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Highlights 

- Hcp and bcc transition metal thin films are sputtered by oblique angle deposition. 

- Tilted columnar architecture is favored increasing deposition angles from 0 to 85°. 

- Resistivity at low temperature reveals electron-phonon-defect interactions. 

- Deposition angle influences electron-phonon-defect interference effect. 
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Abstract 

Transition metals exhibiting hcp (Ti, Zr, Hf) and bcc (V, Nb, Ta, Cr, Mo, W) crystalline struc-

tures are DC sputter-deposited by oblique angle deposition. A constant film thickness of 400 

nm is prepared, whereas the deposition angle α is systematically changed from 0 to 85°. A 

columnar structure is produced with column angle reaching  = 50° for the highest deposition 

angle. Crystallinity and grain size are both reduced with an increasing deposition angle, espe-

cially for α higher than 60°. DC electrical resistivity vs. temperature in the range 7-300 K shows 

a typical metallic-like behavior with films becoming more resistive for high deposition angles. 

For temperatures higher than 100 K, the linear temperature dependence of resistivity is obtained 

for films prepared with deposition angles lower than 60°. The electron-phonon is the main in-

teraction acting on electronic transport mechanism. Oblique deposition angles give rise to an 

enhancement of electron-phonon interactions with a saturation effect of electrical resistivity for 

some metals. Resistivity measurements at low temperatures (down to 7 K) show the predomi-

nance of electron-defect interactions. Electron-phonon-defect interaction effect is particularly 

investigated as a function of the deposition angle and a shift of the crossover temperature is 

brought to the fore. 

 

Keywords 

Transition Metals, Oblique Angle Deposition, Resistivity, Tilted columns, Electron-phonon-
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1. Introduction  

Electronic transport properties of bulk metals at very low temperature have been 

thoroughly and deeply investigated in solid-state physics. Many studies are based-on the 

temperature dependence of DC electrical resistivity, especially when measurements are 

performed for thin film materials at very low temperature [1-3]. Numerous investigations 

clearly showed that electron-phonon interactions are strongly modified when disordered 

metallic films are produced [4-6]. Such interactions are typically illustrated by a linear evolution 

of resistivity vs. temperature for a range exceeding a few tens of K. On the other hand, electron-

defect interactions prevail as the temperature decreases and reaches a few K since resistivity 

becomes constant. This transition corresponds to variations of resistivity with a temperature 

dependency following a power law. Interferences between electron-phonon and electron-defect 

interactions turn out to be significant for a temperature range closely connected to the Debye 

temperature  (about /10). As a result, a crossover temperature can be defined, the latter being 

strongly influenced by the long-range order in the metal and by the concentration of defects [7, 

8]. 

Although the resistivity vs. temperature evolution is well known for bulk transition 

metals, it may exhibit some original behaviors when compounds are prepared as thin films, 

particularly when the thickness is in the nanometric range [9]. In addition, the temperature 

dependence of resistivity may be completely disturbed by structural defects, impurities, grain 

size and last but not least, by the architecture of the films, especially the structure at the 

nanometric scale [10, 11]. The fractal dimension (wires, monolayers), the porous structure, or 

the chemical composition strongly influence the scattering phenomenon of electrons and thus 

the electronic transport in thin films [12-14]. In order to tune the architecture and design of 

coatings, some original and convenient deposition strategies give rise to unconventional 
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structuring of metallic thin films produced by vacuum processes (e.g., evaporation, sputtering 

…). Among these deposition techniques, one has recently been developed as a powerful 

approach: the oblique angle deposition (OAD) for fabricating tilted columns, zigzags or even 

spiral structures, among others. This OAD method plays only with the deposition angle α and/or 

the substrate rotation  during the deposition stage. It allows structuration of metallic, 

semiconducting and insulating thin films at the nanometric scale, leading to the production of 

porosity-controlled films, which exhibit some extended physical properties [15-18]. 

Experimental as well as theoretical studies have ever reported on the temperature dependence 

of resistivity in OAD films. However, most of them have been focused on temperatures higher 

than the room temperature [19-22]. A few studies have been devoted to the cryogenic or the 

very low temperature range [23, 24]. Therefore, the role of crystalline structure, deposition 

angle and columnar architecture typically obtained in OAD films on the electron scattering 

phenomenon, particularly electron-phonon-defect interactions, has never been reported for 

nanostructured metallic thin films prepared by means of the sputtering process. 

 In this article, we report on electronic transport properties of tilted columnar transition 

metal thin films sputter-deposited by OAD. Hcp (Ti, Zr, Hf) and bcc (V, Nb, Ta, Cr, Mo, W) 

transition metals are mainly investigated. DC electrical resistivity vs. temperature is 

systematically measured in a temperature range, which allows understanding the electron-

phonon-defect interactions, i.e., for temperatures much lower than the Debye temperature of 

each metal. The type of metal as wells as the voided morphology of the tilted columnar structure 

are examined, and the influence of the deposition angle on the crossover temperature 

corresponding to the interferences between electron-phonon and electron-defect interactions is 

particularly discussed. 
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2. Experimental section 

 Ti, V, Cr, Zr, Nb, Mo, Hf, Ta and W thin films were deposited on glass and (100) silicon 

substrates from pure metallic targets (99.95 % of purity and 51 mm diameter) in the same DC 

magnetron sputtering system (previously described in [17]). Briefly, this system was a 40 L 

homemade vacuum chamber evacuated with a turbomolecular pump backed with a primary 

pump leading to a base pressure below 10-5 Pa. The distance between the center of the substrate 

and that of the target was 65 mm. All targets were sputtered in a pure argon atmosphere with a 

flow rate of 2.6 sccm and a constant pumping speed of 13 L s-1 giving rise to an argon sputtering 

pressure of 0.3 Pa. The target current was fixed at 200 mA for all targets. Substrates were 

grounded during all runs with no external heating. They were ultrasonically cleaned with 

acetone and ethanol before thin films deposition. The deposition angle α was gradually changed 

using the following angles: 0, 30, 60, 70, 80 and 85°. The deposition time was adjusted to obtain 

the same film thickness (measured with a profilometer) of 400 nm for every deposition angle. 

Since substrates are inclined during the oblique angle deposition process, thickness of the films 

(following the direction perpendicular to the particle flux) becomes intrinsically 

inhomogeneous and a gradient appears. Such a gradient from one side of the sample to the other 

one becomes even more significant as the deposition angle rises. In order to minimize this 

effect, we focus only on a small area surface for each sample (center of the substrate), i.e., 

around 55 mm2. In this way, one can assume that the films thickness is quite homogeneous 

(difference of a few % of the 400 nm average thickness). 

 Structural analyses were carried out for films deposited on silicon substrates. The 

morphology was studied using a scanning electron microscope (SEM) JEOL JSM 7600F to 

observe the surface and cross-section of the films. The crystallographic structure was 

determined by X-ray diffraction (XRD) technique. Measurements were performed using a 
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PAnalytical Aeris diffractometer with a copper X-ray source (Cu λKα1,2 = 0.15418 nm) 

following the grazing incidence configuration (GIXRD) using an X-ray incidence angle  = 

0.8°. Scans were performed with 2θ angle from 20° to 90° with a step of 0.02° per 1 s. The DC 

electrical resistivity measurements were carried out from 7 to 300 K for 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 reduce the 

sample temperature down to about 6 K in a chamber equipped with a pumping units leading to 

a vacuum below 10-4 Pa. A temperature ramp of 1 K min-1 was applied for all resistivity 

measurements. 

 

 

3. Results and discussion 

 Using the conventional sputtering process (i.e., with a deposition angle α = 0°) leads to 

the growth of thin films. They exhibit a typical dense and columnar structure, as shown in Fig. 

1 from the SEM top and cross-section views of Zr, Ta and Cr films (for clarity, SEM pictures 

for the other metals are not shown here but in the Supplementary Material Section III). These 

3 metals are only presented in the article to illustrate results obtained for one bcc metal of group 

6 and period 4 (i.e., Cr), one bcc metal of group 5 and period 6 (i.e., Ta), and one hcp metal of 

group 4 and period 5 (i.e., Zr). As a result, these 3 metals are representative of 3 different groups 

and 3 different periods. 
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Figure 1: Top and cross-section SEM views of Zr, Ta and Cr films sputter-deposited: a), b) and 

c) by conventional sputtering (α = 0°); d), e) and f) by oblique angle deposition with a 

deposition angle α = 80°. White arrows indicate the direction of the incoming particle flux. The 

column angle  is also specified for the tilted columnar architectures. 

 

The sputtering pressure involved during the deposition process is quite low (0.3 Pa) combined 

with a target-to-substrate distance of 65 mm. For such operating conditions, sputtered particles 

are mainly in a ballistic regime. Since DC sputtering mode is implemented with a grounded 

substrate, it can be first assumed that no ions impinge on the growing film and the normalized 

energy related to heating effects caused by kinetic energy of sputtered particles is low [25]. In 
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addition, no external heating has been used during the deposition stage. Therefore, the 

homologous temperature defined as the film growth temperature-to-the melting temperature 

ratio is below 0.15, which corresponds to the typical zone 1 of the structure zone model. For 

such operating conditions, one can expect densely packed fibrous grains for all the nine 

transition metals of this study. Top view of as-deposited metallic films with α = 0° all exhibit a 

randomized surface-orientation of the column apexes. For such operating conditions, the islands 

expand during deposition allowing neighboring columns to contact and coalesce. A fine and 

tightly packed columnar microstructure develops, which is clearly illustrated for all metals from 

the cross-sections view (Fig. 1a, b and c). 

 Increasing the deposition angle α above glancing values (i.e., α > 70°) leads to a tilted 

columnar architecture for all metallic films as shown from the cross-section views in Fig. 1d, e 

and f. The column angle  reaches 35 to 50° for films sputter-deposited with α = 85° and an 

argon pressure corresponding to the ballistic regime of sputtered particles [26]. For these 

glancing angle conditions, the atomic shadowing effect is particularly exacerbated and a distinct 

porous architecture is clearly produced with voided between columns. Such a shadowing effect 

correspondingly leads to the growth of self-affine columnar nanorods with tilting angle 

depending on the nature of sputtered metals but especially on operating conditions. High-

aspect-ratio rods are obtained since deposition was performed at room temperature and melting 

point of all studied metals is high (especially for hcp and fcc metals), which gives rise to a low 

homologous growth temperature (i.e., below 0.15 as previously noticed). 

It is also worth noticing that the broadening effect of the columns tends to become stable 

for Zr films as the thickness increases, whereas it still rises for Ta and Cr films. In addition, Zr 

columns appear more independent to each other, while for the other metals, column bundles 

clearly appear in the direction perpendicular to the particle flux. Mareus et al. [27] recently 
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showed for TiN GLAD thin films the effect of surface diffusion processes on the column tilt 

angle and their ability to form bundles following the direction perpendicular to the particle flux. 

These dissimilar features of morphological structure between Zr and Ta or Cr films are mainly 

connected to the different surface diffusion of deposited materials. For hcp metals like those of 

this study (Ti, Zr and Hf), self-diffusion coefficients and activation energies are systematically 

lower than that of bcc metals (V, Nb, Ta, Cr, Mo and W) leading to shorter diffusion lengths 

[28]. As a result, columns produced for hcp metals with the highest deposition angles rather 

exhibit an independent columnar growth disconnected to each other with a quite regular 

elliptical cross-section as shown in Fig. 1d. Bcc metals show columns with an enhanced 

transverse growth leading to a less defined intercolumn separation with an asymmetric and wide 

cross-section in the direction perpendicular to the flux. A crescent-like shape is rather observed 

from the apex of the columns (Fig. 1e and f) with a significant bundling and so, a fanning and 

chaining effect of the columnar architecture. 

 Since all films were produced without any external heating (i.e., homologous 

temperature lower than 0.15), one can expect poorly crystallized hcp and bcc metals. However, 

XRD patterns recorded at grazing angle show a film crystallinity significantly influenced by 

the deposition angle (Fig. 2). With a conventional sputtering process ( = 0°), intense diffracted 

signals are commonly recorded for all transition metals sputter-deposited on Si substrate. As 

expected, patterns well correspond to the hcp phase for Ti, Zr and Hf metals, and bcc phase for 

V, Nb, Ta, Cr, Mo and W metals with no clear preferential orientation (to see Supplementary 

Material Section I for all transition metal thin films prepared with different depositions angles).  
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Figure 2: Grazing incidence X-ray diffraction patterns of Zr, Ta and Cr films prepared a) by 

conventional sputtering (α = 0°), and b) by oblique angle deposition with a deposition angle α 

= 80°. ⚫ = hcp Zr phase;  = bcc -Ta phase; ◼ = A15 -Ta phase; ◆ = bcc Cr phase. 
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Increasing the deposition angle systematically reduces the peaks intensity and favors 

their widening. For films prepared with a deposition angle  = 85°, diffracted signals are 

strongly diminished and some peaks even disappear. It is also interesting of remarking that 

other peaks appear, particularly for Ta and W films prepared with  > 60°. They correspond to 

the metastable A15 -phase of the metal. Former studies reported that a substantial oxygen 

concentration in bcc metallic films such as Ta, W or even Cr, promotes the stability of the -

phase [29]. In addition, films grown with low-energy atomic flux onto substrates at 

temperatures below 400°C also produce a significant amount of this -phase. Therefore, 

assuming that higher deposition angles induce the formation of intercolumn voids [30], oxygen 

occurrence as well as glancing angle deposition favor the formation of such metastable 

compounds. Oxygen concentration has been measured for some metals (not shown here). For 

all metals that we studied, this oxygen concentration can reach about 5 to 10 at.% for the highest 

deposition angles (higher than 70°) and the highest reactive metals (Ti, W or Ta), without 

showing a clear trend as a function of the deposition angle. For other elements like Cr, V, Nb, 

Zr or Hf, the amount of oxygen was not significant (lower than a few at. %) and so no clear 

conclusions can be drawn. As a result, some metallic films (W and Ta, particularly) prepared 

with glancing deposition angles (and so extreme shadowing conditions) give rise to a mixture 

of  and  phases. A growing amount of the  phase is then obtained with a nanocrystalline 

size, as clearly shown from XRD results (Fig. 2b).  

Lowering and widening the diffracted intensity means a reduction of the long-range 

order in the films, especially for deposition angles higher than about 60-70°. This range of 

angles has been reported as a critical value for many materials [31] and correlates with the 

shadowing effect becoming prevalent. A more porous columnar architecture, combined to a 
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high concentration of structural defects, is then produced during the growth, which enhances 

the sensitivity of the film to impurities, particularly when the metal is reactive towards oxygen. 

Most of oxide compounds are formed on the surrounding parts of the columns or at the 

film/substrate interface. These oxides are mainly amorphous or poorly crystallized [32]. Thus, 

no signals can be seen from XRD. However, metals like W or Ta may produce the A15 phase 

as shown in Fig. 2b or in Section I of Supplementary Material for W films when deposition 

angle increases. Crystal growth is then disturbed and their size reduced for glancing deposition 

angles as illustrated for Cr, Ta and Zr films in Fig. 3 (for clarity, crystal size for the other metals 

are not shown). For each metal, the Scherrer’s law has been applied on the most intense 

diffracted signal (only for the -phase for metals exhibiting a + phase mixture). Up to a 

deposition angle of 60°, the crystal size L remains unchanged in-between 10-20 nm for all 

sputter-deposited metals. One does not expect films with a long-range crystalline order since 

depositions have been performed without any external heating and because of the low 

homologous temperature for all films (growth temperature-to-melting temperature ratio is 

always below 0.15). Crystal size is significantly reduced for high glancing angles and can be 

lower than a few nanometers when  reaches 85°. 
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Figure 3: Evolution of the crystal size L (Scherrer’s law applied for the most intense peak 

obtained from XRD patterns) as a function of the deposition angle α for Zr, Ta and Cr films.  

 

Although crystalline growth of GLAD thin films is not fully understood due to some 

complex mechanisms induced by the oriented vapor flux (e.g., development of a biaxial texture 

[33], preferential crystallographic orientation and stress relaxation [34], in-plane alignment 

[35], and so on), this crystal size reduction has ever been reported from others for the deposition 

of metals and ceramics [36, 37]. It is mainly assigned to a decrease of the energy per incident 

atom. Rising the deposition angle favors the proportion of thermalized sputtered particles 

impinging on the growing film compared to the ballistic ones. This decrease of crystallinity 

also correlates with variations of morphology and porosity as previously shown from SEM 

observations. In addition, it was previously shown that stress in obliquely sputter-deposited thin 
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films can be mainly compressive for deposition angles lower than a few tens degrees (deposition 

conditions close to the conventional deposition) since a dense microstructure is produced and 

is consistent with intense particle bombardment arising from sputtered atoms. Increasing the 

deposition angle, films become almost stress-free for glancing angles [34]. This is mainly 

attributed to the development of more tilted columns and increase of voids fraction between 

columns, because of shadowing effect and lower deposited energy. The transition from compact 

to highly porous films when deposition angle overpasses 60° and tends to 85°, also means that 

the grain boundaries density and growth defects inside the columns are largely increased. 

 DC electrical resistivity  as a function of temperature T was systematically measured 

from 7 to 300 K for the 9 studied metals and for deposition angle changing from 0 to 85° (to 

see Supplementary Material Section II for all studied transition metals). For films prepared with 

a conventional deposition angle ( = 0°), a typical metallic-like behavior is obtained as shown 

as an example in Fig. 4 for Zr, Ta and Cr films. A linear evolution is observed from  vs. T 

measurements for temperatures down to a few tens of K for all metals, except for Cr where a 

clear saturation of resistivity appears as the temperature is higher than 150 K for  = 0° (Fig. 

4c). This linear variation of  vs. T is commonly observed in nonmagnetic metallic crystalline 

materials. Such a temperature dependence of the electrical resistivity arises mainly from the 

electron-phonon interaction. Decreasing even more the temperature (typically, when it is lower 

than about 15 K) the metal resistivity becomes constant which defines the residual resistivity, 

namely o. The latter is essentially temperature independent and is due to electron scattering by 

defects. 
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Figure 4: Some typical evolutions of DC electrical resistivity  vs. temperature T of a) Zr, b) 

Ta and c) Cr films prepared with a deposition angle α = 0° and 80°. The derivative of the 

resistivity by temperature at 100 K (d/dT)100K and residual resistivity o are given for Zr film 

prepared with α = 80° as an example. 

 

For all investigated metals, residual resistivity was measured at 7 K assuming that o = 

7K and the linear dependency of resistivity was determined from the derivative at 100 K 

defined as (d/dT)100K (Fig. 4a). As usual, films prepared with  = 0° are systematically more 

resistive than bulk metals (about one order of magnitude). The electron mean free path is 

reduced due to the small grain size commonly obtained in metallic thin films sputter-deposited 

at room temperature. 

 The large increase of resistivity is thoroughly obtained for the 9 transition metals 

prepared with a deposition angle higher than 60°. This enhancement of one to two orders of 

magnitude is clearly measured at any temperature when  changes from 0 to 80° and even more 

when the deposition angle reaches 85° (to see Supplementary Material Section II). Others have 

ever reported this effect for pure metals [38] and alloys [23, 24]. It has to be principally 

connected to the scattering mechanism of electrons, which is not only ruled out by phonons, 

but also by the disordering effect and defects becoming predominant as the deposition angle 

rises. At first, this enhanced electrical resistivity systematically measured as the deposition 

angle increases can be assigned to a decrease of the electron mean free path. GIXRD patterns 

(Fig. 2) showed a significant reduction of the grain size when the deposition angle is over than 

60° (Fig. 3). Smaller grains lead to more scattering phenomena of free electrons at the ground 

boundary. Such a scattering favors the resistivity of metals, and in our films, it contributes to 

shift the overall  vs. T evolution to more resistive values. In addition, the high porous structure 
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induced by the atomic shadowing effect hinders the electron mean free path. The voided 

structure produces barriers for the electron path reducing their transport and thus increasing the 

resistivity. In the same way, this shadowing effect favors the sensitivity of the films to oxidation 

phenomenon (greater surface-to-volume ratios promote progressive oxygen enrichment and 

thus occurrence of the poorly conductive -phase for some metals), which also contributes to 

the resistive character of the films. 

 For all deposition angles, resistivity of Cr films exhibits a saturation effect (a little for 

W, Ta, V and Nb films, and very lightly for Ti and Zr films, as shown in the Supplementary 

Material Section II) as the temperature tends to 300 K, which becomes more pronounced when 

the deposition angle increases (Fig. 4c). This nonlinear variation of  vs. T giving rise to a 

saturated resistivity has ever been observed for conventional metallic thin films and other alloys 

[39]. It is assigned to a strong reduction of the electron mean free path, which becomes in the 

order of the interatomic spacing due to structural disorder produced by alloying or defects [40]. 

Recent investigations from Sundqvist [41] interestingly suggested that this saturation 

phenomenon cannot be solely attributed to a single mechanism, but any scattering process that 

induces a sufficiently short electron state lifetime may cause resistivity saturation as well. The 

author pertinently showed that modifications of the classical Bloch-Grüneisen law (describing 

the electron-phonon interactions) produce very good agreement between theory and 

experiment. It well describes the temperature dependence of resistivity for many materials 

(single elements, intermetallic compounds, binary and ternary alloys, multi-component alloys 

and so on). However, there is no single and universal mechanism allowing a clear explanation 

of this saturation behavior. For our Cr thin films prepared with different deposition angles, the 

loss of long-range order combined to the increase of structural defects both contribute for 

reducing the electron mean free path and the electron-phonon interactions. However, this 
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saturation effect still remains an open question since it is clearly substantial for Cr films, a little 

noticeable for other metals like W, Ta, V or Nb, and very slightly measured or even missing for 

the other studied transition metals (to see the Supplementary Material Section II). 

Around 50 K and for Cr films only, a minimum of resistivity can be noticed in the  vs. 

T measurements. Such a minimum was not observed for the other metallic films despite a more 

or less obvious saturation effect of the resistivity at high temperature. For some metallic systems 

containing very small amounts of ferromagnetic impurities, this kind of behavior is well known 

as the Kondo effect [42, 43]. Other mechanisms such as disorder-enhanced electron-electron 

interactions, weak localization, or spin-polarized tunneling through grain boundaries have been 

suggested for explaining this resistivity minimum in conventional thin films [23]. Due to the 

temperature range of the resistivity minimum (around 50 K), it corresponds to an unrealistic 

impurity concentration (more than a few at. %), which does not agree with the purity level 

obtained in a vacuum sputtering process involving a Cr target (purity higher than 99.9 at. %). 

Consequently, the Kondo effect can be first neglected for our GLAD Cr films. An electron-

electron interaction seems to be more relevant assuming that this mechanism is favored in the 

low-temperature regime, particularly when the material becomes more disordered (as 

progressively observed for GLAD films prepared with an increasing deposition angle). This 

kind of interaction takes form through a square root temperature dependence of the resistivity 

[44], as successfully fitted for all Cr films prepared with different deposition angles ( =  - 

min vs. T1/2 shown in the Supplementary Material Section IV). In addition, the extracted 

coefficient  (Al’tshuler’s parameter) varies linearly with min
5/2, which supports that the low-

temperature resistivity of Cr films well follows an electron-electron interaction [45]. 

 From  vs. T measurements performed for all investigated transition metals, the residual 

resistivity 7K and the derivative at 100 K (d/dT)100K have been systematically determined as 



21 
 

a function of the deposition angle (for clarity, Cr, Ta and Zr films are only shown in Fig. 5a and 

b). Both parameters exhibit the same evolution as a function of the deposition angle, i.e., a slight 

increase up to  = 60°, then a steeper rising for films prepared with  tending to the glancing 

angles. Again, this  value appears as a critical angle from which the growth of the films mainly 

depends on the surface shadowing mechanism. Whatever the metal, surface morphology, 

structure at the micro- and nanoscale and so the resulting properties of the films are 

systematically modified from this angle. 
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Figure 5: a) Residual resistivity obtained at 7 K (7K) and b) derivative of the resistivity by 

temperature at 100 K (d/dT)100K as a function of the deposition angle α for Zr, Ta and Cr thin 

films sputter-deposited by oblique angle deposition (lines are a guide for the eye). 

 

It is worth noting that residual resistivity spreads out over 2 to 3 orders of magnitudes 

when deposition angle changes from 0 to 85°. Since it is closely related to the concentration of 

impurities and crystallographic defects in the material, this strong increase of residual resistivity 

could be anticipated. Correspondingly, one can expect the same feature of the resistivity at room 

temperature as a function of the deposition angle (as successfully demonstrated and modeled 

by Besnard et al. [38]). The derivative at 100 K (d/dT)100K similarly changes vs.  with a small 

increase until 60°, followed by an abrupt increase. This means that electrical conductivity of 

GLAD films prepared with the highest glancing angles become more sensitive to the 

temperature, and so the high-temperature resistivity is even more dominated by the electron-
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phonon interaction. Such a phenomenon is illustrated by the Bloch-Grüneisen’s law and 

requires further investigation to clarify the connection between electronic transport properties 

and structural disorder induced by the GLAD process (out of the scope of the paper). 

 Plotting derivative of the resistivity by temperature at 100 K (d/dT)100K vs. residual 

resistivity obtained at 7 K (7K) clearly shows the influence of deposition angle on electron 

scattering by structural disorders and phonons (Fig. 6). Bulk values obtained from a classical 

database [46] are located in the part of the diagram corresponding to the lowest 7K and 

(d/dT)100K. Their behaviors are expected since bulk materials are assumed as the purest single 

crystal with the lowest concentration of defects and impurities. They have to produce the 

longest electron mean free paths and the highest TCRs (Temperature Coefficient of Resistance). 

However, it is interesting to note that for bulk metals as well as films prepared with the lowest 

deposition angles, (d/dT)100K values exhibit similar orders of magnitude, i.e., around 10-10 to 

10-9 Ω m K-1, whereas GLAD films systematically show higher residual resistivities. In 

addition, (d/dT)100K values are lower than the MIR (Mott-Ioffe-Regel) limit as expected for 

simple metals and conventional metallic thin films (around 10-8 Ω m K-1 from [47]). As 

previously reported, high deposition angles produce structural disorders and reduce the crystal 

size, which both favor a strong electron scattering. Even at very low temperature, GLAD films 

prepared with the highest deposition angles exhibit resistivity beyond the MIR limit and 

residual resistivity close to 10-5 Ω m or even higher, leading them to be classified as “bad” 

metals [46]. 
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Figure 6: Derivative of the resistivity by temperature at 100 K (d/dT)100K vs. residual 

resistivity obtained at 7 K (7K) for the 9 transition metals sputter-deposited with an increasing 

deposition angle α from 0 to 85°. Bulk values obtained from [46] are also indicated (open 

circles). The MIR (Mott-Ioffe-Regel) limit [47] is indicated (red dashed line). 

 

 By plotting with Log scales (d/dT)100K vs. 7K, a linear increase is clearly obtained as 

the deposition angle changes from  = 0 to 85° for all 9 GLAD thin films. Guo et al. [47] 

similarly reported the same trend for various metallic glasses assuming the linear coefficient of 

temperature vs. room-temperature resistivity. Although they showed a saturation value of the 

T-linear resistivity coefficient close to 10-8 Ω m K-1 (MIR limit) for all their studied systems, 

overcoming it cannot completely excluded, especially for GLAD films prepared with  > 70° 

where defects and structural disorders particularly increase leading to a strong electron 
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scattering and so a high slope of (T). Boekelheide et al. [48] similarly reported that d/dT 

increases proportionally to the residual resistivity. Due to grain boundaries, valleys between 

columnar grains and voids, potential barriers are produced and electrons take a longer and 

tortuous path through the film. This geometry effect induces a change in the effective length of 

the sample. The authors also reported that for Cr films, the resistivity vs. temperature evolution 

is more complex than a conventional Matthiessen’s rule and multiple temperature-dependent 

effects have to be assumed. 

 In order to further understand the effect of deposition angle on the scattering mechanism 

of electrons in GLAD thin films, resistivity vs. temperature measurements have been deeper 

investigated for the 9 metals. To this aim, the electron-phonon-defect interference has been 

analyzed by focusing evolution of resistivity in the temperature range around 0.1D, i.e., in-

between 7-100 K. For the lowest temperature reached with our experimental setup (i.e., around 

7K), it is well below the temperature range imposed by Ta (the smallest Debye temperature of 

the 9 studied metals leads to 0.1240 = 24K). It is also worth noting that  vs. T measurements 

(To see Supplementary Material Section II) all exhibit a clear temperature invariant resistivity 

for temperatures lower than 10K, which clear defines the residual resistivity. When the 

temperature is over 0.1D and around 100K, all metals show the typical  vs. T linear variation. 

This temperature range corresponds to the electron-phonon interaction. Assuming the 

intersection between (d/dT)100K and 7K, (or the lowest resistivity value for Cr films), a 

crossover temperature, namely TCr, can be determined for all studied metal films and as a 

function of the deposition angle. Three examples are given in figure 7 for Cr films prepared 

with  = 0, 30 and 85°. For such Cr films,  vs. T measurements well illustrate the different 

electron scattering mechanisms possible in disordered metallic compounds.  
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Figure 7: Resistivity vs. temperature of Cr films prepared at 3 deposition angles. The crossover 

temperature TCr representing the transition from T-linear to T5 behavior is determined 

assuming the intersection between the residual resistivity (minimum resistivity value min for 

Cr films and from 7K for the other metals), and the derivative of the resistivity by temperature 

at 100 K, (d/dT)100K. 
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Although the minimum of the resistivity (due to electron-electron interaction) and saturation 

effect (coming from disordering) are scarcely discernable for films prepared with the lowest 

deposition angles (Fig. 7a and 7b), they become more and more significant increasing α and a 

maximum of resistivity can be even noticed at 260 K for α = 85° (Fig. 7c). This unusual behavior 

in single metallic compounds, but rather encountered in many binary and ternary alloys, 

supports again the analysis proposed by Mooij where the electron mean free path tends to a 

lower limit corresponding to the shortest interatomic distance [41, 49]. As a result, the high 

scattering of electrons in these strongly disordered materials (possible s-d scatters) and the 

increase of the concentration of conduction electrons with temperature both favor the 

occurrence of a resistivity maximum at high temperature. 

The temperature dependences of resistivity for impure and defective metals strongly 

differ from those of clean metals. Based-on previous works from Ptitsina et al. [50], it is worth 

determining the crossover temperature (TCr). The latter is defined as the temperature where two 

electron scattering processes compete to each other: the “pure” electron-phonon scattering 

commonly described by the Bloch-Grüneisen law (with a linear temperature dependence), and 

the inelastic electron scattering from impurities (such as defects, boundaries, and so on) 

corresponding to a constant resistivity at low temperature (and ultimately tending to the residual 

resistivity). The transition between these two scattering processes gives rise to electron-phonon-

defect mechanisms at temperatures around 0.1, where  is the Debye temperature with a T5 

dependence of the resistivity. For the 9 investigated transition metal thin films, resistivity vs. 

temperature was systematically measured for all deposition angles (to see the Supplementary 

Material Section II). An emphasis was put on the two opposite deposition angles (i.e., α = 0 and 

85°) for getting the crossover temperature from (d/dT)100K and 7K, (or the lowest resistivity 
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value for Cr films). For each metal and for these two angles, TCr can be compared to , as shown 

in figure 8. For all metallic films prepared by conventional sputtering (α = 0°), the crossover 

temperature determined for each metal clearly exhibits a linear evolution as a function of the 

corresponding Debye temperature with a slope of 0.11. Such a slope agrees well with the 

temperature range theoretically and experimentally reported (i.e., T  0.1) in metals, which 

correlates with the interference between electron-phonon and electron-defect scattering [51-

53]. 

 

Figure 8: Crossover temperature TCr from linear to T5 behavior (electron-phonon-defect 

interference) as a function of the Debye temperature  for hcp and bcc transition metals and 

for two deposition angles α = 0 and 85°. A linear fit of TCr vs.  gives rise to a slope of 0.11 

(black line) and 0.15 (red line) for α = 0 and 85°, respectively. 
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Increasing the deposition angle and particularly for the films prepared with α = 85°, the 

crossover temperature is systematically shifted to higher temperatures for all metals, as 

illustrated in Fig. 8. This means that in the electron-phonon-defect interference phenomenon, 

the effect of defects on electron scattering predominates for a wider range of temperatures. This 

temperature shift correlates with the rising concentration of structural defects and the lowering 

of crystal size (Fig. 3) when the deposition angle tends to be more and more glancing. Assuming 

investigation from Ptitsina et al. [50] focused on electronic transport in disordered metals, the 

crossover temperature at which each interaction (electron-defect and electron -phonon) 

similarly contributes to electron scattering, strongly depends on the electron mean free path and 

on the longitudinal-to-transverse sound velocity ratio. 

However, the authors also suggested that other physical mechanisms have to be taken 

into account for understanding electron scattering and thus variations of the crossover 

temperature. As a result, this temperature shift systematically measured for films prepared with 

the highest deposition angles can also be correlated with the anisotropic behavior of the 

columnar microstructure especially produced by means of the GLAD growth [54]. When 

deposition angles reach glancing values (i.e., α > 70°), columns with an elliptical cross section 

can be produced for metals leading to a preferential growth of the columnar structure in the 

direction perpendicular to the particle flux [36, 55]. This morphological asymmetry of the 

columnar structure may also induce an anisotropy of the electron motion, and so an effect on 

the electron mean free path. 

In the same way, it is worth noticing that the TCr vs.  interpolation gives rise to a higher 

slope for GLAD films, i.e., slope = 0.11 for conventional films whereas it is higher than 0.15 

for α = 85°. For all metals and assuming the results shown in figure 6, both residual resistivity 

7K as well as d/dT increase as a function of the deposition angle (about 3 orders of magnitude 
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as α changes from 0 to 85°). Jäckle and Froböse [56] and later others [57] reported that the slope 

d/dT is proportional to the transport electron-phonon coupling constant with a coefficient 

depending on multiple effects (nano-structure, grain boundaries, electron-phonon coupling, 

electron concentration at the Fermi energy [48]). It is not obvious, therefore, to clearly prove 

which physical mechanism prevails and impacts on the value of the crossover temperature, 

although structural disorder in the columnar architecture strongly influences electron mean free 

path and so the electron-phonon-defect interference. 

 

4. Conclusions 

Thin films of 9 transition metals (Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, W) were sputter-

deposited by the oblique angle deposition process. The deposition angle α was systematically 

and gradually changed from 0 to 85°. It was found that the tilted columnar architecture is 

enhanced when α rises, leading not only to a more voided and disordered structure, but also to 

a reduction of the crystal size. Measurements of resistivity  as a function of the temperature T 

in between 7–300 K showed a typical metallic-like behavior for films prepared by conventional 

sputtering (α = 0°). 

Increasing the deposition angle gives rise to more resistive films with a residual 

resistivity tending to be higher than 10-5 Ω m for all films prepared at a deposition angle α = 

85°. At low temperature, electron scattering by defects and impurities prevails and is enhanced 

because high deposition angles favor structural defects and porosity between and inside the 

tilted columns. For temperatures higher than 100 K, the electron-phonon interaction 

predominates corresponding to a typical linear dependence of  vs. T, and (d/dT)100K 

progressively increases as the deposition angle tends to glancing values.  
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 From resistivity measurements, the electron-defect scattering phenomenon was clearly 

illustrated at low temperature, whereas the electron-phonon interaction was obtained for high 

temperature. The crossover temperature TCr corresponding to the competition between these 

two electron scattering processes (electron-defect-phonon interference effect) was related to the 

Debye temperature θ with a typical behavior for conventional films (i.e., TCr in the range of 

0.1θ). Depositing with higher angles (α > 60°) produced a more voided and tilted columnar 

architecture with more structural defects. Residual resistivity as well as (d/dT)100K both 

increased as a function of the deposition angle (3 orders of magnitude from α = 0 to 85°), and 

similarly the crossover temperature was shifted to higher temperature with TCr = 0.15θ, 

supporting that disorder and voids in the columnar architecture strongly influence electron 

scattering mechanisms. 
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Figure captions 

Figure 1 

Top and cross-section SEM views of Zr, Ta and Cr films sputter-deposited: a), b) and c) by 

conventional sputtering (α = 0°); d), e) and f) by oblique angle deposition with a deposition 

angle α = 80°. White arrows indicate the direction of the incoming particle flux. The column 

angle  is also specified for the tilted columnar architectures. 

 

Figure 2 

Grazing incidence X-ray diffraction patterns of Zr, Ta and Cr films prepared a) by conventional 

sputtering (α = 0°), and b) by oblique angle deposition with a deposition angle α = 80°. ⚫ = hcp 

Zr phase;  = bcc -Ta phase; ◼ = A15 -Ta phase; ◆ = bcc Cr phase. 

 

Figure 3 

Evolution of the crystal size L (Scherrer’s law applied for the most intense peak obtained from 

XRD patterns) as a function of the deposition angle α for Zr, Ta and Cr films. 

 

Figure 4 

Some typical evolutions of DC electrical resistivity  vs. temperature T of a) Zr, b) Ta and c) 

Cr films prepared with a deposition angle α = 0° and 80°. The derivative of the resistivity by 

temperature at 100 K (d/dT)100K and residual resistivity o are given for Zr film prepared with 

α = 80° as an example. 

 

Figure 5 
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a) Residual resistivity obtained at 7 K (7K) and b) derivative of the resistivity by temperature 

at 100 K (d/dT)100K as a function of the deposition angle α for Zr, Ta and Cr thin films sputter-

deposited by oblique angle deposition (lines are a guide for the eye). 

 

Figure 6 

Derivative of the resistivity by temperature at 100 K (d/dT)100K vs. residual resistivity obtained 

at 7 K (7K) for the 9 transition metals sputter-deposited with an increasing deposition angle α 

from 0 to 85°. Bulk values obtained from [46] are also indicated (open circles). The MIR (Mott-

Ioffe-Regel) limit [47] is indicated (red dashed line). 

 

Figure 7 

Resistivity vs. temperature of Cr films prepared at 3 deposition angles. The crossover 

temperature TCr representing the transition from T-linear to T5 behavior is determined assuming 

the intersection between the residual resistivity (minimum resistivity value min for Cr films and 

from 7K for the other metals), and the derivative of the resistivity by temperature at 100 K, 

(d/dT)100K. 

 

Figure 8 

Crossover temperature TCr from linear to T5 behavior (electron-phonon-defect interference) as 

a function of the Debye temperature  for hcp and bcc transition metals and for two deposition 

angles α = 0 and 85°. A linear fit of TCr vs.  gives rise to a slope of 0.11 (black line) and 0.15 

(red line) for α = 0 and 85°, respectively. 

 


