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Abstract

Titanium thin films were deposited on silicon nitride (SiNx) coated Si, NaCl, and sapphire substrates varying the deposition
conditions using e-beam evaporation to investigate thin film growth modes. The microstructure and texture evolution in dependence
of substrate, deposition rate, film thickness, and substrate temperature were studied using X-ray diffraction, electron backscatter
diffraction, and transmission electron microscopy. Thin films obtained on SiNx and NaCl substrates were nanocrystalline, while
the films deposited on sapphire transformed from nanocrystalline to single crystalline at deposition temperatures above 200◦C.
Predominantly, a surface plane orientation of (0002) was observed for the single crystalline films due to the minimization of surface
energy. The orientation relationship of epitaxial single crystalline films grown on C-plane sapphire substrate is found to be (0002)
Ti ‖ (0006) S apphire, 〈112̄0〉Ti ‖ 〈033̄0〉S apphire. In this orientation relationship, both the total surface and strain energy of the film are
minimized. The results were complemented by resistivity measurements using the four-point probe method reporting an increase
from ∼60 µ Ω cm to ∼95 µ Ω cm for single crystalline and nanocrystalline films, respectively.

1. Introduction1

Titanium (Ti) is a commercially extensively used material2

due to its high strength to weight ratio and biocompatibility3

[1, 2]. Apart from its conventional bulk applications, there are4

emerging advancements to use it in microelectromechanical sys-5

tems (MEMS) devices and hydrogen storage applications [3, 4, 5].6

It is also used as an adhesive bonding layer to grow films of Pt,7

GaN, and Cu thin films [6, 7, 8]. These applications demand the8

film to have a preferred microstructure such as nanocrystallinity9

for high strength and fatigue resistance [9].10

Nanocrystalline Ti films have been reported on NaCl [10],11

which is a water-soluble substrate. It is extensively used as a12

growth substrate or as an intermediate sacrificial film for ul-13

tra-thin metallic films. It has a wide variety of applications like14

transfer-printing, nanotexturing, and fabrication of metallic nanos-15

tructures for transparent flexible electrodes [11]. Likewise, due16

to its cubic symmetry, SiNx is a good contender for nanocrys-17

talline Ti films. It has massive commercial importance as a power-18

electronics substrate due to its high mechanical strength [12].19

Furthermore, sapphire is a good choice as a substrate for de-20

positing epitaxial thin films due to its hexagonal symmetry[13].21

Epitaxy is the oriented growth of target material on top of a22

substrate surface. Highly epitaxial films tend towards single-23

crystal-like behaviour, which is of great interest especially for24

next-generation nano- and power electronics, optical and mag-25

netic devices [14]. Due to the allotropic transitions, solidifica-26

tion from the melt-pool is not a viable way to obtain single crys-27

talline (SC) Ti. For applications such as coating medical devices28

with Ti to improve their biocompatibility and wear resistance,29

epitaxial films to obtain a SC surface is highly attractive. There-30

fore, the microstructure of Ti films on all these substrates is ex-31

amined in this study.32

Apart from the deposition parameters, the lattice matching,33

symmetry of surface planes, substrate miscut, and the planes34

forming terraces and steps on the substrate surface [15] are vari-35

ables that can alter the orientation and morphology of thin films,36

while maintaining substrate chemistry. The adaption of an ori-37

entation relationship (OR) between a substrate and a film is a38

complex phenomenon [16]. Even with a known substrate sur-39

face symmetry and chemical composition, it is in most cases not40

possible to predict the preferred OR [17]. Although the (0002)41

plane of Ti has the lowest surface energy, making it the domi-42

nant surface plane, Ti films have been reported to grow with at43

least six other surface plane orientations [18].44

The effect of deposition parameters on Ti thin films de-45

posited using DC sputtering have been investigated earlier, which46

are predominantly reported to be nanocrystalline [19, 20, 21].47

However, when using e-beam evaporation a range of microstruc-48

tures and orientations have been observed. For depositions made49

on sapphire substrate, (101̄0) and (112̄0) SC films were ob-50

served when deposited at a very high rate of 350 Å/s [22]. On51

the contrary, (0002) SC films were obtained with a growth rate52

of 20 Å/s [13]. 6 Å/s was stated to be the lower limit to obtain a53

SC film [13], but Dehm et al. [23] reported SC Ti at much lower54

deposition rates of 0.15 Å/s at substrate temperatures (Tdep)55

ranging from 373 K to 473 K for up to 100 nm thick films.56

Further lowering of the deposition rate to ∼ 0.03 Å/s lead to a57

polycrystalline film with 3D island growth [24]. Interestingly,58

the reduction of Al2O3 by formation of Ti3Al at the interface in59

sputter deposited Ti at room temperature (RT) with a deposition60

rate of 0.4 Å/s has also been reported [25]. Furthermore, with61

similar deposition conditions on NaCl substrates, co-existing62
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hcp and face-centered cubic (fcc) grains, as well as the entire1

film being solely nanocrystalline hcp grains, have been doc-2

umented [26, 10]. Overall, these studies illustrate that a wide3

range of films can be obtained on sapphire and NaCl. This ne-4

cessitates a thorough investigation of the effect of deposition5

parameters on thin film microstructure.6

In this work, Ti thin films were deposited on NaCl, silicon7

nitride (SiNx) on Si (100), and sapphire substrates using e-beam8

evaporation. The Tdep was varied from RT to 400◦C and the9

growth rate was altered between 0.25 Å/s to 2.5 Å/s. The film10

thicknesses were on the order of 100 – 300 nm. The microstruc-11

ture and OR between the film and substrate were studied using12

electron backscatter diffraction (EBSD) and transmission elec-13

tron microscopy (TEM). The first section presents the textured14

nanocrystalline films obtained on SiNx and NaCl substrates,15

followed by details of single-crystalline films obtained on sap-16

phire. The role of the substrate on the resulting microstructures17

and ORs is discussed. Electrical resistivity measurements indi-18

cated a limited change of resistivity within the SC films based19

on their thickness but a steep increase in the nanocrystalline20

film.21

2. Experimental22

Ti pellets (99.995%, 1/4”dia.) were purchased from Kurt J.23

Lesker Company to be used as the target. The films were de-24

posited in a BesTeck PVD cluster (MPIE, Düsseldorf) on NaCl25

(100), SiNx on silicon (100) and sapphire C-plane (0002), C-26

plane with a 2◦ miscut along [112̄0], sapphire A-plane (112̄0)27

and R-plane (11̄02) substrates. The deposition conditions are28

listed in Table 1. SiNx and sapphire substrates were obtained29

from Siegert Wafer GmbH. In the SiNx substrate, the 50 nm ni-30

tride layer on the Si (100) substrate acts as a diffusion barrier31

and prevents the reduction of Si with Ti at higher temperatures.32

The SiNx substrate was heated to 500◦C for 30 min before the33

deposition to clear off adsorbates and improve film adhesion.34

The substrate was then cooled down to 200◦C for deposition.35

The NaCl substrate was cleaved in air right before the deposi-36

tion to obtain clean (100) surface planes. Sapphire wafers were37

one side epi-polished having a surface roughness of ≤ 0.3 nm.38

These substrates were used in the as-received state with no ad-39

ditional surface treatments required.The deposition chamber40

was pumped down to 2 × 10−8 mbar for all the depositions.41

The substrate to target distance was ∼250 mm. The e-beam cur-42

rent was tuned to the values ranging from 50 to 150 mA which43

was calibrated using a quartz microbalance and constantly mon-44

itored during the deposition. To double-check the calibration,45

the actual deposition rate was calculated post-deposition using46

film thickness and deposition duration.47

First, the surface of the deposited films was subsequently48

examined by using a Zeiss Axio Imager light optical micro-49

scope (LOM) to detect cracks or other visible defects. The50

global film microstructure was determined by X-ray diffraction51

(XRD) using a Seifert ID3003 diffractometer equipped with52

a Huber 4 circle goniometer using Cu–Kα (λ = 1.54Å) and53

Co–Kα (λ = 1.78Å) radiation and a scintillation detector to ver-54

ify the purity of the films and to measure the macro-texture.55

XRD was performed for a 2θ range of 30 to 90◦ with a point56

focused beam of 1 × 3 mm diameter. Grazing incidence XRD57

(GIXRD) was used with a 1◦-incidence angle to avoid diffrac-58

tion from the single crystal substrates.59

The local surface morphology and film orientation was de-60

termined by scanning electron microscopy (SEM) and EBSD61

in a Thermo Fisher Scientific Scios2HiVac dual-beam SEM.62

For films deposited on NaCl substrate, the substrate was dis-63

solved in distilled water and then picked up using 3 mm di-64

ameter molybdenum TEM grids. The grids containing the film65

can be directly placed inside the TEM holder after drying for66

several hours in the air. For films deposited on sapphire, a stan-67

dard lift-out technique in a focused ion beam (FIB) instrument68

(Scios2HiVac) with Ga+-ion source was used to extract TEM69

lamella of <100 nm thickness. The beam current was gradually70

reduced in several steps starting from 1 nA at 30 kV for coarse71

milling to eventually 27 pA at 2 kV for final polishing. All72

TEM work was done using an image aberration-corrected Titan73

Themis 80-300 (Thermo Fischer Scientific) TEM. Selected area74

diffraction patterns (SADP) were obtained by inserting a 1075

µm aperture. High-resolution transmission electron microscopy76

(HRTEM) observations were done under negative Cs (-10 µm)77

conditions using an accelerating voltage of 300 kV.78

The electrical resistivity of the thin films was determined79

by adapting the Van der Pauw method [27] on 1 cm × 1 cm80

pieces cut from the wafer after deposition. Four contacts were81

positioned on the top surface close to the corners of the sample82

using a LINKAM HFS-600 system. A direct current (DC) of83

0.01 A is applied by a current generator (Keithly 6221) in the84

form of 10 ms pulses. The consequent voltage is measured at85

half-time of the pulse duration employing a voltmeter (Keithly86

2182A). A series of 200 pulses are applied for increased accu-87

racy.88

3. Results and Discussion89

3.1. Deposition on SiNx and NaCl90

At a deposition rate of 2.5 Å/s, a 75 nm thick Ti film was de-91

posited on SiNx substrate heated to 200◦C. According to LOM,92

a smooth surface with no visible cracks or porosity was ob-93

tained (Sup. Fig. 1). The polycrystalline nature of the film is94

revealed by the presence of all diffraction planes in the GIXRD95

data shown in red in Fig. 1. From the full width at half maxi-96

mum (FWHM) of the most intense Ti peak and using the Scher-97

rer equation [28], the average crystallite size was estimated98

to be 20 to 30 nm along the surface normal direction. The99

peaks were symmetrical with the 2θ peak positions coinciding100

with that of bulk α-Ti [29], which indicates that global residual101

stresses in the film are negligible. However, a preferred (101̄0)102

texture was observed.103

To explain the observed texture, the total free energy of a104

thin film can be calculated by the sum of the surface and strain105

energy [30] which the system tries to minimize during depo-106

sition. The surface energy is determined by the coordination107

number or atomic density of the respective lattice planes. In108

Ti, the (0002) plane has the lowest surface energy (2.8 J/m2),109
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Table 1: List of deposited films using e-beam deposition with their deposition parameters.

Sample No. Substrate Deposition temperature (◦C) Thickness (nm) Rate (Å/s) Microstructure
Si1 Si3N4 (100) (50 nm) 200◦C 75 2.5 NC
N1 NaCl (100) RT 90 0.25 NC
N2 NaCl (100) RT 90 0.8 NC
N3 NaCl (100) 200◦C 75 2.5 NC
S1 Sapphire – C-plane (0001) RT 200 0.5 SC

S2* Sapphire – C-plane (0001) 300◦C 200 0.7 SC
S3 Sapphire – C-plane (0001) RT 90 2.5 SC
S4 Sapphire – c-2◦ miscut RT 90 2.5 NC
S5 Sapphire – A-plane (112̄0) RT 90 2.5 NC
S6 Sapphire – R-plane (11̄02) RT 90 2.5 NC
S7 Sapphire – C-plane (0001) 200◦C 300 2.5 SC
S8 Sapphire – c-2◦ miscut 200◦C 300 2.5 SC
S9 Sapphire – A-plane (112̄0) 200◦C 300 2.5 SC

S10 Sapphire – R-plane (11̄02) 200◦C 300 2.5 NC
S11 Sapphire – C-plane (0001) 400◦C 300 2.5 SC
S12 Sapphire – c-2◦ miscut 400◦C 300 2.5 SC
S13 Sapphire – A-plane (112̄0) 400◦C 300 2.5 SC
S14 Sapphire – R-plane (11̄02) 400◦C 300 2.5 SC

RT – Room temperature, NC – Nanocrystalline, SC – Single-crystalline, * - Deposited using Ar-ion sputtering,

followed by (101̄0) and (101̄1) (3.7 J/m2). Detailed thermody-1

namic calculations of the surface energy using their planar den-2

sities have been reported earlier [18, 31]. The strain energy, on3

the other hand, is defined by the film’s strain and the anisotropy4

of elastic modulus [18]. The elastic anisotropy of Ti results in5

a 30% lower elastic modulus for the [101̄0] than the [0002] di-6

rection [18]. As a result, a competing growth of these three7

planes is observed, resulting in the film’s overall free energy8

being minimized [17]. The lower strain energy of the (101̄0)9

orientation seems to be responsible for the observed texture in10

the film grown on SiNx.11

The film deposited on NaCl (100) under the same condi-12

tions (Tdep = 200◦C, Rate = 2.5 Å/s, thickness = 75 nm), was13

observed using LOM to be severely buckled (Sup. Fig. 2), in-14

dicating large residual compressive stresses in the film. The15

thermal expansion coefficient of NaCl is an order of magnitude16

higher than Ti [32], which promotes the evolution of large com-17

pressive stresses in the film upon cooling from Tdep to RT lead-18

ing to buckling.The GIXRD pattern shown in Fig. 1 confirms19

the polycrystalline nature of the film albeit with a (101̄1)20

texture. The revealed texture matches well with that ob-21

served by Campbell et al. [26]. This can be explained by22

the relatively low surface energy of the (101̄1) plane, as dis-23

cussed above, making it one of the favoured surface normal24

planes. In addition, the (101̄1) orientation leads to lower lattice25

misfit than (0002) orientation. NaCl has a lattice constant of26

5.64 Å, and the Ti (101̄1) plane has a cell size of 2.95× 10.66 Å2.27

Simply based on the geometry, the misfit between the film and28

substrate can be calculated by superimposing the Ti (101̄1) plane29

on the NaCl (100) plane. The OR leading to the lowest misfit30

can hence be calculated as:31

δ = (1 −
d f

ds
) (1)

where ds is the lattice spacing of the substrate, d f the lat-32

tice spacing of the film plane. The lowest misfit of 5.49 %33

is achieved for (101̄1)Ti ‖ (001)NaCl when using the domain34

matching epitaxy (DME) [33] with a 1/2 domain matching be-35

tween Ti and NaCl. This describes the (101̄1) texture that is36

observed.37

Figure 1: Grazing-Incidence XRD (Cu-Kα source) of a 75 nm thick Ti thin film
deposited at 200◦C on SiNx (100) (sample #Si1) and NaCl (100) (sample #N3).
Both films exhibit a polycrystalline microstructure. The film deposited on SiNx
shows a strong (101̄0) texture; the film grown on NaCl a (101̄1) texture.

In Fig. 2a, the cross-sectional bright-field TEM (BF-TEM)38

image of the film grown on SiNx substrate confirms the nanocrys-39

talline microstructure and the absence of any reaction between40

the film and the substrate. The grain size of 20 ± 5 nm is in the41

same range as estimated from the XRD data above. The corre-42

sponding diffraction pattern shown in Fig. 2b also verifies the43
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film’s nanocrystalinity and hcp crystal structure.1

Furthermore, for all films grown on NaCl, TEM was used2

to examine the nanocrystalline grain structure and to determine3

the impact of deposition rate and Tdep on the film microstruc-4

ture. Fig. 2c shows a representative plane view BF-TEM im-5

age of sample #N1 (nanocrystalline film on NaCl at RT; de-6

position rate = 0.25 The grain size was measured by the line7

intercept method [34] to be ∼54 ± 13 nm. The film adopts8

the α-Ti (hcp) structure as verified from the diffraction rings9

in Fig. 2d.Although the film produced ring patterns, a pre-10

ferred (101̄1) texture is observed, which is identical to what11

the XRD revealed above. The surface diffusivity of condens-12

ing Ti atoms on the substrate surface is considerably lower13

at RT compared to elevated temperatures. According to the14

structural zone model, the lack of sufficient thermal energy15

to activate surface diffusion of adatoms results in the forma-16

tion of nanocrystalline grains at RT [35].17

Figure 2: TEM bright field image showing the microstructure of the Ti thin
film deposited (a) at 200◦ C on SiNx substrate (cross section, sample #Si1) and
(c) at RT on NaCl (100) substrate (plane view, sample #N1), with respective
selected area diffraction patterns in (b) and (d) verifying the nanocrystalline
hcp α-Ti structure.

The BF-TEM images shown in Fig. 3a and Fig. 3c are18

taken from sample #N2 on NaCl (100) at RT; deposition rate19

= 0.8 Å/s) and sample #N3 on NaCl (100) at 200◦C; deposi-20

tion rate = 2.5 Å/s) respectively. The average grain size of21

both films was determined to be ∼31 ± 10 nm and ∼53 ±22

18 nm, as shown in Table 2. The grain size decreases from23

54 ± 13 nm in #N1 to 31 ± 10 nm in #N2 with increasing24

deposition rate, both at RT. The smaller grain size stems25

from the increase in nucleation rate. The increased nucle-26

ation events are a direct consequence of the lower mean free27

path due to the higher flux of adatoms at higher deposition28

rates. This observation is contrary to the general obser-29

vation that an increase in deposition rate increases grain30

size [36]. The latter is valid only at higher deposition tem-31

peratures when growth is not limited by surface diffusion32

[37]. Because these depositions were performed at RT, sur-33

face diffusion is severely limited. On the other hand, for34

sample #N3 (Fig. 3c), the deposition temperature was in-35

creased from RT to 200◦C. The increase in substrate tem-36

perature results in a higher surface diffusivity leading to37

larger grain size. Assuming that the cleaved NaCl substrate38

surface played an identical role in the film growth in all39

cases, the observations indicate that lowering the deposition40

rate at RT and increasing the deposition rate at higher tem-41

peratures leads to an increase in grain size for NaCl (100)42

substrate.43

Table 2: Grain size distribution of Ti thin films deposited on NaCl (100) by
varying substrate temperature and deposition rate

Film Tdep (◦C) Rate (Å/s) Grain size (nm)
Si1 200◦C 2.5 20 ± 5
N1 RT 0.2 54 ± 13
N2 RT 0.8 31 ± 10
N3 200◦C 2.5 53 ± 18

The corresponding SADPs shown in Fig. 3b and Fig. 3d44

confirm the nanocrystalline nature of the films. The intensity of45

diffraction spots is restricted to only certain orientations going46

from film #N1 to #N3 as seen in Fig. 2d, Fig. 3b and Fig. 3d,47

respectively. Hence, an increasing degree of (101̄1) texture is48

observed on increasing both deposition rate and Tdep.49

It is known that water is adsorbed on the surface of alkali50

halides [38]. Based on the humidity of the environment the51

(100) surface of NaCl is most likely covered with 0.5 mono-52

layer of water at RT. Thus, the surface partly resembles an53

amorphous state [39]. For amorphous substrates, the surface54

energy γi is not expected to change with the in-plane rotation,55

which results in an equal probability of grains with all pos-56

sible in-plane rotations to grow [40].Since the substrate was57

cleaved in air in our experiments, we can conclude that wa-58

ter is physisorbed on its surface and the polycrystalline film59

deposited on NaCl at RT should exhibit all in-plane rota-60

tions. However, the minimization of surface and interface61

energy during the pre-coalescence stage of the film growth62

plays a major role in deciding the texture of the film [40].63

Hence, a weak (101̄1) texture is observed in Fig. 2d. In film64

#N2, the increased deposition rate leads to preferred growth65

of low energy planes promoting the (101̄1) texture. Once the66

deposition temperature is raised, the physisorbed water layer67

evaporates from the NaCl surface. Hence, in film #N3, where68

the substrate was heated to 200◦C during deposition, the sur-69

face anisotropy of NaCl comes into play leading to a much70

stronger (101̄1) texture. This exhibits the control in microstruc-71

ture that is made available by alteration of the deposition param-72

eters. All the four films discussed in the preceding section73

are nanocrystalline. As a result, these findings pave the way74

for better-informed deposition of nanocrystalline Ti, which75

is known for its exciting properties such as high strength76
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and corrosion resistance [41].1

Figure 3: Plane view TEM bright field image of a Ti thin film deposited at (a)
0.8 Å/s deposition rate at RT (sample #N2) and (b) 2.5 Å/s deposition rate at
200◦C on NaCl(100) substrate (sample N3). The corresponding selected area
diffraction patterns are shown in (b) and (d), respectively, both exhibiting a
strong (101̄1) texture.

3.2. Deposition on sapphire substrate2

Apart from the commercial importance due to its atomically3

flat and chemically inert surface, sapphire represents an excel-4

lent template for understanding the influence of substrate on5

thin film growth. As shown in the Fig. 4a, the GIXRD patterns6

of Ti deposited on C-plane sapphire (0001) at RT resulted in7

only a (0002) peak. The film grew as a SC, which means that8

there was only one orientation present across the entire two-9

inch wafer. The (0002) plane grows parallel to the c-axis of10

the substrate to minimize the surface energy. Although there11

is a large misfit of 7.5% between Ti and C-plane sapphire, an12

apparent six-fold symmetry of the oxygen-terminated sapphire13

surface allows the first monolayer of Ti to conform to the oxy-14

gen sub-lattice. This reduces the mismatch and allows for epi-15

taxial growth [42].16

Ti films were also deposited at RT on other configurations17

and orientations of sapphire like C-plane with a 2◦ miscut (C2mis)18

along the [112̄0] direction, the A-plane (101̄0) and the R-plane19

(11̄02). The GIXRD patterns of these films led to multiple20

diffraction peaks, indicating the growth of polycrystalline films.21

The varying degree of texture based on the substrate orientation22

can be seen in Fig. 4b. The sapphire substrate surface with a23

miscut is not atomically flat unless annealed [43]. Hence, the24

defects on the substrate surface lead to films having no preferen-25

tial orientation during nucleation. The limited adatom mobility26

at RT promotes poly-/nanocrystalline film. Hence, a 2◦ mis-27

cut was seen to be sufficient to modify film growth from SC to28

poly-/nanocrystalline as has been reported in several other ma-29

terials grown on sapphire [43, 44]. However, a (0002) texture30

is observed in all three cases similar to the C-plane substrate31

which can be explained by its low surface energy.32

Figure 4: Grazing-Incidence XRD of 90 nm thick Ti thin films deposited at
RT on (a) C-plane sapphire with only the (0002) peak present (Co-Kα source),
(b) C-plane with a 2◦ miscut(C2mis), A-plane and R-plane sapphire displaying
multiple diffraction peaks (Cu-Kα source)

Further batches of depositions using the same set of sap-33

phire substrates were performed at higher deposition tempera-34

tures to study the influence of Tdep on film microstructure. The35

deposition on C-plane sapphire, C2mis and A-plane at 200◦C36

(samples #S7, #S8 and #S9) resulted in highly epitaxial single-37

crystalline films. They were deposited after holding the sub-38

strates at Tdep for ∼1 h to ensure uniform temperature. The39

holding period results in desorption of water and any organic/40

volatile impurities from the substrate surface. An epi-polished41

sapphire substrate surface is known to exhibit surface steps [45].42

Additionally, the increase of Tdep results in an increased sur-43

face diffusion of adatoms. The islands which nucleate on the44

atomic steps in the C2mis substrate are hence expected to have45

fixed orientation relationship with surface steps and better inter-46

connections between neighboring grains at higher Tdep, which47

leads to a single dominant orientation [43]. A similar effect is48
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observed in A-plane sapphire which leads to the ease of SC film1

formation. However, the film remained polycrystalline for the2

R-plane sapphire substrate at 200◦C.3

There are three ways epitaxial films deposited on sap-4

phire substrates can grow. When the bond between the5

adatom and the substrate is strong, a layer-by-layer depo-6

sition called Frank-van der Merwe (FM) mode can occur7

[46]. The Volmer-Weber (VW) growth mode is caused by a8

stronger bond between the adatoms, resulting in their three-9

dimensional clusters to coalesce and form a continuous film.10

A combination of the two, where clusters form on top of a11

few monolayers is termed Stranski–Krastanov (SK) growth12

mode [46]. Which of these growth modes is dominant is13

determined by the rivalry between the bare substrate’s sur-14

face energy (γsv), the interface energy between the substrate-15

film (γs f ), and between the film-vapor (γ f v). A large misfit16

system like in the above films leads to a high γs f value, which17

results in a significantly lower barrier to nucleate clusters,18

favouring the VW growth mode. As a result of the forma-19

tion of several tiny nuclei at RT, a nanocrystalline film was20

found in all but one of the cases. The only exception was21

C-plane sapphire, which was SC as previously discussed.22

Figure 5: Inverse pole figure (IPF) obtained from EBSD of Ti thin films
deposited at 400◦C on (a) C2mis-plane (b) A-plane and (c) R-plane sapphire
at low magnification to display uniform orientation over the entire wafer.

To verify the observations and to explain the anomalous be-23

haviour of R-plane sapphire, the substrate temperature was fur-24

ther increased to 400◦C. This leads to a further increased mobil-25

ity of adatoms resulting in SC film formation on all the sapphire26

substrate orientations (samples #S11, #S12, #S13 and #S14).27

EBSD scans of the film surfaces revealed no change in orien-28

tation. The scans were observed in both transverse and planar29

viewing direction using TSL-OIM software to confirm the ab-30

sence of grain boundaries even with a 1◦ angular deviation. The31

film deposited on C-plane (not shown), C2mis and A-plane all32

demonstrated the same preferred (0002)Ti orientation as shown33

in Fig. 5 a and b. The orientation of the film on C-plane and34

Figure 6: HRTEM image of cross-section of Ti thin film deposited on C-plane
sapphire shows a 90 nm thick Ti film deposited using e-beam evaporation at
RT (sample #S3) observed in [112̄0] zone axis orientation of the sapphire
substrate. The insets show fast Fourier transforms (FFTs) of the film and
substrate, respectively, which are used to determine the ORs

C2mis can be explained in the same way as in the previous two35

cases. A-plane sapphire has a two-fold symmetry with [0001]36

perpendicular to [11̄00] results in a super-cell of 12.99 Å × 8.2237

Å. When depositing Ti on this plane at sufficiently high temper-38

ature (here 200◦C), the favoured out-of-plane OR is observed39

to be (0002) Ti ‖ (1̄1̄20) S apphire [47]. However a 30◦ in-plane40

rotation separates the two ORs. The 〈101̄0〉Ti ‖ 〈11̄00〉S apphire41

results in 18.01% and 7.6% misfit in [0001] and [101̄0] direc-42

tions respectively, whereas, in the same directions 〈112̄0〉Ti ‖43

〈11̄00〉S apphire results in a misfit of 9.16% and 24.33%, respec-44

tively. Due to the relatively lower misfit, the former is observed45

here. The SC film on R-plane sapphire exhibited a (21̄1̄0) Ti46

surface plane normal, which is reported here for the first time.47

Unless the in-plane orientation of the underlying substrate48

is known, observing the film surface using EBSD is insuffi-49

cient to find the OR. Hence, high resolution-TEM (HRTEM)50

of the interface viewed in cross-section was used to observe the51

OR between the SC film and the C-plane sapphire substrate in52

the sample #S3 (deposited using e-beam evaporation at RT).53

As shown in Fig. 6, accommodating a 7.58% misfit [48], the54

film was found to have (0002) Ti ‖ (0006) S apphire, 〈112̄0〉Ti ‖55

〈033̄0〉S apphire OR in agreement with [23]. Sup. Fig. 3 shows56

the sample #S2 deposited with Ar–ion sputtering at 200◦C ex-57

hibits the same OR. This demonstrates that the OR between Ti58

and sapphire C-plane is independent of the deposition method.59

3.3. Resistivity measurements60

Ti thin films can be used in micro-electronic miniaturised61

circuits, electrical contacts and sputter ion pumps. These appli-62

cations require a control of the electrical resistivity of the thin63

films. Based on the thickness, deposition parameters, chemical64
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purity of the target and microstructure of the film, the resis-1

tivity values can largely vary [49]. As seen in the Fig. 7, for2

the films deposited on C-plane sapphire, the thinner film3

(sample #S3), with thickness of 90 nm, shows a higher re-4

sistivity of ∼70 µ Ω cm. This increased resistivity can be5

attributed to increased surface scattering. For the 300 nm6

thick SC films (sample #S7 and #S11) resistivity remains7

uniform at ∼60 µ Ω cm, which is slightly higher than the8

pure bulk single crystal values of Ti (∼40 µ Ω cm) [50, 22]9

which can also be attributed to surface scattering. The val-10

ues measured here are in agreement with other epitaxial Ti11

films [22], and are much lower than the polycrystalline films12

reported in literature [51, 50, 52]. Apart from the surfaces,13

grain boundaries can also act as scattering centers. Resulting14

from increased scattering from grain boundaries, the nanocrys-15

talline film grown on sapphire A-plane at RT (sample S5) exhib-16

ited a much higher resistivity of ∼95 µ Ω cm, while the thicker17

films on A-plane sapphire show the same trend as seen for C-18

plane. As suggested by Bel’skaya et al. [53], the resistivity19

values of thin films can also be used as a measure of the impu-20

rity content, given the deposition conditions are same. Hence,21

the resistivity of ∼60 µ Ω cm in the SC films indicates that im-22

purities play a minor role on resistivity.23

Figure 7: Resistivity values of films grown on C-plane sapphire and A-plane
at varying Tdep. The only nanocrystalline film shows higher resistivity of
∼ 95 µ Ω cm while all SC films show resistivity of ∼ 60 µ Ω cm

4. Conclusion24

In this study titanium thin films were successfully deposited25

using e-beam evaporation on substrates of SiNx, NaCl and four26

orientations of sapphire. The substrate temperature and depo-27

sition rate were varied in order to study their influence on mi-28

crostructure and texture.29

1. Nanocrystalline films were obtained for the first time30

on SiNx. All depositions on NaCl substrate also led31

to nanocrystalline films. However, a difference in tex-32

ture between the two was observed. The minimization33

of strain energy dominated for the film deposited on34

SiNx substrate leads to a (101̄1) texture, while surface35

energy minimization promotes a (101̄0) texture of all36

films deposited on NaCl (100). An increase of deposi-37

tion rate resulted in a minor increase in the grain size.38

Nevertheless, all the films were nanocrystalline, which39

can be of great commercial interest for applications40

requiring high strength and corrosion resistance.41

2. The film on C-plane sapphire grew as a single crystal42

with (0002) plane surface normal in all cases. The six-43

fold symmetry of the oxygen sub-lattice of sapphire and44

the low lattice misfit are considered to be responsible45

for the formation of a SC film even at RT. Using cross-46

section HRTEM imaging the orientation relationship was47

determined to be (0002) Ti ‖ (0006) S apphire, 〈112̄0〉Ti ‖48

〈033̄0〉S apphire.49

3. On C-plane sapphire with a 2◦ miscut and A-plane,50

a nanocrystalline film grew at RT and SC films were51

obtained by heating the substrate to 200◦C. For the52

first time, a SC film was obtained on R-plane sapphire53

by heating the substrate to 400◦C.54

4. The resistivity of the 90 nm thick SC film was 70 µΩ cm55

while 300 nm thick films displayed lower resistivity of56

60 µ Ω cm owing to reduced surface scattering with in-57

creasing film thickness. The nanocrystalline film exhib-58

ited higher resistivity of 95 µ Ω cm because of additional59

scattering from grain boundaries.60

These results pave the way to a controlled synthesis of Ti films61

with defined orientations having fundamental implications for62

micro-electronics and thin film industry.63
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