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Highlights 

- Au thin films are sputtered by oblique angle deposition with an angle  = 0° to 80°. 

- A porous and tilted columnar architecture is produced for glancing deposition angles. 

- Resistivity vs. temperature is used to assess electron-phonon interactions. 

- The electron-phonon coupling strength enhances for high deposition angles. 
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Abstract 

We report on the electrical resistivity at low temperature of Au thin films 400 nm thick 

deposited by DC magnetron sputtering using oblique angle deposition (OAD). The deposition angle 

 is gradually and systematically changed from 0° to 80°. A tilted and voided columnar structure is 

produced for deposition angles higher than 60°, whereas the lowest angles lead to a dense and 

compact structure with no clear cross-section morphology. Resistivity vs. temperature measurements 

reveal a typical metallic-like behavior in the range 7–300 K whatever the deposition angle. The latter 

gives rise to a significant increase of residual resistivity and temperature coefficient of resistance, and 

again for the most grazing angles, i.e.,  > 60°. The Bloch-Grüneisen model is assumed for 

understanding the evolution of electron-phonon interactions as a function of the deposition angle. 

This enhanced resistivity is connected to the structural defects and the porous architecture especially 

emphasized for glancing angles, and the strengthening of the electron-phonon coupling for high 

deposition angles. 
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1. Introduction 

The in-depth understanding of electronic transport mechanisms in elementary metals still 

remains a scientific challenge, especially at very low temperature since the electron scattering in solid 

state materials strongly depends on various types of interactions with defects, impurities, grain 

boundaries, phonons and so on [1, 2]. These different electron scattering phenomena can be more or 

less relevant as the temperature changes and for a given range of temperatures, but particularly 

according to the geometry and dimension of the system (wires, thin films or bulk materials) [3-5]. 

Electron scattering can be strongly disturbed in thin films exhibiting structural variations at the nano- 

and micrometric scales. Although electron mean free path commonly appears as a key parameter for 

the electrical conductivity of metallic films, the electronic transport properties can also be influenced 

by structural parameters such as the atomic long-range order, the material roughness or its structure 

[6, 7]. When the temperature changes, many transport properties of metals and especially electrical 

resistivity become temperature dependent and interactions of electrons with 1D, 2D or 3D defects 

and phonons have to be assumed. 

 The electrical resistivity vs. temperature of metallic thin films classically exhibits a linear 

behavior due to the coupling between free electrons and lattice vibrations. When the temperature is 

well below the Debye temperature, namely D, of the bulk metal (i.e., for temperatures lower than 

around D/10), the electron-defects scattering mechanism prevails which leads to the residual 

resistivity; the latter being related to the purity and crystalline order of the as-deposited metal [8]. 

Both of these electrical resistivity vs. temperature characteristics can be largely influenced by the 

structural properties of the film, and consequently by the film growth. About 30 years ago, oblique 

angle deposition (OAD) process appeared as an original approach for easily and successfully tuning 

the film architecture (tilted columns, zigzags, helices and so on) and thus, a relevant strategy to play 

with the size effect at various scales [9-11]. For the last decades, many studies have been published 

about the resistivity at room temperature of OAD films and how it can be affected by the deposition 
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angle [12-15]. The resistivity behavior of a large number of materials has ever been studied, including 

several metals [16-18]. It is worth noting that the deposition angle dependence is very similar for each 

material, i.e., a strong increase of resistivity when deposition angle  is higher than around 60°, with 

a variation of 2 to 3 orders of magnitude over the full  range (0° to 80° for instance). This sudden 

increase of resistivity is mainly assigned to structural changes induced by the shadowing effect at the 

atomic scale during the film growth [19]. OAD films is commonly assumed as a disordered mixture 

of conducting (material) and insulating (voids and oxides) media. Preparing films at high deposition 

angles increases the void fraction in the film, which reduces the conductive paths of charge carriers 

and thus favoring the resistive behavior. While many investigations have ever been devoted to the 

room temperature resistivity of AOD films, a few researches have been focused at high temperatures 

[20-22]. Through an annealing treatment in air, some authors studied the effect of a rising temperature 

on electrical resistivity of metallic OAD films, clearly showing an oxidation phenomenon, especially 

for the highest deposition angles [23, 24]. Only a few studies reports on the very low temperature 

dependence of OAD films [25, 26]. As a result, this kind of study remains a scientific motivation, 

particularly for understanding electron scattering mechanisms related to lattice vibrations, structural 

disorders and defects, which are especially significant in OAD films. 

 In this study, we report on electronic transport properties of tilted columnar gold thin films 

sputter-deposited by OAD by means of a systematic change of the deposition angle  from 0° to 80°. 

Gold material has been chosen since OAD films are very sensitive to oxidation especially at high 

deposition angle (number of voids increases giving rise to a mixture of metallic and oxide phases). 

As a result, implementation of gold allows correlating some variations of properties with micro- and 

nanostructure, preventing some effects related to the film composition. DC electrical resistivity vs. 

temperature is systematically measured in the temperature range 7-300 K. Structural analyses are also 

performed and, electron-phonon as well as electron-defect interactions are particularly discussed 

based-on the Bloch-Grüneisen theory. 
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2. Material and methods 

 Au thin films were prepared on glass and (100) silicon substrates from a pure gold metallic 

target (99.9 at.% of purity and 51 mm diameter) in a homemade DC magnetron sputtering system. 

Briefly, the system was a 40 L vacuum chamber. It was evacuated with pumping units 

(turbomolecular pump backed with a primary pump) leading to a residual pressure lower than 10-5 Pa. 

The distance between the center of the substrate and that of the target was 65 mm. The gold target 

was sputtered in a pure argon atmosphere with a flow rate of 2.6 sccm. A constant pumping speed of 

13 L s-1 was used giving rise to an argon sputtering pressure of 0.3 Pa. The target current was fixed 

at 200 mA for all depositions. Substrates (glass and (100) Si) were grounded during all depositions 

with no external heating. They were ultrasonically cleaned in acetone and ethanol before thin films 

deposition. The deposition angle α was progressively changed using the following angles: 0, 30, 60, 

70 and 80°. The deposition time was adjusted to get the same film thickness (obtained by profilometry) 

of 400 nm for each deposition angle. 

 Microstructural characterization was performed on Au thin films deposited on silicon 

substrates. The morphology was investigated using a scanning electron microscope (SEM) Helios 

Nanolab 600i (FEI) to view the top and cross-section of the films. The crystallographic structure was 

studied by X-ray diffraction (XRD) technique. Patterns were recorded using a PAnalytical Aeris 

diffractometer with a copper X-ray source (Cu λKα1,2 = 0.15418 nm) following the grazing incidence 

configuration (GIXRD). An incidence angle  = 0.8° was used and scans were performed with 2θ 

angle from 20° to 90° with a step of 0.02° per 1 s. DC electrical resistivity measurements were carried 

out from 7 to 300 K for Au thin films deposited on glass substrates using the four-probe van der Pauw 

method. A cryostat system from Advanced Research Systems Incorporation (ARS cryocooler series 

CS-204-AE) was used to cool the sample temperature down to about 6 K in a chamber equipped with 
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a pumping system leading to a vacuum below 10-4 Pa. A temperature ramp of 1 K min-1 was 

systematically applied for all resistivity measurements. 

 

3. Results and discussion 

3.1 Structure and morphology 

Deposition rate of Au films exhibits a typical decrease as a function of deposition angle. It 

can be normalized dividing the experimental growth rate measured at any deposition angle by those 

obtained at normal incidence ( = 0°). This defines a normalized growth rate (NGR), which can be 

fitted according to the following equation (1) proposed by Poxson et al. [27]: 

NGR= 
cos ఈ

1- 
ഀ tan ഀ

c + tan ഀ

           (1) 

Where  

NGR is the normalized growth rate (arb. units),  the deposition angle (°) and c is a fitting parameter 

defined by: 

𝑐 =  
గ ௏೘ೌ೟೐ೝ೔ೌ೗

ଶ ஺೎ೞ ௛
           (2) 

With 

Vmaterial is the volume of the deposited material, i.e., volume of one nanocolumn (m3), Acs the cross-

sectional area due to the shadowing created by the nanocolumn (m2) and h the height of the 

nanocolumn (m). Fig. 1 shows a good agreement between experimental deposition rates and Poxson’s 

equation using c = 6.47. It is worth of noting a gradual decrease of NGR vs.  with a rate around 40% 

of the conventional one ( = 0°) when the deposition angle reaches 80°. Extrapolating at  = 90° 

does not lead to a null rate, which well agrees with former studies reporting a very tilted columnar 

films on vertical walls of substrates [28] or when OAD is performed with a deposition angle tending 

to 90° [29]. This substantial growth rate produced by sputtering with  = 90° is assigned to the 

dispersion of sputtered particles by the gaseous atmosphere. Since the argon sputtering pressure was 
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0.3 Pa, the mean free path of Au atoms is 53 mm [30]. In addition, calculation of the thermalization 

degree [31] leads to a significant part of thermalized Au atoms with 42% for a deposition angle  = 

80° and so 52% of ballistic Au atoms. As a result, increasing the deposition angle favors impingement 

of dispersed particles on the film and so, the growth of gold material even on surfaces, which are 

sheltered from the incoming sputtered flux. 

 

Figure 1: Normalized growth rate NGR as a function of the deposition angle  of sputter-deposited 

Au films. Symbols come from experiments and red line is a fitting obtained from Poxson’s equation 

[27]. Porosity P vs. deposition angle  is also calculated (solid blue line) from fitting parameter based-

on NGR vs.  evolution. 

 

 Fitting parameter c = 6.47 obtained from equation (1) is higher than that obtained for oxide 

materials prepared by evaporation [27]. This shows again that thermalization phenomenon of 
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sputtered particles has to be taken into account in OAD by sputtering compared to the evaporation 

process. In addition, equation (2) shows that c depends on the volume and height of a nanocolumn, 

and the cross-sectional area due to the shadowing created by the nanocolumn. In other words, the c 

parameter is to some extent, the result of atoms impinging on the column apex (i.e., incident vapor 

flux) and adatom surface diffusion. For the gold material, surface diffusion energy is low compared 

to other transition metals like W or Mo [32]. Length of diffusion of Au adatoms allows the growth of 

columns with high column angles . As a result, the height of the columns has to be significant enough 

before the shadowing effect becomes effective, which correlates with a low c parameter. 

 Porosity P vs. deposition angle α can also be calculated assuming the c parameter using [27]: 

𝑃 =  
ఈ ୲ୟ୬ ఈ

௖ ା ఈ ୲ୟ୬ ఈ
            (3) 

It is firstly interesting to note the reverse evolution of NGR and porosity P as a function of α, which 

is typical of AOD thin films. If a correct determination of the voided ratio in these films still remains 

a challenging task, the increase of the porosity as deposition angle rises has ever been reported, 

especially for transparent materials where refractive index gives an indirect but rather precise value 

of the overall film porosity [33]. As 𝛼 is increased, the shadow length is favored, thereby preventing 

film deposition over a larger fraction of the substrate. Increasing the shadowing effect, the 

intercolumn void region expands, creating more spaces between columns and correspondingly 

reducing the density of the film. The shadow length is less than a few times the height of the surface 

feature up to deposition angles lower than around 70°. Such a length rises rapidly for 𝛼 > 70° and 

becomes very long when forthcoming to glancing deposition angles (i.e., 𝛼 tending to 90°). For 

glancing conditions, the shadow length can greatly exceed the surface diffusion length and ballistic 

shadowing effect is the key parameter of the film growth. For our Au films prepared with a deposition 

angle α = 80°, the calculated porosity P reaches 55%, which is realistic enough when observing top 

and cross-section views by SEM (Fig. 2).  
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 Au films prepared with a normal deposition angle (α = 0°) exhibit a quite dense morphology 

(fracture is not very well defined due to plastic behavior of gold) with a granular and poorly defined 

surface (Fig. 2a and 2e), as commonly observed for this sputter-deposited noble metal [34]. 

 

Figure 2: Top (a-d) and cross-section views (e-h) by SEM of Au thin films sputter-deposited at 

different deposition angles. White arrows indicate the direction of the incoming particle flux for α = 

60° and for the other angles. For all pictures, the scale bar is the same. 

 

 Very similar film features are obtained for the lowest deposition angles (not shown here). 

When α is set to 60°, coalescence between grains is not so strong and boundaries between grains 

become more noticeable with a random distribution and a grain size around 100 nm (Fig. 2b). The 

cross-section is again unclearly defined although the film/air interface shows a granular surface 

morphology. Depositing with α = 70° gives rise to a clear tilted columnar architecture (column angle 

 = 42°), where the film cross-section is not entirely and frankly fractured (Fig. 2g). Columns are 

oriented following the direction of the incoming particle flux (white arrow) and spaces between 

columns are bigger. For the highest deposition angle α = 80°, columns are better defined and films 

appear even more porous with a column angle  = 50°. Although only two deposition angles (α = 70 

and 80°) allow an accurate measurement of the column angle from SEM pictures, evolution of  vs. 

α does not correspond to empirical laws such as the tangent [35] or cosine [36] rule (Fig. S1 in 

Supplementary Material). Such laws are rather suitable for low deposition angles and sputtering 
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pressures involving ballistic particles mainly. For our operating conditions,  vs. α rather correlates 

with an enhanced relationship suggested by Lichter and Chen [37] where adatom surface diffusion, 

deposition rate and shadow feature height, are merged in a fitting parameter (Fig. S1 in 

Supplementary Material) without distinguishing the contribution coming from each phenomenon. 

It is also worth of noting that the fanning effect can appear in the OAD columnar growth. It 

corresponds to a widening of the column cross-section in the direction perpendicular to the particle 

flux. Zhu et al. correlated this fanning effect with the melting point of the deposited metal [38]. For 

the gold material, one can assume that the surface diffusion of incoming atoms predominates. This 

reduces the lateral growth, hinders the fan structure and consequently does not favor the fan angle. 

Columns with isotropic cross-sections are rather produced but with connections to each other’s, 

particularly in the direction perpendicular to the incoming particle flux. 

 Fig. 3 shows GIXRD patterns recorded for Au thin films 400 nm thick sputter-deposited on 

(100) Si wafer, and for different deposition angles α = 0° to 80°. For Au films prepared by 

conventional sputtering (α = 0°), a diffracted signal is mainly obtained at 2θ = 64.75° corresponding 

to the 220 Bragg reflection, whereas smaller peaks are measured at lower angles assigned to (111) 

and (200) planes. This highly intense diffraction of the (220) planes (associated with a low signal due 

to (111) planes) has ever been reported for vacuum-deposited gold films [39]. It is well known that 

several face-centered-cubic (fcc) metals like Al, Ag or Cu, naturally crystallize with a (111) texture. 

However, the type of substrate may interfere (especially (100) Si due to its cubic symmetry) with this 

natural tendency and inhibits the (111) growth. This 220 reflection becomes even more intense for 

Au films prepared with a deposition angle α of 30°. This increase of some diffracted peaks for similar 

ranges of α has also been noticed for other fcc metals like Cu where a maximum of intensity has even 

been measured [40]. This crystallinity improvement can be assigned to an enhancement of adatom 

mobility as the deposition angle rises. Inclining the substrate with an angle of a few tens degrees 

favors the diffusion of atoms impinging on the column apex, without prevailing the shadowing effect.  
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Figure 3: GIXRD patterns of Au bulk material and Au thin films 400 nm thick prepared on (100) Si 

substrate and for different deposition angles α = 0° to 80°.  

 

A further increase of the deposition angle gives rise to a reverse evolution of peaks related to 

(111) and (220) planes, particularly when α is over than 60°. Such a value has ever been noticed as a 

critical angle for deposition of other metallic systems [41]. It is firstly assumed as the angle from 
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which the shadowing effect predominates and thus, influences the final morphology of deposited thin 

films. In addition, this range of angles has an influence on the crystalline structure of the columns 

since adatom mobility as well as lateral growth become significant parameters on the columnar 

growth. 

GIXRD pattern recorded for α = 80° exhibits peaks very similar to those obtained with bulk 

material (JCPDS-ICDD #0 4-0784), as shown in Fig. 3. For this glancing angle of deposition, the 

columnar growth strongly depends on the surface diffusion of Au atoms occurring on the top of the 

columns. As a result, no preferred orientation is expected but rather a random growth. For all samples, 

the crystal size has been calculated from the Scherrer’s law and assuming peaks due to (220), (200) 

and (111) planes (not shown here). Crystal size is in between 15-20 nm whatever the deposition angle 

and no clear trend has been noticed as a function of the deposition angle. It is also worth of remarking 

that intensity of diffracted signals evidently depends on the orientation of the OAD thin films towards 

the X-ray source, and thus deeper structural analyses of texture via pole figures should be interesting 

to perform. These investigations remain out of the scope of the paper and would require further 

analyses. However, and as previously noticed, when the deposition angle increases, Au thin films 

tend to growth as the gold polycrystalline material and so, one can wonder about electrical behaviors 

vs. temperature of the films. 

 

3.2 Electrical resistivity vs. temperature 

 DC electrical resistivity  vs. temperature T was methodically measured from 7 to 300 

K for all Au films (thickness = 400 nm) sputter-deposited on glass with a deposition angle α changing 

from 0° to 80°. A typical metallic-like behavior is systematically obtained, as illustrated in Fig. 4. A 

linear evolution is observed from  vs. T measurements for temperatures higher than a few tens of K. 

For this range of temperatures, the linear variation is usually observed in nonmagnetic metallic 

crystalline materials. Such a temperature dependence of the electrical resistivity is due to the electron-
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phonon interactions. Decreasing the temperature and typically when it is lower than about 20 K, the 

film resistivity becomes independent on the temperature. This behavior defines the residual resistivity, 

which will be taken at 7 K, namely 7K. This residual resistivity is related to electron scattering by 

defects (or impurities). 

 

Figure 4: DC electrical resistivity  as a function of the temperature T of 400 nm thick Au thin films 

sputter-deposited on glass, and for 5 deposition angles α changing from 0° to 80°. The  vs. T 

evolution of Au bulk material is also shown. 

 

 As classically reported for metallic thin films and for all Au films, resistivity is higher 

than that of the bulk material, whatever the temperature. Because of the polycrystalline structure of 

Au films, the mean free path of electrons is lower than in the bulk, which favors scattering of the 
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electrons by grain boundaries and defects. For conventional sputtering (α = 0°) and deposition angle 

α =30°,  vs. T measurements exhibit nearly the same evolution. Since morphology and crystalline 

structure are very similar as previously noticed from SEM observations and GIXRD patterns, one can 

expect no significant differences of electronic transport behaviors for low deposition angles. As α 

rises, Au films become more resistive with the highest resistivity at 300 K over 7.10-8 Ω m for films 

prepared with a deposition angle of 80°. This increase of resistivity has often been reported for other 

metals sputter-deposited by OAD [16-21]. When deposition angle increases, the growth of tilted 

columns develops bigger voids and for some metals, smaller crystal size [26] leading to an enhanced 

scattering of electrons, a decrease of their mean free path and so a more resistive medium. For our 

Au films, since no changes of the crystal size has been observed as a function of the deposition angle 

(previously stated from XRD analyses), changes of resistivity are mainly assigned to the voided 

columnar structure. It is also interesting of noticing that this increase of resistivity is particularly 

marked when α > 60°, which again correlates with the critical angle previously observed from 

analyses of the morphology by SEM (Fig. 2) and crystalline structure by GIXRD (Fig. 3). 

 In order to understand electronic transport properties in Au OAD thin films, the electron-

phonon and electron-defect interactions are assumed based-on the temperature-dependence electrical 

resistivity. The latter is obtained from the addition of two contributions. The first one is the residual 

resistivity 0 caused by electron scattering by grain boundaries, static impurities and defects, which 

is mainly temperature-independent, and taken at 7 K in our study (i.e., 7K). The second one is the 

intrinsic resistivity related to thermal vibrations of the lattice (phonons) and shows a temperature 

dependent behavior. In simple metals such as noble metals, the electrical resistivity  as a function of 

the temperature T is well described by the following Bloch-Grüneisen formula: 

𝜌 =  𝜌଴ +  𝐴 ቀ
்

ఏವ
ቁ

௡

∫
௫೙ௗ௫

(௘ೣିଵ)(ଵି ௘షೣ)

ഇವ
೅

଴
        (4) 

where 0 = 7K is the residual resistivity taken at 7 K (Ω m), A the electron-phonon coupling constant 

(Ω m), θD the Debye temperature (K), and n an exponent depending on the dominant scattering 
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mechanism. For a dominant electron-electron scattering mechanism n = 2, n = 3 corresponds to s-d 

electron scattering, n = 4.5 to electron-magnon scattering, and n = 5 to electron-acoustic phonon 

scattering. Several scattering mechanisms may occur at the same time and for the same range of 

temperatures. However, the n = 5 value has been assumed for our Au films as commonly reported for 

this kind of noble metal since the temperature variation of resistivity is known to be of T5 kind 

(electron-acoustic phonon scattering mechanism predominates) [42] since Au is nonmagnetic 

material. 

 

Figure 5: An example of experimental measurements and fitting assuming the Bloch-Grüneisen 

formula (equation (4)) obtained for DC electrical resistivity  vs. temperature T of 400 nm thick Au 

thin films sputter-deposited on glass by conventional process (i.e., α = 0°). For all studied deposition 

angles, measurements and fittings of  vs. T are shown in section III of Supplementary Material. 
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For all films, the measured resistivity data  vs. T have been fitted using equation (4) and 

running a home-made Python program (to see Section II of Supplementary Material). The A and θD 

parameters have been taken as adjustable coefficient for fitting in the entire temperature range 7-300 

K, as illustrated in Fig. 4 for Au films prepared with a deposition angle α = 0°. Fitting results are all 

shown in Section III of Supplementary Material. For the example given in Fig. 4, it gives rise to A = 

2.8410-8 Ω m and θD =127 K. These values are significantly different to those of Au bulk material 

(A = 5.5910-8 Ω m and θD =185 K from Table 1).  

 (°) 0 30 60 70 80 Bulk 

300K ( m) 2.6910-8 2.6810-8 3.2510-8 3.9710-8 7.3810-8 2.2710-8 

7K ( m) 1.0910-8 1.0510-8 1.1910-8 1.6710-8 3.9810-8 2.2110-10 

RRR 2.47 2.55 2.73 2.38 185 103 

dd ( m K-1) 6.1710-11 6.2110-11 7.5410-11 8.4510-11 1.2910-10 8.5810-11 

TCR300K (K-1) 2.2910-3 2.3210-3 2.3210-3 2.1310-3 1.7510-3 3.7810-3 

A ( m) 2.8410-8 2.6510-8 4.2110-8 4.4210-8 6.4210-8 5.5910-8 

D (K) 127 117 147 140 135 185 

 

Table 1: Main characteristics of DC electrical resistivity and fitting parameters obtained from 

equation (2) for Au thin films prepared with different deposition angles α. 300K is the DC electrical 

resistivity at 300 K ( m); 7K is the DC electrical resistivity at 7 K ( m); RRR is the residual 

resistivity ratio (300K/7K); d/dT is the temperature derivative of DC electrical resistivity ( m K-1); 

TCR is the temperature coefficient of resistance obtained at 300 K (1/300K(d/dT)300K); A and θD 

are a fitting coefficient (prefactor in  m) and the Debye temperature (K) obtained from fitting 

assuming equation (4), respectively. 
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Such deviations between thin films and bulk materials of electron-phonon coupling constant 

and Debye temperature have ever been reported by others and for various metals prepared by 

conventional deposition processes [43-45]. Softening of phonons is the mechanism particularly put 

forward to explain these discrepancies [46-48]. As α changes from 0° to 80°, electron-phonon 

coupling constant and Debye temperature both tend to increase and reach A = 6.4210-8  m and θD 

= 135 K for the highest deposition angle, respectively. This means that softening of phonons reduces 

for Au films prepared with the highest deposition angles. Based-on Yeh et al. investigations [49], the 

electron-phonon scattering rate depends on the longitudinal-to-transverse phonons ratio. Although 

the porous structure is favored with a rising deposition angle, crystal size does not significantly 

change as a function of the deposition angle (15 to 20 nm from XRD patterns in Fig. 3). A 

polycrystalline structure is favored, which correlates with the trend of the electron-phonon coupling 

constant and the Debye temperature to behave like the bulk gold material, and so electron scattering 

is dominated by interaction with longitudinal rather than transverse phonons in Au OAD thin films. 

These A and θD values calculated from our fitting procedure are also corroborated with the 

experimental evolution of dd vs. α, as reported in Table 1. The slope dd (calculated for our 

samples at 100 K) is directly related to electron-phonon interactions and is used as a measure of the 

coupling constant [50]. This also means that Au OAD films prepared with the highest glancing angles 

are more sensitive to the temperature, and their electronic transport properties become even more 

dominated by the electron-phonon interactions. However, compared to other transition metals and 

assuming the values obtained for Au bulk material (Table 1), d/dT of our films are lower than the 

MIR (Mott-Ioffe-Regel) limit as stated for OAD simple metals [26] and conventional metallic thin 

films (around 10-8 Ω m K-1 from [51]). This is mainly assigned to the nearly constant crystal size of 

15-20 nm even though the deposition angle rises (which does not disturb the electron scattering at 

grain boundaries). As a result, Au OAD films prepared with a growing deposition angle α from 0° to 
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80° cannot be described as “bad metals” like it was previously shown for other single metallic films, 

especially for the most glancing deposition angles [26]. Although dd significantly increases as a 

function of the residual resistivity obtained at 7 K (7K), it still remains well below the MIR limit and 

can be rather considered as “good metals”. It is also worth of noting that the residual resistivity ratio 

(RRR = 300K/7K) as well as the temperature coefficient of resistance at 300 K (TCR300K = 

1/300K(d/dT)300K) both increase as a function of the deposition angle α (Table 1). This means that 

the electron-phonon interactions prevail on the increase of resistivity due to voids between the 

polycrystalline tilted columns leading to a high temperature coefficient of resistance. In addition, as 

similarly reported in other AOD thin films [25, 26, 52], depositing with a glancing angle induces 

structural defects at the atomic scale favoring the electron-defects scattering phenomenon at low 

temperature and thus a high residual resistivity ratio.  

 

4. Conclusions 

Gold thin films 400 nm thick were deposited by DC magnetron sputtering using the oblique 

angle deposition (OAD) process. The deposition angle α was gradually and methodically changed 

from 0° to 80°. For the lowest angles and up to α = 60°, films exhibit a dense microstructure and 

coalescent grains with a strong preferential orientation along the (220) crystallographic planes. For 

deposition angles α > 60°, the shadowing effect starts acting significantly and a tilted columnar 

structure appears. Clear voids between columns are produced and these tilted columns are made of 

polycrystalline grains with no substantial evolution of the crystal size as α rises and they remain in-

between 15-20 nm whatever the deposition angle.  

Similarly, the electronic transport properties were instigated at low temperature from DC 

electrical resistivity  vs. temperature T measurements in the range 7-300 K. These  vs. T 

measurements showed a typical metallic-like behavior for all films and whatever the deposition angle. 

Electrical resistivity strongly increases as the deposition angle changes from 0° to 80°. Again, the 
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deposition angle has to reach 60° to produce some major modifications of the film resistivity. The 

Bloch-Grüneisen law was successfully used to accurately fit  vs. T measured data for all Au OAD 

thin films. Debye temperature as well as the electron-phonon coupling constant both increased and 

tended to values of the bulk Au material for the highest deposition angles. These results were 

correlated with the crystallographic structure showing a better polycrystalline feature with high 

structural defects of the tilted columns when the deposition angle reached 80°. This study illustrates 

how the architecture of Au OAD thin films can influence electron-phonon interactions. This electron 

scattering remains predominant in spite of the increase of resistivity, the latter being assigned to the 

voids between the polycrystalline tilted columns as the deposition angle tends to the most glancing 

angles. 
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Figure captions 

Figure 1 

Normalized growth rate NGR as a function of the deposition angle  of sputter-deposited Au films. 

Symbols come from experiments and red line is a fitting obtained from Poxson’s equation [27]. 

Porosity P vs. deposition angle  is also calculated (solid blue line) from fitting parameter based-on 

NGR vs.  evolution. 

 

Figure 2 

Top (a-d) and cross-section views (e-h) by SEM of Au thin films sputter-deposited at different 

deposition angles. White arrows indicate the direction of the incoming particle flux for α = 60° and 

for the other angles. For all pictures, the scale bar is the same. 

 

Figure 3 

GIXRD patterns of Au bulk material and Au thin films 400 nm thick prepared on (100) Si substrate 

and for different deposition angles α = 0° to 80°. 

 

Figure 4 

DC electrical resistivity  as a function of the temperature T of 400 nm thick Au thin films sputter-

deposited on glass, and for 5 deposition angles α changing from 0° to 80°. The  vs. T evolution of 

Au bulk material is also shown. 

 

Figure 5 

An example of experimental measurements and fitting assuming the Bloch-Grüneisen formula 

(equation (4)) obtained for DC electrical resistivity  vs. temperature T of 400 nm thick Au thin films 
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sputter-deposited on glass by conventional process (i.e., α = 0°). For all studied deposition angles, 

measurements and fittings of  vs. T are shown in section III of Supplementary Material. 
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Table captions 

Table 1 

Main characteristics of DC electrical resistivity and fitting parameters obtained from equation (2) for 

Au thin films prepared with different deposition angles α. 300K is the DC electrical resistivity at 300 

K ( m); 7K is the DC electrical resistivity at 7 K ( m); RRR is the residual resistivity ratio 

(300K/7K); d/dT is the temperature derivative of DC electrical resistivity ( m K-1); TCR is the 

temperature coefficient of resistance obtained at 300 K (1/300K(d/dT)300K); A and θD are a fitting 

coefficient (prefactor in  m) and the Debye temperature (K) obtained from fitting assuming equation 

(4), respectively. 

 


