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Abstract 

We report on thermal conductivity of W films 350 nm thick sputter-deposited by glancing angle deposition (GLAD). 

The 3ω method is used to measure the in-plane thermal conductivity kx and ky for films deposited with a deposition 

angle α of 0° and 80°. For classical films (α = 0°), the thermal conductivity is 71 Wm-1K-1, whereas for GLAD films 

(α = 80°) the in-plane conduction drops to kx = 3.2 Wm-1K-1 and ky = 4.8 Wm-1K-1. The in-plane thermal conductivity 

anisotropy corresponds to a heat conduction favored in the direction perpendicular to the deposition axis, which is 

related to the anisotropic columnar microstructure. Electrical conductivity is also determined leading to a significant 

deviation from the Wiedemann-Franz law for the GLAD films. 
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1. Introduction 

The GLancing Angle Deposition (GLAD) technique has turned out into an attractive strategy to produce original 

surface morphologies, especially for designing anisotropic architectures [1]. GLAD films exhibit original physical 

properties (electrical, thermal, mechanical, and optical behaviors), which are different from the inherent 

characteristics of the corresponding bulk materials creating new effects [2]. As one of the most interesting physical 

properties of GLAD films, the thermal conductivity has, until now, been rarely investigated [3]. This gap of 

knowledge is connected to the difficulty to perform accurate thermal measurements in thin films, which becomes an 

even more challenging task in porous and nanostructured media like GLAD films. In addition, the rare studies 
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reporting thermal investigations of GLAD films exhibit thermal conductivity lower than a few Wm-1K-1 for oxide 

materials mainly [4]. To the best of our knowledge, no studies have been focused on thermal and electrical properties 

of GLAD metallic thin films. 

In this letter, we investigate thermal conductivity and anisotropy of GLAD W films sputter-deposited with 2 

deposition angles: α = 0° and 80°. The 3ω experimental technique [5] is used to determine the thermal conductivity 

of the films, especially the components of the tensor following the two perpendicular in-plane conductivities, namely 

kx and ky. Surface and cross-section microstructures are observed to correlate the porous character and the anisotropic 

architecture of the W GLAD films with their very low thermal transport behavior. Deviations from the Wiedemann-

Franz law are also discussed considering similarly, the in-plane electrical conductivities (σx and σy.) of the films in 

connection with their inhomogeneous morphological features. 

 

2. Material and Methods 

W films were deposited on (100) Si and glass substrates by DC magnetron sputtering in a 40 L homemade chamber 

at a base pressure below 10−5 Pa. More details can be found in the Supplementary Information. Briefly, an argon 

sputtering pressure of 0.4 Pa was used for all depositions. No external heating was applied during the growth stage, 

and depositions were carried out at room temperature. The GLAD technique [6] was implemented to produce normal 

(α = 0°) and tilted columnar architectures (α = 80°). The deposition time was adjusted to get a constant film thickness 

of 350 nm. The films morphology (top and cross-section views) was observed by scanning electron microscopy (SEM) 

with a JEOL JSM 7800 field emission microscope. 

The thermal conductivity of the films was measured by the 3ω method [5-7] (to see the Supplementary Information 

for experimental conditions). A SiO2 layer (250 – 450 nm thick; acting as an electrical insulator and reducing the 

air/film roughness) was first deposited on W films by ICPECVD (inductively-coupled plasma chemical vapor 

deposition). A metallic Pt strip (100 nm thick) was then evaporated and patterned by photolithography and lift-of 

techniques, acting as heater and sensor. The length of the strips was 3 mm for α = 0° and 1 mm for α = 80°, and the 

width ranging between 2 µm and 30 µm depending on the sample. Strips were either aligned following the x axis 

(parallel to the particle flux), or the y axis (perpendicular to the particle flux). Isotropic thermal conductivity was 

calculated for films deposited on Si (α = 0°) using the classical method of the up-shift of the in-phase ΔT line according 
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to the logarithm of the frequency [6]. A sample with the SiO2 layer but without the W film was assumed as a reference. 

For samples on glass (α = 80°), the model given by Borca-Tasciuc et al. [8] based on a two-dimensional heat 

conduction model was used to extract in-plane thermal conductivities of the films (kx or ky depending on the strip 

orientation). For stripes with the smaller width (2 µm), the contribution of the in-plane conductivities becomes 

important, i.e., ky for strips aligned to the x direction (or kx for y direction). It is also worth noticing that a substrate 

with a small thermal conductivity (e.g. glass) contributes to the in-plane conductivities. For each sample, the thermal 

conductivity tensor was extracted from the best fit of doublet for all measurements (different sizes of the strip). The 

cross-plane thermal conductivity (kz) was calculated but without meaning and thus not given since it includes unknown 

values of interface resistances. 

Electrical conductivity measurements of W films deposited on glass substrate were performed in air at room 

temperature. Based-on the van der Pauw configuration (4 probe method), Bierwagen et al. [9] proposed an original 

procedure to determine the in-plane components of the electrical conductivity tensor (and its anisotropy defined as 

the ratio between electrical conductivity measured following parallel and perpendicular directions to the sputtered 

particle flux, i.e., σx and σy, respectively) in the perpendicular directions (x, y) of the films. 

 

3. Results and Discussion 

Top and cross-section views by SEM of W films clearly show contrasted morphologies between the two deposition 

angles (Fig. 1). Conventional sputtered films (α = 0°) exhibit a dense microstructure (top view in Fig. 1a) with 

homogeneous columns perpendicular to the substrate surface (film’s thickness and silica layer on top of the film can 

be seen in Fig. 1c). W films prepared by GLAD (α = 80°) display an inclined columnar and nanostructured structure 

(Fig. 1d). Such sputtering conditions lead to the formation of elongated shaped columns following the direction 

perpendicular to the incident flux (y direction in Fig. 1b). This morphological asymmetry correlates with the 

shadowing mechanism and a favored diffusion of the incoming sputtered particles in the direction perpendicular to 

the incident flux [10]. The column tilt angle β, defined as the angle between the substrate normal and the column 

center axis, reaches 39±2° for these sputtering conditions. It is worth noting that the deposition of SiO2 efficiently 

covers the surface porous microstructure (surface roughness at the film/air interface is reduced) and also ensures an 

insulating effect. 
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Thermal conductivity measurements are presented in Table 1. W films sputter-deposited by the conventional 

sputtering process (α = 0°) show no in-plane anisotropy. They exhibit a thermal conductivity of 71±5 Wm-1K-1 at 

room temperature, which is 41% of the W bulk value (174 Wm-1K-1). Such a difference between thin films and bulk 

materials is systematically observed. It is connected to the deposition conditions, the film growth techniques and 

mainly assigned to structural differences. Micro- to nano-crystalline structures reduce thermal conductivity due to an 

increased phonon scattering from lattice imperfections, point defects or grain boundaries. In addition, the 

film/substrate interface has to be considered as a barrier to phonon transport, especially in amorphous or poorly 

crystallized films. 

A substantial drop of thermal conductivity is obtained for W films prepared with α = 80° (column angle β = 39°) with 

kx = 3.2 Wm-1K-1 and ky = 4.8 Wm-1K-1 (Table 1). This strong reduction of thermal conductivity is related to the voided 

architecture, which becomes relevant when the deposition angle α becomes grazing (α > 70°). For α = 80°, it is 

commonly reported that the films porosity ratio can be higher than 60% [11], which corresponds to a voided structure 

and thus, a poor thermal conductive medium, i.e., in the same order of magnitude of polymers or even lower. 

Imperfections and growing defects are often encountered in GLAD films [12]. Such defects also reduce the thermal 

conductivity by lowering the effective mean free path of electrons and phonons. In addition, and due to the high 

porous structure, films are also partially oxidized, lowering their thermal conductivity. It is important to note that 

interfacial resistances are not assumed in our model, and thus the out-of-plane conductivity kz is not investigated. 

Electrical conduction is similarly influenced by the deposition angle (Table 1). As previously noticed for thermal 

properties, electrical conductivity of conventional W films (α = 0°) is lower than the bulk value due to electron 

scattering by surfaces and grain boundaries. For both x and y directions, σ300K is close to 7×106 Sm-1 (Table 1). Films 

prepared by GLAD become more resistive and for α = 80°, σ300K decreases to 1.7×105 Sm-1 for y direction. It is even 

more reduced following x direction with σ300K = 8.4×104 Sm-1. This drop is mainly assigned to the porosity especially 

favored by the GLAD process, decreasing the electron mean free path. This porous architecture is particularly marked 

is the direction of the incident particle flux (x direction) and well correlates with the lowest electrical conductivity. 

Results in table 1 likewise illustrate the in-plane anisotropy defined as the thermal conductivities ratio (ky/kx = 1.5 for 

GLAD W films). The columns cross-section of GLAD W films exhibits an elliptical shape with a major axis following 

the y direction, which favors the heat flow. Columns tend to chain to each other in this y direction whereas the number 
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of pathways available following the x direction is reduced due to a more voided medium. Such anisotropic behaviors 

have similarly been observed for other physical properties like electrical conductivity and surface acoustic waves 

[13]. These directional-dependent characteristics have systematically been attributed to the fan-like columnar features 

broadening in the direction orthogonal to the particle flux. 

It is worth connecting thermal to electrical conductivity via the Wiedemann-Franz (WF) law, as commonly checked 

for bulk metals. W films deposited with α = 0° support this law with a Lorenz number L300K of 3.4×10-8 WΩK-2 

whatever the x or y direction. This value completely agrees with the W bulk value (Table 1). Such a WF law is not 

well satisfied for GLAD W films since L300K = 1.3×10-7 and 9.4×10-8 WΩK-2 for x and y directions, respectively. This 

discrepancy of Lorenz numbers between GLAD and conventional films (and thus bulk) can be assigned to the different 

effects coming from the free electrons scattering mechanisms (and also to the deposition of SiO2 layer favoring the 

W oxidation, especially for GLAD films). Transport properties of electrons serving as charge carriers and heat carriers 

are scattered by grain boundaries and structural defects, particularly present in GLAD films. Assuming the same 

probability for electrons to be reflected by such grain boundaries and defects, it leads to different effects on thermal 

and electrical conductivities and thus, to the violation of the Wiedemann–Franz law [14]. It is also worth noting that 

the highest Lorenz number is obtained following the x direction. This is directly connected to the elongated pores 

produced in the direction of the column growth (Fig. 1b). Considering that the thermal conductivity strongly depends 

on the film morphology and volume fraction of pores, their orientation (orthogonal to the particle flux) mainly 

impedes heat flow according to the x direction, which leads to a low thermal conductivity.  

 

4. Conclusion 

In-plane thermal conductivity of W thin films 350 nm thick was investigated by the 3ω method. Films were sputter-

deposited by the GLAD technique using two different deposition angles: α = 0° and 80°. Films with α = 0° showed 

the expected reduction of the thermal conductivity compared to the bulk, due to the polycrystalline structure of 

deposited materials. For W GLAD films prepared with α = 80°, the thermal conductivity was two orders of magnitude 

lower than the bulk one. This strong difference was mainly assigned to the voided architecture typically obtained in 

films prepared by oblique angle deposition at grazing angles (α > 70°) and their partial oxidation. A correlation with 

the electrical conductivity well agrees with the Wiedemann-Franz law for conventional W films (α = 0°), whereas a 
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significant difference was clearly brought to the fore for GLAD W films. This discrepancy was attributed to electrons 

scattering at grain boundaries and by defects, producing different effects on thermal and electrical behaviors. In 

addition, oxidation favored by the porous structure and the SiO2 layer, also contributed to this divergence since W 

GLAD films becomes reactive towards oxygen and thus deviate from pure metals.  

The thermal anisotropy of GLAD W films was finally determined to focus on the in-plane conduction effect. The in-

plane anisotropy reached 1.5 due to the elliptical shape of the columns cross-section in the direction perpendicular to 

the particle flux. This elongated feature of the columns cross-section helps to the heat flow propagation and 

corroborates other anisotropic behaviors previously reported for electrical conduction and elastic wave propagation. 
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Fig. 1. Top (without SiO2 layer) and cross-section (with SiO2 layer) views by SEM of 350 nm thick W thin films sputter-

deposited by DC magnetron sputtering: a) and c) with a normal incidence of the particle flux (α = 0°); b) and d) with 

a deposition angle α = 80°. The SiO2 insulating layer is also indicated and the blue arrows show the incoming particle 

flux. The scale bar is the same for all pictures. 

 

Table 1: Thermal and electrical conductivities following x and y directions, and corresponding Lorenz numbers at 

300 K of W thin films 350 nm thick sputter-deposited with deposition angles α = 0° and 80°. 

 

At 300K Bulk α = 0° α = 80° 

Direction ∀ ∀ x y 

Electrical conductivity ����� (Sm-1) 1.9×107 (6.9±0.1)×106 (8.4±0.1)×104 (1.7±0.1)×105 

Thermal conductivity ����� (Wm-1K-1) 174 71±5 3.2±0.5 4.8±0.5 

Lorenz number L300K (WΩK-2) 3.1×10-8 (3.4±0.3)×10-8 (1.3±0.2)×10-7 (9.4±1.5)×10-8 

 


