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Size effects on thermoelectric behavior of ultrathin NaxCoO2 films
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Size effects in thermoelectric NaxCoO2 thin films are studied, focusing on the electrical resisitivity

and Seebeck coefficient. For very thin films below 10 nm, we have observed an increase in

resistivity, which is in agreement with theoretical models. In contrast to a predicted simultaneous

suppression of the Seebeck coefficient for ultrathin films, we observe a constant Seebeck

coefficient as a function of layer thickness due to changes in the structural properties as well as the

presence of strong electron correlations. This preserved high Seebeck coefficient opens up new

directions for NaxCoO2 ultrathin films as basic building blocks in thermoelectric superlattices with

enhanced phonon scattering. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901447]

Thermoelectric energy conversion is currently gaining

interest because of the potential to convert waste heat into

electrical energy. However, the search for new and improved

materials remains the key factor for enhancement of the over-

all efficiency of this conversion process. Engineering of

improved thermoelectric materials is challenging because of

the direct interplay between the relevant material properties.

To improve the overall thermoelectric performance of a

material, the electrical conductivity and Seebeck coefficient

have to be increased, whereas the thermal conductivity should

simultaneously be suppressed. Among a wide variety of ther-

moelectric materials, oxides are studied as promising candi-

date materials because of their good thermal and chemical

stability, making them ideal for high-temperature applica-

tions.1,2 Within the class of oxide materials, the layered cobal-

tates, such as NaxCoO2, have been shown to give excellent

thermoelectric properties2 with dimensionless figure of merit

(ZT values) up to�1.2 at 800 K for NaxCoO2 single crystals.3

For the successful application of cobaltates in thermo-

electric energy generators further improvement of the thermo-

electric properties is required. The development into thin films

offers an alternative approach to improve the specific thermo-

electric properties, because of enhanced phonon scattering at

the interfaces. By limiting the phonon transport in ultrathin

films the thermal conductivity can be significantly suppressed,

as reported previously for other material systems,4,5 and has

led to dramatic improvements of the thermoelectric properties

of telluride superlattices.6,7 However, because of enhanced

surface scattering in such ultrathin films, a decrease in electri-

cal conductivity and Seebeck coefficient is expected, based

on, respectively, Tellier’s8 and Pichard’s9 model. This reduc-

tion in electronic properties is originating from the structural

properties of the ultrathin films, as the scattering is determined

by the defect density. Control over the structural quality in

these ultrathin cobaltate films is imperative to establish opti-

mized electrical conductivity as well as Seebeck coefficient,

in contradiction to theoretical predictions.8,9

In this work, we study the size effect dependence on the

thermoelectric performance of ultrathin NaxCoO2 films, in

which thin films with reduced thicknesses down to 5 nm

are grown on single crystal substrates. Previously it was

shown that structural engineering in NaxCoO2 films led to

enhanced thermoelectric properties when grown on

(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) and LaAlO3 single crystal

substrates.10 Here, we show that NaxCoO2 thin films with

thicknesses below 60 nm exhibit an increase in resistivity,

which is in agreement with theoretical modeling.8 Most inter-

estingly, the theoretically predicted decrease of the Seebeck

coefficient9 remains absent as ultrathin NaxCoO2 films down

to 10 nm show preservation of high Seebeck values. This con-

trol of the structural quality in ultrathin NaxCoO2 films makes

these cobaltate thin films promising candidates as building

blocks in thermoelectric superlattices for further development

into thermoelectric energy convertors.

Thin films of NaxCoO2 were deposited by Pulsed Laser

Deposition (PLD) on single crystal LaAlO3 (001) and LSAT

(001) substrates (Crystec GmbH). The LaAlO3 and LSAT

substrates were annealed, respectively, at 950 �C for 1 h

and at 1050 �C for 10 h in an oxygen flow of 150 ml/min to

exhibit smooth surfaces with clear unit-cell-height steps in

atomic force microscopy (AFM).10 The thin films were de-

posited in an oxygen background pressure of 0.4 mbar and at

a substrate temperature of 430 �C, while a sintered

Na0.9CoO2 target was ablated with a laser fluence of 4 J/cm2

and at a repetition rate of 1 Hz. After growth, the thin films

were slowly cooled to room temperature in 1 bar of oxygen

at a rate of 10 �C/min to optimize the oxidation level. In

order to maintain the chemical stability of the thin films, an

amorphous AlOx capping layer was deposited in situ on top

of the NaxCoO2 thin films.11 The thin films were character-

ized by X-Ray diffraction (XRD Bruker D8 and Panalytical

XPert Pro MRD) and AFM (Bruker Dimension Icon) to

obtain detailed information about, respectively, crystallinity

and surface morphology. Electrical conductivity was meas-

ured using a Physical Properties Measurement System

(PPMS, Quantum Design), while Seebeck measurements

were performed using a custom built Seebeck measurement

setup, verified with a NIST standard reference sample.12

To study the size effects on the thermoelectric perform-

ance of NaxCoO2 thin films, the dependence of thin film thick-

ness, between 5 and 250 nm, was determined on the structural

and thermoelectric properties. In order to verify the correcta)Electronic mail: m.huijben@utwente.nl
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thermoelectric phase exhibiting metallic behavior, the resistiv-

ity as a function of temperature is shown in Fig. 1. A clear

metallic behavior can be observed for thin films with a

strongly reduced layer thickness of �15 nm similar to previ-

ously reported thin films10 with thicknesses of �60 nm, indi-

cating controlled electrical properties with preservation of the

overall transport behavior irrespective of layer thickness and

substrate material. This is supported by Hall measurements

(not shown), which demonstrate a constant carrier density of

1–2� 1021cm�3, calculated by a simple single band model,

for all thin films at room temperature in combination with a

constant carrier mobility of 1–2 cm2V�1s�1 in good agree-

ment with previous reports.10,11 However, for the full detailed

analysis of the temperature dependent transport behavior10 a

more extensive t-J model is required taking into account the

strong electron correlations in NaxCoO2 as well as the two-

dimensional nature of the triangular CoO2 layers.13,14

The presence of a single-phase NaxCoO2 thin film, and

absence of impurity phases, is confirmed by XRD, which

only shows (00l) NaxCoO2 peaks for 2h/x scans between

10� and 110�, indicating oriented growth with the c-axis per-

pendicular to the surface of the thin films. Detailed recipro-

cal space maps (RSMs) around the (002) NaxCoO2

diffraction peak are shown in Fig. 2 for thin films with vary-

ing thicknesses on both LaAlO3 as well as LSAT substrates.

Clear structural differences are observed for thin films with

varying layer thicknesses on each type of substrate. For very

thin films, a sharp line is observed in the 2h/x direction,

with only a very limited width in the x direction, which

represents a highly crystalline phase with a very well defined

orientation (tilt). The observed width in 2h/x direction is a

direct consequence of the finite thickness of the thin films.

The presence of multiple peaks (sharp lines) for thin films on

LaAlO3 substrates is a direct consequence of the various

crystallographic domains in the substrate crystal. For

increased layer thicknesses, a second peak with a signifi-

cantly larger width in the x direction is appearing. This is

caused by an increasing variation of tilt angles of the unit

cell for increased layer thicknesses and is known to occur by

the formation of misfit dislocations in thin films with a rela-

tively large lattice mismatch with respect to their substrate,

as previously predicted and observed for other material sys-

tems15,16 as well as for NaxCoO2 thin films.10

The RSMs indicate that these two different diffraction

peaks (sharp and diffuse) are positioned at equal 2h values,

indicating that the two peaks are originating from crystalline

parts with the same lattice constant but a small tilt angle with

respect to each other. The c-axis lattice parameter in

NaxCoO2 is previously reported to vary with the composi-

tion17–21 and the observed value suggests a constant compo-

sition of Na0.67CoO2 for all thin films,10,17 irrespective of the

layer thickness. The formation of misfit dislocations depends

on the choice of substrate material and thin film layer thick-

ness. The critical thickness at which such misfit dislocations

start to form is dependent on the lattice mismatch between

the substrate and thin film.22–24 However, in this case, the

difference in crystal symmetry between substrate and

NaxCoO2 thin film has to be taken into account as well in

addition to the difference in lattice parameter. From the

RSMs, it is concluded that the critical thickness for the onset

of misfit dislocations is around 10 nm for these thin films.

To study the structural properties in more detail, 2h/x
scans and x scans (rocking curves) of these thin films are

shown in Fig. 3. In the rocking curves, the presence of a dif-

fuse and a sharp peak is confirmed and the ratio of the two

different contributions can be clearly observed. It is seen that

the diffuse peak is increasing rapidly and is becoming more

significant with increasing thickness. This is especially clear

for the samples on LSAT, where the sharp peak can no lon-

ger be observed for a thickness of 100 and 250 nm. This is a

direct consequence of the increasing amount of volume of

the sample which has a less defined orientation (tilt).

Overall, it is clear that the samples on LaAlO3 are more crys-

talline, which can be best observed by comparing the thin

films with a thickness of 10 nm. For the sample on LaAlO3,

the peak is significantly more pronounced than for the sam-

ple on LSAT in the 2h/x as well as the rocking curve scans.

FIG. 1. The temperature dependent resistivity for NaxCoO2 thin films with

varying thickness t deposited on LaAlO3 (001) and LSAT (001) single crys-

tal substrates.

FIG. 2. XRD RSMs for NaxCoO2 thin

films with varying layer thickness de-

posited on LaAlO3 (top) and LSAT

(bottom) single crystal substrates.

Scans are made around the (002)

NaxCoO2 diffraction peak. Color scale

is logarithmic and equal for each type

of substrate to enable comparison of

the intensity distributions.
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Even though the crystallinity is reduced for the samples de-

posited on LSAT, it can be concluded that for very thin

layers below the critical thickness, the layers have a signifi-

cantly lower orientational spread.

Based on theoretical predictions, it is expected that by

reducing the layer thickness of metallic thin films, surface

scattering is enhanced, leading to a strong increase of the re-

sistivity. Additionally, the Seebeck coefficient is expected to

decrease for very thin layers. For both the resistivity qf as well

as the Seebeck coefficient Sf, an inverse thickness dependence

is expected based on Tellier’s8 and Pichard’s9 models

qf tð Þ ¼ qb 1þ 3lb
8t

1� pð Þ
� �

; (1)

Sf tð Þ ¼ Sb 1� 3lb
8t

1� pð Þ Ub

1þ Ub

� �
; (2)

where qb is the bulk resistivity, Sb is the bulk Seebeck coeffi-

cient, lb is the bulk electron mean free path, p is the specular-

ity parameter, Ub is the energy-dependent scattering term,

and t is the layer thickness. The appearance of this size effect

is mainly dependent on the electron mean free path, which

determines the thickness at which the resistivity starts to

increase and the specularity parameter, p, which determines

the strength of the effect. The value of p is a measure of the

atomic order (crystallinity) of the thin films, which limits are

zero for fully disordered polycrystalline thin films and 1 for

perfect single crystalline epitaxial thin films. In the latter

case, no size effect can be observed.

The room temperature resistivity of NaxCoO2 thin films

deposited on LaAlO3 and LSAT substrates as a function of

layer thickness is shown in Fig. 4. It can be clearly observed

that the resistivity increases when the film thickness is

reduced, as expected from Tellier’s model. To obtain a good

fit, the value of the bulk resistivity qb is determined by aver-

aging values for films above a thickness of 60 nm, while the

value of lb is determined from the slope of the resistivity ver-

sus 1/t and assuming the ideal case with p-value of zero.

With these values of lb and qb, the complete data set were fit-

ted to obtain the specularity parameter p. The resulting fits

for the thin films on LaAlO3 and LSAT are very comparable

and the fit for the thin films on LSAT is shown in Fig. 4. The

value obtained for the electron mean free path, lb, of the fit is

56 nm, which is much larger than values calculated from the

room temperature Hall measurements, which lead to an elec-

tron mean free path of only 0.7 nm based on a single band

model with an effective electron mass of 5 me (Ref. 25) and

FIG. 3. XRD analysis by 2h/x scans

(top) and x scans (bottom) around the

(002) diffraction peak of NaxCoO2 thin

films with varying layer thickness de-

posited on LaAlO3 (left) and LSAT

(right) single crystal substrates. The

scans are vertically shifted for clarity.

FIG. 4. Resistivity at 300 K as a function of NaxCoO2 layer thickness for

thin films deposited on LaAlO3 and LSAT single crystal substrates.

Measurement errors remain within the symbol size. Dashed line is a fit based

on Tellier’s model.
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assuming no electron correlations. However, comparable

values were obtained for Bi2Sr2Co2Oy thin films26 and even

larger values were reported for thermoelectric tellurides.27,28

It should however be taken into account that our NaxCoO2

thin films remain metallic down to low temperatures, in con-

trast to Bi2Sr2Co2Oy and the tellurides. Using the obtained

qb and lb values, the best fit is obtained for a specularity pa-

rameter, p, of 0.3, which is in good agreement with previous

observations that these thin films on LSAT show a high

degree of ordering for both out-of-plane and in-plane orien-

tations.10 From the fits of the thickness dependent resistivity

it can be concluded that electron correlations play an impor-

tant role and have to be taken into account when studying

cobaltate thin films.13,14,26

The Seebeck coefficient for NaxCoO2 thin films deposited

on LaAlO3 and LSAT substrates with varying layer thickness

is shown in Fig. 5. For both type of substrates fits to Pichard’s

model of the thickness dependent Seebeck coefficient is

shown, based on the results of the fits for the corresponding

resistivity data. The bulk Seebeck value Sb is determined by

averaging values for films above a thickness of 60 nm. By fit-

ting to Pichard’s model the combined values for the bulk

Seebeck coefficient and the initial resistivity fits, the energy

dependent scattering term Ub can be determined. For thin

films deposited on LSAT substrates, a reasonable fit provides

a value for Ub of �1, which is much larger than that observed

for Bi2Te3-based samples.27 For ultrathin films down to a

thickness of 10 nm a constant Seebeck coefficient of

�100 lV K�1 is measured, in strong contrast to the predicted

downturn in Seebeck coefficient according to the simple

Pichard’s model. Qualitatively comparable behavior is

observed for thin films deposited on LaAlO3 substrates. This

behavior can be understood by realizing that the structural

properties for very thin films are not comparable to thin films

with a larger thickness. The increase of orientational spread in

these thin films above the critical thickness lead to an

enhanced carrier scattering, which is not taken into account by

Tellier’s and Pichard’s models, in which structurally compara-

ble films are assumed, and are causing an additional increase

of the resistivity for these thin films above the critical thick-

ness. Furthermore, for very thin films the expected decrease of

the Seebeck coefficient is not observed, because of the strong

electron correlations. In such strongly correlated materials, the

Seebeck coefficient is not dependent on the scattering mecha-

nism.26 These observations demonstrate again the importance

of electron correlations in cobaltate thin films and show

NaxCoO2 as a promising thermoelectric material, because of

the preserved high Seebeck coefficient in ultrathin films.

However, the observed increase in resistivity leads to a reduc-

tion of the thermoelectric power factor. This could be com-

pensated by a reduced thermal conductivity to preserve the

high thermoelectric performance in ultrathin films.

In conclusion, we have observed an increasing resistiv-

ity for metallic NaxCoO2 thin films, deposited on LaAlO3 as

well as LSAT substrates, with a thickness lower than 60 nm,

which is in accordance with theoretical predictions.

However, the Seebeck coefficient for these thin films

remains constant, irrespective of layer thickness, which is a

signature of the strong electron correlations in NaxCoO2.

This separate control over the resistivity and Seebeck coeffi-

cient is very promising for NaxCoO2 as a thermoelectric ma-

terial, because the observed high Seebeck coefficient for

ultrathin films enables new directions such as building

blocks in thermoelectric superlattices with enhanced phonon

scattering.
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