameters as a¼ 3.247(5) and c¼ 5.203(5) Å at

“x”¼ 0. The nanostructured samples also showed slight

decrease in lattice parameter with increasing Al content.

Typical values of a and c being [3.248(9) Å, 3.247(5) Å,

3.246 (5) Å] and [5.202(0) Å, 5.201(2) Å, 5.200(2) Å] for Al

content x¼ 0.01, 0.02, and 0.03, respectively. Further, on

examining the XRD patterns carefully a signature of precipi-

tated gahnite phase, ZnAl2O4, (JCPDS # 5–0669) can be

noticed in all the Zn1-xAlxO samples with Al content

“x”> 0.01, which is marked with arrow in Fig. 1.

Figure 2 shows the scanning electron micrographs of

two series of sintered Zn1-xAlxO pellets. A small amount of

ZnAl2O4 precipitates can be observed in all ZnO-Al samples.

Increase in Al incorporation enhances the formation of gahn-

ite precipitates and inhibits grain growth in both series of

samples. Typical values of micron-size precipitates being 1–

3 lm for the ZnO-4%Al samples synthesized using micron-

size powders (ZnO-Al micro-composites). Elemental map-

ping performed using EDS on a typical Zn0.96Al0.04O sam-

ples synthesized using micron-size precursor powder

confirmed that ZnAl2O4 phase distributes uniformly and pre-

cipitates both inside and at grain boundaries of ZnO grains

(Fig. 2(b)). The matrix grain size decreases with increase in

Al content, but the change was not significant. The density

estimated using Archimedes’ method for ZnO-Al micro-

composites containing 0%, 1%, 2%, 3%, and 4% Al was

found to be more than 95%.

FIG. 1. XRD patterns of ZnO-Al (a) micro-composites; (b) nano-

composites.
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Figure 2(c) shows the scanning electron micrograph of

the Zn1-xAlxO (0� x� 0.03) samples synthesized using

nano-size precursor powders. The grain size is much smaller

in comparison to the ZnO-Al micro-composites samples.

Further, the grain size is drastically reduced with Al incorpo-

ration which indicates that the grain boundary pinning due to

Al addition is more effective in the samples synthesized

using nano precursor powders than that in the samples syn-

thesized using micron-size precursor powders. The typical

values of grain sizes for the ZnO-Al samples synthesized

using nano-size precursor powders range from 1 to 5 lm for

ZnO grains and 50–400 nm for ZnAl2O4 precipitates (ZnO-

Al nano-composites). The density estimated using Archi-

medes’ method for ZnO-Al nano-composites containing 0%,

1%, 2%, and 3% Al was found to be �95% of relative

density.

The thermal conductivity (j) and thermal diffusivity (a)

of both series of samples are shown in Fig. 3. The thermal

conductivity was calculated from the following relation:

k ¼ q a Cp (1)

where Cp denotes the heat capacity. Both series of samples

exhibited reduction in the values of j with increasing tem-

perature due to thermal softening and higher frequency pho-

non interactions at elevated temperatures.17 However, with

increasing Al content, micro- and nano-composites displayed

different j behavior. ZnO-Al micro-composites exhibited

progressive decrease in the values of j with increase in Al

content; relative decrease in value of j being �15% for the

samples containing 4% Al than those containing 1% Al at all

temperatures. For ZnO-Al nano-composites, the reduction

was much more obvious, especially in low temperature

range. The value of j drops to its minimum for the samples

containing 2% Al and then increases again for 3% Al addi-

tion. The thermal conductivity of ZnO-2%Al was 7.5 W/m K

at room temperature and then decreases to 3.7 W/m K at

600 �C. These values are 73% and 40% lower than pure ZnO

samples synthesized under the same conditions. Since more

than 90% of thermal conductivity is associated with jph, the

major contribution should mainly come from phonon scatter-

ing. It is well-known that the contribution of phonon-phonon

and phonon-electron scatterings is low below the Debye tem-

perature (�400 K for ZnO).8 The phonon-boundary and pho-

non impurity scatterings play dominant role at relative low

temperature to achieve low j. According to the observations

from SEM and XRD, both series of ZnO-Al composites pos-

sess two main differences from pure ZnO: namely presence

of self-assembled precipitates and grain size, (due to compa-

rable and high densities, both group of samples have been

assumed to reveal similar porosity effect on phonon scatter-

ing). Both the disordered ZnAl2O4/ZnO and ZnO/ZnO boun-

daries will act as the potential sites for phonon scattering.

Moreover, the scale of precipitates and grain size of ZnO-Al

nano-composites were much smaller than those of ZnO-Al

micro-composites. For understanding the mechanism of pho-

non scattering in nano-composites, Raman spectroscopy was

utilized.

The vibrational properties of the nano-composite ZnO-

Al samples investigated using laser Raman spectra are

shown in Fig. 4. The wurtzite ZnO belongs to the C6v
4 space

group with four atoms per unit cell and from the 12 possible

vibrational modes only the A1, E1, and E2 are Raman-active

optical modes.8 Further, due to ionic character of Zn–O

bonds, polar modes (A1 and E1) exhibit large splitting as lon-

gitudinal optical (LO) and transverse optical (TO) modes.

The appearance of a high intensity, sharp and strong peak

around 440 cm�1 is attributed to the Raman active optical

phonon E2 mode of the ZnO. It is obvious that the mode “E1-

high” is much stronger in the ZnO-Al samples in comparison

to pure ZnO samples. Theoretical reports on phonon confine-

ment in ZnO nanostructure have predicted confined LO pho-

non wavenumber to be between A1 (LO) (574 cm�1) and E1

(LO) (590 cm�1).17 Experimental studies have found con-

fined LO phonon modes to appear at 588 cm�1 (for 8.5 nm)

and 584 cm�1 (for 4.0 nm).19,20 We believe the higher inten-

sity at 584.5 cm�1 is attributed to nano-size precipitated

phase in ZnO-Al nano-composites. No significant peak shift

was noticed for any of the phonon modes (inset Fig. 4). It

has been reported that peak shift and broadening of the

Raman peaks are observed when quantum dot size

approaches to exciton Bohr radius.18,21 It is believed that the

size of the nano-precipitated phase in ZnO-Al nano-

FIG. 2. (a) Contrast SEM images using backscattered electron of ZnO-Al

micro-composites. The darker particles are ZnAl2O4 precipitates; (b) EDS

elemental mapping of (Zn0.96Al0.04)O sample on element Zn, O, and Al; (c)

SEM images of ZnO-Al nano-composites (cross section). The brighter par-

ticles are ZnAl2O4 nano precipitates and inserts are higher magnification

SEM.
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composites is effective for phonon confinement but not small

enough to exhibit peak shift and broadening. Therefore, pho-

non scattering at ZnO/ZnAl2O4 boundary occurred in both

ZnO-Al micro- and nano-composites, and phonon confine-

ment in the homogeneously distributed nano-precipitates

leads to larger decrease in the value of j.

Furthermore, j reduction of ZnO-Al nano-composites

varies with the amount of Al. j drops significantly from pure

ZnO to ZnO containing 2% Al and then increases again for

3% Al addition, which indicates the difference of phonon

relaxation time. The phonon scattering behavior generally

depends on four mechanisms: Umklapp phonon-phonon

scattering, phonon-impurity scattering, phonon-boundary

scattering, and phonon-electron scattering. So the combined

relaxation time can be given as22

1

sC
¼ 1

sU
þ 1

sM
þ 1

sB
þ 1

sph�e
; (2)

where sC, sU, sM, sB, and sph-e denote total, Umklapp

phonon-phonon scattering, phonon-impurity scattering,

phonon-boundary scattering, and phonon-electron scattering

relaxation times, respectively. Assuming additional Al3þ

ions stay in precipitates, the Umklapp phonon-phonon scat-

tering, phonon-impurity scattering, and phonon-electron

scattering in ZnO-Al nano-composites can be considered to

be comparable, so cannot lead to large j difference. Because

of the formation of nano-precipitates and grain size reduc-

tion, phonon-boundary scattering is the key factor for j vari-

ation which can be expressed as22

1

sB
¼ V

D
ð1� pÞ; (3)

where V is the phonon group velocity, D is the dimension of

the system, and p is the surface roughness. The value of p

FIG. 3. Temperature dependence of thermal diffusivities and thermal conductivities of ZnO-Al (a) and (b) micro-composites; (c) and (d) nano-composites.

FIG. 4. Raman spectra of ZnO-Al nano-composites.
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close to 1 means a smooth surface where the scattering is

purely specular and the relaxation time goes to 1; hence,

boundary scattering does not affect thermal transport. Due to

the different lattice arrangement at ZnO/ZnAl2O4 boundary

this is a possibility. With increase of Al additive to 2%, the

precipitate increases resulting in reduction of j especially at

low temperature range. When Al concentration increases to

3%, the size of precipitates increases to 300–400 nm, result-

ing an increase in magnitude of j.

ZnO/ZnO grain boundary is another phonon-boundary

scattering center since ZnO grains shrink from �10 lm for

pure ZnO to less than 2 lm for ZnO-Al nano-composites

(x¼ 0.03). Accordingly, ZnO samples with various grain

sizes were synthesized to clarify the contribution arising

from ZnO/ZnO grain boundary area. The value of grain sizes

varied from 0.5–1 lm to 10–15 lm depending on whether

one-step sintering or two-step sintering at different heating

rate was used for synthesis (Fig. 5). All the sintered samples

exhibited pure hexagonal wurtzite structure with relative

density higher than 96%. It can be noticed in the figure that

j reduction with smaller grain size is more evident at lower

temperatures (<200 �C). Its values at room temperature for

ZnO samples with grain sizes of 5–10 lm, 2–4 lm, 1.5–

2 lm, and 0.5–1 lm compared to the large grain size (10–

15 lm) are reduced by 10%, 13%, 25%, and 28%, respec-

tively. At elevated temperatures, ZnO with grain sizes 10–

15 lm, 5–10 lm, and 2–4 lm has almost the same j (the dif-

ference is less than 5%). However, smaller grains, such as

1.5–2 lm and 0.5–1 lm revealed reduction in the value of j
by �13% and 18%, respectively. These findings confirm that

grain boundary area also has significant contribution towards

the reduction in thermal conductivity but smaller than the

contribution due to nano-precipitates.

CONCLUSIONS

In summary, Al-modified ZnO samples were synthe-

sized using micron- and nano-size precursor powders

through solid state reaction. Incorporation of aluminum in

ZnO resulted in the precipitation of gahnite ZnAl2O4, precip-

itates, which, in turn, inhibited grain growth. At 2 at. % Al

content, ZnAl2O4 precipitates in ZnO-Al nano-composites

exhibited 3-fold reduction in the values of thermal conduc-

tivity (j). The reduction in the value of thermal conductivity

for micro-composites was limited (�15% for ZnO-4% Al).

The large j reduction of ZnO-Al nano-composites was

mainly attributed to phonon confinement by nano-size pre-

cipitates. The investigations on pure ZnO with varying grain

sizes (�0.5–15 lm) revealed that ZnO/ZnO grain boundary

area also has significant contribution towards the thermal

conductivity.
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