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Abstract 

Face centered cubic (fcc) metals deposited onto crystalline substrates grow heteroepitaxially with 

specific orientation relationships (ORs). The ORs depend on a number of factors including lattice 

mismatch, bonding and the relative symmetry between the surface and the film. Less explored factors 

include defects like growth and annealing twins. In this study, we report the presence of a high density 

of nanotwins in as-deposited films delaying grain growth of OR1 ({111}!""	 ∥ (0001)$%!&", 〈110〉!"" ∥

〈101*0〉$%!&") grains up to 0.56 Tm. A new OR with respect to the c-sapphire substrate is found, 

compared to the well-known OR1 and OR2 which grow with the {111}!"" ∥ (0001)$%!&" 	, but differ 

by a 30° in-plane rotation. The new OR is named OR3 and grows above 0.56 Tm with the {100}!"" 

parallel to the c-plane of sapphire ({001}!""	 ∥ (0001)$%!&" , 〈100〉!"" ∥ 〈101*0〉$%!&"),. The growth of 

OR3 is related to strain and twin boundary energy advantage. 

An unusual orientation relationship	{345}!"" 	 ∥ (0001)$%!&"	is observed in most thin films containing 

OR3, occupying an area fraction of > 0.3. A minute (< 0.05) but consistent fractions of  {447}!"" 	 ∥

	(0001)$%!&", {115}!"" 	 ∥ 	 (0001)$%!&"  and	{221}!"" 	 ∥ 	 (0001)$%!&"  {236}!"" 	 ∥ 	 (0001)$%!&" ,

{146}!"" 	 ∥ (0001)$%!&"  all related to the formation of annealing twins in exact and near {001}!"" 
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and		{111}!"" grains are observed. The study opens new directions in the crystallography of ORs, 

considering the role of twins in fcc films in addition to the well-known surface and strain energies.  

 

Keywords: Thin films; orientation relationships; nanotwins; twinning; physical vapor deposition; 

CoCrFeNi alloy 
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1. Introduction 

Face centered cubic (fcc) metals on single crystal substrates such as sapphire grow heteroepitaxially, 

in the absence of interdiffusion[1]. The orientation relationships (ORs) and number of orientation 

variants depend on a number of factors including the crystallographic symmetry of the substrate 

surface and the thin film material[1][2]. The most observed OR for fcc metals on a surface with a 

threefold rotational symmetry (such as c-sapphire (0001)$%!&"  or {111}'() is the one with close 

packed planes and directions (of the metal and the substrate) aligned parallel to each other[3][4]. 

Examples for this OR (referred as OR1 where {111}!""	 ∥ (0001)$%!&"  , 〈110〉!"" ∥ 〈101*0〉$%!&") have 

been observed in Al[4][5], Cu [6] , Ni[7][8], Au[9], Pt [10] and a quaternary CoCrFeNi alloy [11] all grown on c-

sapphire. For most fcc metals on {111}'(/*+ a similar OR is observed [1].  

Many studies for fcc metals on c-sapphire also report an alternate OR, wherein the close-packed plane 

normals are still aligned but crystals are rotated 30° about	[0001]$%!&". This OR (termed OR2 with 

{111}!""	 ∥ (0001)$%!&", 〈110〉!"" ∥ 〈112*0〉$%!&") is observed in Cu[3][12], Al [5] and a CoCrFeNi high 

entropy alloy (HEA) [11]. Additional ORs are also observed in solid- and liquid-state dewetted particle 

systems [13], that allow more freedom for particle reorientation. 

Sputter deposited thin films of fcc metals or alloys with a low stacking fault energy (SFE) deposited on 

amorphous surfaces exhibit a high density of growth defects like stacking faults and twins[14]–[18]. The 

twins grow with a few nanometers spacing, especially in {111}	!"" textured grains. Nanotwins, among 

other defects, are determining factors for microstructural stability [14] and transformation 

from	{111}	!"" 	to {001}	!"" fiber texture with increasing film thickness[19].  

In this paper, texture and heteroepitaxy in thin film fcc equiatomic CoCrFeNi alloys are studied using 

X-ray diffraction (XRD) and electron backscatter diffraction (EBSD) techniques. Firstly, a new 

heteroepitaxial relationship is reported in addition to ‘OR1’ and ‘OR2’ for fcc metallic systems on a c-

sapphire substrate. Possible energetic and kinetic reasons are discussed together with the similarities 

and differences with pure metal/ simpler alloy systems reported in literature. Secondly, formation of 

extensive growth twins (‘nanotwins’) in this alloy, in OR 1 oriented grains is reported. Conditions for 

the exceptional thermal stabilities and rapid grain growth of OR1 under the influence of these twins 

are discussed. Theoretical considerations are accompanied with transmission electron microscopy 

(TEM) observations. Thirdly, influence of a surface oxide layer and a fine dispersion of oxide inclusions 

in the matrix on the relative grain growth of OR1, OR2 and OR3 is discussed. Fourthly, several ORs with 

	{ℎ𝑘𝑙}!"" 	 ∥ (0001)$%!&"	 where {ℎ𝑘𝑙}!"" are high index, low symmetry planes falling inside the 

standard cubic stereographic triangle are reported. The theory behind the possible origin of these ORs 

due to twinning of near {001}!"" and {111}!"" orientations is proposed. 
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To the best of the authors knowledge, the formation of OR3 on c-sapphire is here reported for the 

first time (although a similar OR is reported for Al on {111}'(  [20]). Also, the theoretical grounds on the 

consistent formation of high index {ℎ𝑘𝑙}!"" ORs due to an interplay of twinning and strain energy. 

These findings open a new horizon for the theory of crystallography based on defects in alloy thin 

films, with possible implications in future studies on interconnect applications.  

 

2. Experimental procedure 

2.1. Thin film deposition 

Films of CoCrFeNi alloy with thicknesses of 500 nm and 1 µm were deposited on (0001)$%!&"  (c-

sapphire) by magnetron co-sputtering in a load locked ultra-high vacuum chamber (CMS 600/400 LIN 

DCA Instruments Oy, Finland). Substrates used were 50 - 100 mm diameter c-sapphire wafers (basal 

plane (0001) α-Al2O3, one side epi-polished, (CrysTec GmbH, Germany). All wafers were used in as-

received condition with no further surface thermal or chemical treatment. Magnetron co-sputtering 

was carried out using confocally placed 100 mm diameter pure metal targets of Cr (99.95 wt%, 

MaTecK, Germany), Fe (99.99 wt%, Evochem, Germany), Co (99.99 wt%, MaTecK) and Ni (99.995 wt%, 

K.J. Lesker, USA). The targets were cleaned by sputtering against closed, individual target shutters 

prior to deposition. The base pressure of the sputter system was 4.5 x 10-6 Pa and the Ar pressure 

during sputtering was 0.67 Pa. Source power of the magnetrons was adjusted for each source to yield 

the desired equiatomic composition of the deposited film, resulting in an overall deposition rate of 

0.13 nm/s. Sample stage rotation was set to 20 rpm to obtain homogeneous films. The equiatomic 

films were deposited at either room temperature (RT, 298 K), i.e., without intentional heating or with 

the heater set to 573 K. The 500 nm film on c-sapphire deposited at 298 K was annealed in the 

deposition chamber at 573 K for 12 hours. This film is referred to as RT deposited 500 nm film 

hereafter.  

2.2 Annealing  

The films on substrates were broken into 10 mm x 10 mm squares or parallelopipeds using a diamond 

scribe, for annealing after deposition. All 500 nm thick films grown on c-sapphire were annealed at 

973, 1223 and 1373 K, while 1 µm thick films on c-sapphire were annealed at 973 and 1223 K. The 

holding time during annealing was 2 hours in each case. Table 1 summarizes all the investigated 

samples. Annealing at 973 and 1223 K were carried out in a custom-built oven with a pyrolytic BN 

heater operating under medium vacuum of 10-2 Pa at the annealing temperature. Annealing at 1373 

K was performed at 10-3 Pa in a box type vacuum furnace.  
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Selected films were encapsulated individually in quartz tubes, followed by evacuation, filling with 

Argon and sealing. Sealed tubes also contained titanium filings as an oxygen getter. Quartz 

encapsulated samples were annealed at 973, 1223 K in a box type vacuum furnace.  

2.3 Characterization 

Thin films were analyzed using X-ray diffraction (XRD) in a Seifert diffractometer equipped with an 

ID3003 generator, poly-capillary beam optics, and a 2-circle goniometer, using 𝐶𝑜 − 𝐾 radiation and 

an energy dispersive point detector. The 𝜃 − 2𝜃 measurements were carried out with a step size Δ2θ 

of 0.03°, a count time of 10 s/step. A θ-offset of 10° was used to avoid signals from the substrate. For 

pole figure measurements, the diffractometer was also equipped with a 4-circle goniometer that 

enabled measurements with a ϕ range of 0 – 360° about the rotation axis and a ψ range of 0 – 85° 

about the tilt axis with a step size of 5° each. Pole figures were measured at 2θ values corresponding 

to {111}, {200} and {220} poles. The normal direction to the “flat” ({112*0}$%!&"  as per wafer 

terminology) of c-sapphire was always aligned along the y-axis during X-ray pole figure measurements.  

Scanning electron microscopy (SEM) was carried out on a high-resolution field emission gun SEM (Zeiss 

Gemini 500, Carl Zeiss AG, Germany). EBSD was performed using a TSL-OIM data acquisition system 

(Edax-Ametek, USA) attached to a Ga focused ion beam (FIB)-SEM cross beam workstation (Zeiss 

Auriga, Carl Zeiss AG, Germany). Oxide scale (with a thickness between 100 and 200 nm in different 

films) formed on annealed samples (except some quartz encapsulated samples) was removed by Ar 

ion surface polishing in a precision etching coating system (PECS, Gatan, USA). A beam accelerating 

voltage of 5 kV, milling current of 200 μA, sample rotation of 20 rpm and beam incidence angle of 10° 

were used for PECS. The average chemical compositions of thin films were determined using energy-

dispersive X-ray spectroscopy (EDS) in a SEM (JSM 5800 LV, Tokyo, Japan) with a INCAx-act 250 EDS 

system (Oxford Instruments, England) using a silicon drift detector with Peltier cooling. 

In-plane grain size of as-deposited films was measured with a linear intercept method using grooves 

at grain boundaries formed during the deposition process. Grain sizes of annealed films were 

calculated from grain area using grain identification maps in the TSL-OIM data analysis software. Mean 

grain sizes of as-deposited films (measured by linear intercept method using SEM images) and 

annealed films (measured using equivalent grain area in EBSD scans) along with standard deviation of 

the distribution are also listed in Table 1.  

To find the orientation relationship with respect to the c-sapphire substrate, a small area of the film 

was scratched using a steel blade, to expose the substrate. EBSD scans were collected from the 

substrate and the film in a single experiment – without changing orientation of the sample with 

respect to microscope coordinate system in between the scans.  
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Further, TEM microstructure analysis was carried out using an aberration-corrected instrument 

operating at 300 kV (Titan Themis, Thermo Fisher Scientific, USA). Cross-sectional and plan-view TEM 

samples were fabricated using the FIB technique detailed in a previous publication[21].  

 

3. Results  

The major part of results is related to the heteroepitaxy of CoCrFeNi films on (0001) α-Al2O3, 

deposited and annealed under different conditions. Sec. 3.2 and 3.3 list observations on twins and 

oxides respectively – that have a profound influence on the ORs.  

 

3.1. Heteroepitaxial orientation relationships  

Results in this section are divided into three parts. Sec. 3.1.1 reports findings on RT deposited films 

that contain majorly OR1 at all annealing conditions. Sec. 3.1.2 is on 573 K deposited 500 nm films and 

appearance of OR 3, {345}!""	, {115}!""	 and {122}!""	. Sec. 3.1.3 on 573 K deposited 1 µm films 

containing a few more {ℎ𝑘𝑙}!""	in addition to OR3 and {345}!""	. ORs obtained with area fraction and 

grain size (variant spacing) are summarized in Table 1. Compositions of all deposited films (SEM-EDS) 

are listed in Table S1.  

 

3.1.1. The 500 nm film deposited at RT: Predominantly OR1  

In RT deposited films, a heteroepitaxial OR with two orientation variants (epitaxial and epitaxial-

twinned), indicated by 6 specific positions of inclined {111}!"" peaks in X-ray pole figure (Fig. 1a) was 

observed. The 〈101*0〉$%!&"  was parallel to the x-axis indicating an OR referred to as OR1 in many 

studies[3]: 

{111}!""	 ∥ (0001)$%!&", 〈11*0〉!"" ∥ 〈101*0〉$%!&"  

Results are consistent with those in our previous study (for details, refer to [11]).  

The OR1 grains exhibit an exceptional thermal stability on annealing. For the annealing time of 2 hours, 

OR1 grains are retained at 1223 K (0.71 Tm) (melting temperature of 1728 K[22]) except formation of 

some dewetting pores. Orientation spread was within 10° for 95% of these grains according to EBSD 

scans (Fig. 1b). The average grain size increased from 36 nm in the as-deposited condition (RT) to 780 

nm at 1223 K.  

At 1373 K (0.79 Tm) (Fig. 1c, d), the spread in OR1 (and twinned) reduced to a few degrees, the grain 

size increased to 8.5 μm (Table 1). New {447}!"" ∥ (0001)$%!&"  grains (purple in Fig. 1d) with an area 

fraction of 0.05 were observed in addition to dewetting pores.  

 

 



7 
 

3.1.2. The 500 nm films deposited at 573 K – appearance of OR 3 and {𝒉𝒌𝒍}𝒇𝒄𝒄	 

Microstructure and heteroepitaxy of the 573 K deposited films were comparable to the RT deposited 

films, with predominantly OR1 grains (Fig. 2a). OR1 remained stable in films annealed at 973 K. In the 

quartz encapsulated film, all grains detectable by EBSD were of OR1 type (Fig. 2b-e, Fig. S1), majority 

of grains had a CI < 0.2 (Fig. S1), implying a grain size of less than 100 nm (Table 1).  

Annealing at 1223 K without encapsulation led to two new significant ORs in addition to OR1 (Fig. 3) – 

clearly in contrast with the RT deposited films.  

The first new OR was, 

{001}!""	 ∥ (0001)$%!&", 〈100〉!"" ∥ 〈101*0〉$%!&" 	𝑎𝑛𝑑	〈010〉!"" ∥ 〈112*0〉$%!&" 	 

This is denoted as ‘OR3’ in this manuscript as OR2 is used already in literature for  

{111}!""	 ∥ (0001)$%!&", 〈110〉!"" ∥ 〈101*0〉$%!&"  

The OR3 grew with three in-plane variants rotated by 120°, 〈001〉!"" direction aligned along one of 

the three 〈101*0〉$%!&"  directions. Orientation spread around {001}!""	 was < 10° for 95% grains. Area 

fraction of OR3 was ~ 0.40, the grain size > 6 µm (Fig. S2), larger compared to OR1 {111}!"" grains 

(~1.5 µm). The second new OR was {345}!"" ∥ (0001)$%!&" ,	possessing an orientation spread of less 

than 5° (Fig. 3b, d), an average grain size of 2 μm, and an area fraction of ~ 0.38. The grains close to 

{111}!"" grew with a fiber texture (combination of OR1, OR2, each with twins and orientation spread, 

Fig. 3d), covering an area of 0.01. Annealing at a further higher temperature (1373 K) without quartz 

encapsulation led to a similar combination of ORs (Fig. 5, Fig. S4), with grain sizes a factor of 1.5 – 2.3 

higher compared to the 1223 K films. At 1373 K the OR1 and OR2 were clearly distinguishable.  

In quartz encapsulated films annealed at 1223 K, the area fraction and grain sizes of the OR1 were an 

order of magnitude larger (0.78 and 23 µm respectively, Fig. 4) compared to those without 

encapsulation. The OR3 area fraction was reduced to 0.18, grain size (5 µm) remained comparable to 

the film without encapsulation. The {345}!"" ∥ (0001)$%!&"  OR was not observed, instead  {115}!"" 

and {122}!"" that were twins in {111}!"" and {001}!"" grains were observed (Fig. S3). OR 2 with an 

area fraction of < 0.01 was also detected.  

Hence in the films deposited at 573 K, 

● OR1 remains dominant in annealed films until 973 K.  OR2 and OR3 appear both in films with 

and without encapsulation at 1223 K. OR3 is accompanied by {345}!"" grains in films without 

encapsulation. The {345}!"" is replaced by {115}!"" and {122}!"" in quartz encapsulated 

sample. 

● The grain size of OR1 is strongly dependent on the oxide layer and inclusions- increasing by an 

order of magnitude in their absence. The grain size of OR3 does not depend significantly on 

oxides. 
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These results lead to important implications on relative stability of ORs (Sec. 4.4).  

 

3.1.3. The 1 μm film deposited at 573 K – OR 3, {𝟑𝟒𝟓}𝒇𝒄𝒄	 and additional {𝒉𝒌𝒍}𝒇𝒄𝒄	 

The OR of the as deposited and 973 K annealed 1 μm films was predominantly OR1 (Fig. S5) with a 

grain size of less than 100 nm, similar to the 500 nm thick films. At 973 K, OR3 with an area fraction of 

0.03 appeared.   

The area fraction of OR3 increased to 0.56 in films annealed at 1223 K without encapsulation (Fig. 6a, 

b, Fig. S6). Less than 0.01 area fraction of OR2 (Fig. 6c,d, Fig. S6) grains, with deviations of up to 7° 

from the {111}!"" were observed. The {447}!"" 	and {345}!"", each with a spread of less than 5° (Fig. 

6b) also appeared. Some of the {345}!"" oriented crystals appeared to be twins in OR3 grains (Fig. 

S6). The area fractions were ~ 0.35 for {345}!"", ~ 0.04 for {447}!"" and ~ 0.01 for {111}!"". A 

consistent but a small area fraction of~ 0.02 for grains with {146}!"" ∥ (0001)$%!&"  and ~ 0.02 with 

{236}!"" ∥ (0001)$%!&"  orientations (each with a spread of less than 5°) were also present. These two 

orientations appeared to be distinct grains although their origin could be related to twinning (Sec. 

4.5).  

The distribution of ORs in the film annealed at 1223 K after quartz encapsulation was qualitatively 

similar to the film without it (Fig. 7, Fig. S7). These films exhibited less than 0.01 of {111}!"", ~ 0.53 of 

OR3 and ~0.43 of {345}!"" (Fig. 7). The grain size of both OR3 and {345}!"" were a factor of 2-3 larger 

compared to the films without encapsulation. The {236}!"" and {146}!"" were also observed, with 

an area fraction of < 0.01 (Fig.S7).    

Results on the 1 µm and 500 nm films deposited at 573 K are similar except:  

● OR3 appears in 1 µm samples annealed at 973 K.  The {345}!""appears in films both with or 

without encapsulation (not replaced by {115}!"" and {122}!"").  

● High index {ℎ𝑘𝑙}!"" orientations, {447}!"", {236}!"" and {146}!"", not observed in 500 nm 

thin films are consistently found in 1223 K samples with grain sizes of 10 – 20 µm, and an area 

fraction < 0.05.  

The appearance of OR3 at lower temperature in thicker films – indicate the strain energy advantage 

(Sec. 4.4).  Other {ℎ𝑘𝑙}!"" ORs are presumably related to strain energy or plasticity due to twinning 

(Sec. 4.5). 

 

3.2. High density of growth twins (nanotwins) in OR1 grains and nanopores at the columnar 

boundaries 

TEM plan-view bright field images of both RT and 573 K deposited samples, (Fig. 8a) exhibited several 

nanopores at triple junctions. Closely spaced linear features in the cross-section (Fig. S8) were 
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identified as coherent twin boundaries (CTBs) and stacking faults (SFs) on {111}!"" planes by fast 

Fourier transformation analysis. A high density of CTBs/SFs with several nm spacing parallel to 

(0001)$%!&"  were present in OR1 grains (Fig. S8). Twinning was not limited to the (111)!"" plane 

parallel to (0001)$%!&", but was also present in the three {111}!"" planes inclined by 70.5° to 

(0001)$%!&"  (Fig. 8b), traces making an including angle of 120° between the pairs. CTBs were also 

observed in OR1 grains in annealed samples (Figs. 8c and d) but with a larger spacing. The electron 

diffraction pattern taken in 〈110〉 zone axis revealed twin reflections (Fig. 8c).  In contrast, CTBs in OR3 

grains were spaced several micrometers apart when present (IPF in Figs. 6, 7). Hence TEM cross-

sections appeared as single crystal grains in most of the regions (Fig. 8e).  

 

3.3. Oxide surface layer and oxide particles in annealed films  

Films deposited at RT and 573 K had no detectable oxide layer at the surface. However, the FIB cross 

sections of all films annealed without quartz encapsulation had an oxide layer with a thickness of 100 

- 200 nm (Eg: Figs. S8b and d). There was a high density of oxide particles embedded in the fcc matrix 

(Eg: Fig. S8b) [21].  

The quartz encapsulated films annealed at 973 K had an oxide layer with ~ 100 nm thickness at the 

surface (Fig. S8). In encapsulated samples annealed at 1223 K no surface oxide was found, but a few 

large oxide particles (>1 µm) – rich in Cr as observed under SEM-EDS were present (Fig. S8, brief 

interpretation in Appendix A). The spacings of these oxides were tens of micrometers compared to 

tens of nm in films annealed without encapsulation[21].  

Absence of oxide layer and inclusions separated by several µm, had a huge effect on the grain size and 

area fractions of ORs (Figs. 2,4) in 500 nm thin films. The area fraction of OR1 increases significantly 

at the cost of OR3 and {345}!"" in the absence of the oxide inclusions. In the 1 µm film, there is a 

subtle effect on the area fractions, but the grain sizes increase by a factor of 2-3.  

 

4. Discussion 

4.1. Thermal stability of OR1 grains up to 0.56 Tm  

All the as-deposited films are predominantly OR1, both at RT and 573 K, indicating the lower energy 

barrier for the nucleation and growth of the OR1 grains during thin film deposition. At 973 K all 

identified grains in EBSD and XRD remain OR1. The grain size remains < 100 nm for 500 nm films, < 1 

µm for a film thickness of 1 µm (including quartz encapsulated films). Hence, the OR1 grains exhibit 

an exceptional microstructural stability up to 0.56 Tm. The films are covered with a thin oxide layer 

(Fig. S8) – including the quartz encapsulated films that were Ar filled and contained a Ti getter. The 
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sluggish grain growth in OR1 grains in the present study was reproducible at 973 K with no exceptions 

(Table 1). 

The grain size is less than the film thickness at 0.56 Tm - much lower compared to Cu and Ni on c-

sapphire annealed at lower homologous temperatures[3][8]. Pure Ni serves a good comparison due to 

the proximity of Tm, that is 1728 K for pure Ni and 1718 K for CoCrFeNi[22]. The grain sizes for 500 nm 

pure Ni films on c-sapphire[8], were “at least twice the film thickness” at 773 K (0.45 Tm).  

The exceptional thermal stability (to be precise, metastability, see Sec. 4.4) could be attributed to the 

presence of a large number of defects: nanotwins (Fig. 8, S8) intersecting columnar boundaries, 

nanopores at triple junctions (Fig. 8a), a thick oxide layer on the film surface and fine oxide dispersions 

in the bulk.  

There are a large number of kinetic factors that lead to sluggish grain growth as discussed in the 

following. 

Nanotwin induced reduction in intrinsic columnar boundary mobility: In as-deposited films, columnar 

grain boundaries are intersected by more than a hundred coherent twin boundaries. 

Thermodynamically, nanotwinned grains are less stable due to a higher defect energy (Sec. 4.4). But 

the kinetics of the GB migration is likely to be much slower as evident in other nanotwinned fcc metals 

and alloys[16][17][23]. The CTBs were observed with nano spacing – even at 973 K (Fig. S8). The CTBs could 

also potentially explain the difference compared to pure Ni with a high SFE[24]. Ni thin films do not 

contain nanotwins unless deposited with specially engineered conditions like nanotwinned seed layers 

or under tuned deposition parameters [25]–[27].  

The direct evidence of the reduction in GB mobility in the presence of CTBs requires specially designed 

geometries (Fig. 9). Studies on relative GB mobilities in an extensively twinned crystal bonded to a 

single crystal (Fig. 9b), compared to a bicrystal with a single ITB across the cross section (Fig. 9c) would 

be desirable.  

Zener drag due to nanopores on triple junctions: The columnar OR1 grains invariably enclose fine 

pores at triple junctions (Fig. 8a), with an area fraction of less than 0.01. These are observed up to 973 

K and are likely to exert Zener drag on triple junctions[28]. Retention of nanopores over annihilation or 

coarsening up to 0.56 Tm indicates a low rate of grain boundary and surface diffusion. (A brief 

explanation on nanopores is included in Appendix B).  

Influence of oxide surface layer and particles: is discussed in Sec. 4.3, in relation to the grain growth 

of all ORs.   
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4.2. Formation of OR3 in films deposited at 573 K 

This study reports for the first time a new OR on any fcc metallic material on c-sapphire (section 3.1.2), 

with {001}!""	 ∥ (0001)$%!&".This OR forms consistently only in annealed films deposited at 573 K and 

not in any RT deposited film. It was the most dominant OR next to OR1 in the study. The OR3 fraction 

is negligible in 573 K deposited films – but drastically increases on annealing at and above 1223 K. 

Further, the OR is present both in films annealed with and without quartz encapsulation.  

The absence of OR3 in RT deposited films, at least within the resolution limits of XRD, indicates the 

absence of their nuclei at this temperature. The RT deposited films most likely contain entirely OR1 

nuclei. Hence the OR remains stable up to 1373 K (0.79 Tm). In 573 K films, OR3 and OR2 nuclei possibly 

form along with OR1 during deposition as shown in a schematic (Fig. 8f). Although the fraction in as-

deposited films is minute and the X-Ray PFs exhibit sharp OR1 peaks, weak OR2 and OR3 signals 

indistinguishable from the background could be present. The OR2 and OR3 nuclei grow into large 

grains consuming OR1, under favorable kinetic conditions (Sec. 4.4). 

 

4.3. Rapid grain growth of OR1 above a critical temperature  

In RT deposited films, where OR1 remains the major OR at all annealing temperatures (Table S2), the 

grain size increases to greater than the film thickness at 1223 K, rapidly increasing by an order of 

magnitude at 1373 K. These results indicate a critical temperature above which there is rapid OR1 

grain growth.   

Further films deposited at 573 K, annealed with and without quartz encapsulation at 1223 K clearly 

indicate that the critical temperature depends on the presence of oxides.  In the absence of a quartz 

encapsulation, the films contained fine oxide dispersion (< 100 nm), separated by tens of nm. The 

quartz encapsulated films contained oxide particles of sizes visible under the SEM, separated by tens 

of micrometers. The OR1 area fraction and grain size drastically changes in 500 nm thin films (Figs. 2 

and 4) when encapsulated. The grain size increases by a factor of 15 and the area fraction increases 

from less than 0.1 to 0.78. Hence the OR1 grain growth is sluggish in the presence of severe oxidation, 

rapidly taking off in its absence. In the presence of fine oxide particles, OR1 remains stable in grain 

size, but gets consumed by other ORs that rapidly grow (Sec 4.4).  

The results are firstly related to the mobility of columnar GBs (ITBs) with numerous intersecting CTBs 

being strongly dependent on the presence of oxides or other pinning points. Secondly, all films with 

low OR1 grain growth rate contained surface oxide, the ones with rapid grain growth did not. The 

oxide layer is reported to hinder diffusion creep in thin films [29], due to a lower rate of surface 

diffusion. The grain growth in thin films – also likely dependent on surface diffusion – could be affected 

in the same manner. Thirdly, the formation of a Cr-oxide layer (in some cases, up to 200 nm thick) 
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leads to a decrease in Cr content in the matrix [21]. A back-of the envelope calculation indicates a 

reduction of Cr content from 25 to 11 at% in the film matrix for the extreme case of 200 nm thick Cr-

oxide forming on a 500 nm thick film. As the thickness of the oxide layer was between 100 – 200 nm, 

the atomic % of Cr in the matrix will be 11 – 20%. Reduction in Cr content could change the segregation 

profile and the relative GB mobilities. Either one or more of the above possibilities could lead to the 

observed OR1 grain growth behavior. Study of these individual aspects is beyond the scope of the 

present study.  

 

4.4. Relative stabilities of OR1 compared to OR2 and OR3 

The transition from {111}!"" to {001}!"" orientations is studied in detail in fiber textured films[30]–[32] 

– mostly considering thermodynamic factors of interfacial and strain energies. The strong {111}!"" 

fiber texture at lower thicknesses, is attributed to a low interfacial energy of densely packed 

{111}!"" 	surface planes [33]. The transition to {001}	!""fiber texture takes place at higher thicknesses 

due to a lower strain energy of the {001}!""		orientation [30][34]–[36] .In addition, in some studies the 

relative density of defects between the two orientations is assumed to play a role [19][37]. To our 

knowledge, this is the first study reporting {111}!"" to {001}!""transition in fcc epitaxial thin films on 

a c-sapphire substrate. A similar orientation relationship was observed for Al films on {111}'(  and 

{111}*+ [1], but with a few differences. Firstly, the {001}!"" in Al grows at the lower deposition 

temperatures of 473- 553 K (0.51-0.59Tm respectively). Secondly, in case of Al, the {001}!"" 

to	{111}!"" 	transition occurs with increasing deposition temperature ({111}!"" ∥ 	 {111}'(/*+occurs 

at > 598 K (0.64 Tm)) in contrast to CoCrFeNi on c-sapphire where the opposite trend is observed. 

Thirdly, in case of {001}$%  on  {111}'(/*+, the close-packed directions of the substrate and the film 

are parallel. In the present case these are at 45°. 

4.4.1 Thermodynamic factors related to OR1, OR2 and OR3 

● Nanotwins in OR1 grains in contrast to micrometer twins in OR2 and OR3  

In the present study, the OR1 grains were heavily twinned (Fig. 8) in the as-deposited condition. The 

defect energy per unit volume considering nanotwins includes the energy of coherent 𝛴3/{111}!"" 

twin boundaries (CTB) of area ~ d2 (d is the diameter of the columnar grain) parallel to the substrate 

surface and that of incoherent 𝛴3/{211}!"" 	 twin boundary (ITB) segments[38][39] of area ‘d*h’ (h is the 

film thickness) along the columnar boundaries. The CTB energy per unit volume is given by 𝐸./0 =

𝛾./0𝑛./0/ℎ, where 𝛾./0 is the CTB energy per unit area and nCTB is the number of coherent twin 

boundaries across the cross section. The CTB energy is expected to be close to half the SFE [40]. The 

SFE of the CoCrFeNi alloy is calculated to be ~ 30 mJ/m2 [41], and is close to the experimental value for 

the quinary CoCrFeMnNi alloy [42]. Considering the CTB energy of ~15 mJ/m2 and 100 CTBs across the 
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cross-section (h = 500 nm), the CTB energy per unit volume can be estimated as 3000 kJ/m3. The ITB 

(columnar boundaries) energy per unit volume is given by 𝐸1/0 =
2#$%3#$%

4
. The energy of incoherent 

segments for a fcc metal such as Cu could be a factor of 4 higher compared to the CTB energy [43]. Thus, 

we assume a 𝛾1/0 ≈ 60 mJ/m2 for CoCrFeNi. Considering a grain size of 500 nm and approximating to 

hexagonal columns with 6 ITBs – each shared by two neighboring grains, EITB per unit volume amounts 

to 360 kJ/m3. The total twin boundary energy ETB per unit volume of {111}!"" grains amount to 3360 

kJ/m3. 

The CTBs are observed in the cross sections of OR1 grains even at 1373 K with a spacing of hundreds 

of nanometers (Fig. 8 c,d). The CTB spacing in the OR3 grains is several micrometers (Fig. 7f, Figs. 2a, 

4a). Similarly, cross-sections of OR2 grains showed single crystals without nanotwins (Fig. S8[11]). The 

OR1 grains contain a higher twin density, hence, a higher defect energy per unit volume.   

● Anisotropy of elastic modulus favoring OR3 

 The elastic strain energy can be calculated as 𝐸5678(2 =
9
:
𝑀〈<=>〉𝜀6@+7A8%:	, where 𝜀6@+7A8% =

O𝛼!(%A − 𝛼5<B56786+Q∆𝑇 is the thermal strain in the system, 𝑀〈<=>〉 is the biaxial modulus of 〈𝑢𝑣𝑤〉 

direction, α is the thermal expansion coefficient, and ΔT is the temperature difference between the 

deposition temperature and annealing temperature. The thermal expansion coefficients for c-

sapphire and CoCrFeNi alloy are 𝛼$%:&C =	 [4.5 + 0.0062	(𝑇 + 273) − 	1.5	 ×	10DE(𝑇 +

273):]10DE/K [44]and 𝛼.F.7G+H( 	= 1.73	𝑥10DI[1 − 𝑒𝑥𝑝(−𝑇/158)]	/K respectively [22]. The RT 𝑀{KK9} 

and 𝑀{999} were calculated (from the data available on CrMnFeCoNi single crystals[42]) as 172 GPa and 

352 GPa. The elastic strain energy per m3, for the {111}!"" is ~ 10,500 kJ/m3 at 973 K. However, at 

temperatures greater than 573 K, the thin film relaxes its thermal stresses (Fig. 10). Hence, as a first 

approximation, the strain energy per unit volume stored in the system can be taken as the elastic 

strain energy at 573 K – that is ~ 2300 kJ/m3 for the OR1. The strain energy for {001}!"" OR3 

orientations is a factor of 2 lower with the absolute magnitude of 1100 kJ/m3, a factor of two lesser.  

● Relative values of epitaxial strains favoring OR2 and OR3 at higher temperatures 

The d-spacing of the close-packed direction in c-sapphire 〈303*0〉$%!&"  is 0.137 nm and that of 

〈112*0〉$%!&"  is 0.238 nm. The epitaxial strain of OR1 considering lattice mismatch between 〈022〉!"" 

(d-spacing of 0.126 nm) and 〈303*0〉$%!&"  is isotropic with a tensile value of 0.09. For OR2, the lattice 

mismatch between 〈011〉!"" (0.252 nm) and 〈112*0〉$%!&"(0.238 nm) is isotropic and compressive with 

an epitaxial strain of 0.06. The 〈002〉!"" 	d-spacing of CoCrFeNi is 0.178 nm. In OR3 grains, alignment 

of one of the 〈002〉!"" directions along 〈303*0〉$%!&"  and the other at 90° along 〈112*0〉$%!&"  leads to 

linear strains of -0.28 and +0.34 respectively. Stresses in these films get increasingly compressive on 

annealing (Fig. 10). The compressive stress that develops on annealing is likely to promote OR2 
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(isotropic compressive epitaxial strain) and OR 3 (compressive epitaxial strains in one of the directions) 

over OR 1 (isotropic tensile epitaxial strain).  

Although a mismatch of > 0.1 was typically considered an upper cutoff for the epitaxial film formation, 

many studies report epitaxy based on for 𝑚𝑑5<B56786+ = 𝑛𝑑!(%A. A well-known example is is Ag on Si 
[45] with a mismatch of -0.33, where epitaxy with a misfit dislocation every fourth Ag layer is observed. 

Hence large mismatches here could still lead to epitaxy with misfit dislocations at regular intervals.  

Epitaxial strain energy depends on the temperature due to thermal expansion differences, and 

temperature dependence of the biaxial moduli. Further on the interface atomistic structure, for 

example interface reconstruction in Ni/Al2O3 [7] decreases the interfacial strain. Reported values are 

only true to the first approximation.  

• Relative values of free surface and interfacial energies 

The {111}!"" grains including OR1 form due to a low value of free surface energy and the film-

substrate interfacial energy. The surface energy of {111}!"" plane in CoCrFeNi alloy was calculated as 

2.3 J/m2[46]. Considering this value, the surface energy / unit volume of a film can be calculated as 

𝐸999 = 𝛾999/ℎ, that is 4,600 kJ/m3, same order of magnitude as the strain and defect energies. The 

energy advantage of OR1 and OR2 over OR3 is likely to be reduced due to adsorption of gas molecules, 

further by the formation of oxide. Surface and interfacial energy values depend again on the local 

relaxation.   

4.4.2 Thermodynamic advantage of OR2, OR3 over OR1  

The twin boundary energy of OR1 grains is of the same order of magnitude as the elastic strain energy, 

especially in the presence of a high density of growth twins – accounting to an advantage of ~ 3360 

mJ/m3 even at room temperature. The twin boundary energy is almost negligible in OR2 and OR3 

grains – owing to the tens of micrometers twin spacing. The elastic strain energy is a factor of two 

lower for the OR 3 grains owing to a low modulus {001}!""orientation. Further, the unrelaxed epitaxial 

strain favors OR2 and OR3 at higher temperatures. Hence, thermodynamically OR2 and OR3 have an 

advantage over the OR1 grains at all temperatures. Note that the lower surface energy of OR1 or OR2 

is less likely significant in films with thickness of 500 and 1000 nm. 

4.4.3 Nucleation advantage and metastability of OR 1 

The OR1 grains form in as-deposited films due to their nucleation advantage and exhibit exceptional 

metastability up to 973 K due to kinetic reasons (Sec 4.1). At higher temperatures, the likely increase 

in twin spacing reduces the defect energy advantage of OR2 and OR3. But the strain energy advantage 

increases (more compressive stresses). The OR3 grains, greater than 100 nm appear with an area 

fraction of 0.03 at 973 K – only in 1 µm films, not in 500 nm films. Further the OR 1 fraction is almost 

negligible in the 1 µm thin films (with or without oxides) at 1223 K, but significant in the 500 nm films. 
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In 1 µm films, 0.91 – 0.96 of the area is covered by OR 3 + {345}!"". Both observations suggest that 

OR3 grains rapidly grow when kinetics is favorable. 

4.4.4 Oxide particles and kinetic factors  

As explained in Sec. 4.3, grain growth of OR1 strongly depends on oxide layer and oxide particles, that 

of OR2 and OR3 are weakly dependent. Above 973 K, the OR1 grows rapidly in their presence, OR2 

and OR3 in their absence. Notably, in all these ORs rapid grain growth starts at a temperature between 

973 and 1223 K. Study of the related kinetic factor is beyond the scope of the current study.  

The discussion above leads to a number of insights: 

● The thermodynamic factors (defect and the strain energy) favor OR2 and OR3 over OR1 grains 

at all temperatures.  

● The OR1 grains formed due to nucleation advantage remain metastable below 973 K (Sec. 

4.3).  

● The dominance of OR3 in thicker films, strongly indicate the role of strain energy in its 

appearance.    

● The OR2 and OR3 grain boundary mobility is weakly dependent on the oxides, in contrast to 

OR1.  

 

4.5. Twinning induced ORs 

In addition to OR1, OR2 and OR3, six other ORs involving high index {ℎ𝑘𝑙}!"" were identified in films 

deposited at 573 K and annealed above 973 K. The predominant was {345}!"" 	 ∥ 	 (0001)$%!&". The 

{115}!"" 	 ∥ 	 (0001)$%!&"and {221}!"" 	 ∥ (0001)$%!&" 	 were observed in 500 nm film, encapsulated 

and annealed 1223 K, although with a miniscule area fraction (Table 1). The {447}!"" 	 ∥ 	 (0001)$%!&", 

{146}!"" 	 ∥ 	 (0001)$%!&"and {236}!"" 	 ∥ 	 (0001)$%!&"  were present in 1 µm films, annealed at 1223 

K (consistently observed in multiple samples). These ORs grow with multiple variants, leading to many 

peaks in pole figures (Fig. 6,7, S6, S7). The low index directions	〈001〉!"" , 〈011〉!"" and 〈111〉!"" in 

many of these variants fall along the c-sapphire directions of the type 〈101*𝑙〉$%!&"(located on the great 

circle containing A2 in Fig. 6c) and 〈112*𝑙〉$%!&"(on the great circle containing A1 in Fig. 6c). 

The {345}!"" accompanies OR3, in all 573 K deposited films with an exception of 500 nm films 

encapsulated and annealed at 1223 K. It occurs with a significant area fraction (0.35 – 0.42), a grain 

size of 2.0-3.5 µm in the 500 nm films and, 20 – 42 µm in the 1 µm films. Grain size is an order of 

magnitude larger compared to OR1- when co-existing. The {345}!"" grains (bluish) form the second 

predominant OR, only next to OR3 in 1 μm films annealed at 1223 K (and to a lesser extent in 500 nm 

films annealed at 1223, 1373 K without encapsulation). The {345}!""OR is placed on the stereographic 

triangle, close to the {111}!"" corner, at an angular distance of 11.5° (Fig. 3, 5-7). The grains appear 
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to be twins in close to (but not exactly) {001}!"" grains (orange) (Fig. 6a). Notably, the {345}!"" is 

replaced by {115}!"" and {221}!"" in the 500 nm, encapsulated films – that did not contain oxides 

(Fig. 4). The {115}!"" and {221}!"" are well known twinned orientations of {111}!"" and {001}!"" 

respectively[47][48]. Hence, the primary and secondary twinning of close to {001}!"" and {111}!"" 

grains appears to be a possible explanation for the formation of high index orientations.  

4.5.1 ORs resulting from twinning in {001}!"" 

The change in the A3 direction (the film normal direction) due to twinning of fcc crystals can be verified 

applying the twinning matrix in Ref.[49]. For the grains exactly oriented with OR3, primary twinning 

leads to {122}!"" [49]and secondary twins lead to {148}!"" and {447}!"" along the A3 axis.  

The {345}!"" could form due to primary twinning of {017}!"" directions that are located at 8.1° 

angular distance from exact {001}!"" orientation. Similarly, the {146}!"" could occur due to primary 

twinning of {027}!"", that are at an angular distance of 16° from {001}!"".  

4.5.2 ORs resulting from twinning in {111}!"" 

The primary twinning of {111}!"" orientations on the {111}!"" parallel to the film substrate interface 

leads to what is generally referred to as “OR1 twinned” or “OR2 twinned” orientations (Sec. 3.1.1,[3][5]). 

However, the twinning of {111}!"" grains on {111}!"" planes inclined to the film – substrate interface 

leads to {115}!"" type of orientation [47][48] observed in the 500 nm films without oxides. Further 

twinning of the {115}!"" orientation leads to {5	7	13}!"" among many others, that is 2.7° from the 

{236}!"", another OR observed in the study. Although the analysis for formation of high index ORs is 

preliminary, all these occur close to first or second order twinning of initial grain orientations within 

16° from {001}!"" and {111}!"".  

The quinary CoCrFeMnNi HEA in the bulk form has exhibited deformation by both dislocation 

plasticity[50][51] and twinning [52][53]. In thin metallic films on substrates, thermal stresses on annealing 

lead to extensive deformation by dislocation plasticity, twinning and diffusion creep [29][54]. In Au films 

deformation twinning occurs below a given film thickness [54]. In this study, all orientations related to 

twinning only occur in films where the {001}!"" and {111}!"" grain size is larger than 1 µm – that are 

likely to undergo plastic deformation due to thermal stresses. It appears that the deformation of large 

grains under thermal stresses lead to twinning – that forms these unique ORs. The low stacking fault 

energy of the alloy under study [55] makes twinning a likely mechanism. Constraint to deformation due 

to the thin film dimensions and surface oxide, that suppresses dislocation activity is also likely to be a 

factor. These hypotheses lead the authors towards systematic studies in alloy thin film systems of 

various compositions in the future.  
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5. Summary and Conclusions  

CoCrFeNi alloy thin films sputter deposited on a single crystal c-sapphire or (0001)	$%!&"  form specific 

ORs in as deposited and annealed state, many of which are reported for the first time. 

● Films deposited at RT and 573 K on c-sapphire formed predominantly OR1 heteroepitaxy with 

{111}!""||	(0001)$%!&"  〈110〉	!""||〈101*0〉$%!&".  

● The OR1 grains exhibit a highly defective structure containing nanotwins in the cross section, 

nanopores at triple junctions, oxide surface layer and the fine oxides formed on annealing – that 

lead to an exceptional stability of the grain size at least up to 973 K (0.56 Tm).  

● A new orientation relationship formed in films deposited at 573 K on annealing at 1223 and 1373 

K, (“OR 3”) – with {001}!""||	(0001)$%!&"  〈100〉	!""||〈101*0〉$%!&". In addition, OR2 

{111}!""||	(0001)$%!&"  〈110〉	!""||〈112*0〉$%!&"occurred in a small area fraction in some films.  

● Analysis indicated the thermodynamic growth advantage for OR2 and OR3 grains over OR1 at all 

temperatures. However, kinetic barriers stop their growth up to 973 K (0.56 Tm).  

● Above this temperature, grain growth behavior of different ORs is strongly dependent on oxides. 

Absence of oxides strongly promotes the growth of OR1 over OR2 and OR3. In the presence of 

oxides, OR1 remains stable in grain size and gets consumed by rapidly growing OR2 and OR3. The 

OR3 almost eliminates OR1 in thicker films (1 µm), indicating the role of strain energy in its growth.  

● The study reports an unusual OR with {345}!"" ∥ 	 (0001)$%!&"  , in area fraction of 0.3-0.5. This 

occurs in addition to OR1, OR2 and OR3, in films deposited at 573 K, annealed at 1223 K. The OR 

is related to twinning in close to {001}!"" grains.  

● Similarly, {115}!"" , {221}!"" and {447}!""related to twinning of  {001}!"" and  {111}!"" occur 

in selected annealed films. In addition, {146}!"" and {236}!"" that are presumably related to 

primary and secondary twinning in {001}!"" and {111}!"" grains also occur consistently in the 1 

µm films. The deformation under thermal stresses, constraint to dislocation plasticity and a high 

twinning propensity of the alloy are possible reasons for the formation of these high index 

{ℎ𝑘𝑙}!"" ORs.  
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Figures with captions 

 
Fig 1: XRD and EBSD data of 500 nm thick CoCrFeNi films on c-sapphire deposited at RT. (a) X-ray pole 
figures of as-deposited film; (b, d) are EBSD IPF maps (along A3 – the substrate normal) of films 
annealed at 1223 K (0.71 Tm) and 1373 K (0.79 Tm), respectively. IPFs imply {111}	!""||(0001)$%!&" .	 
(c) typical pole figures of fcc HEA and c-sapphire of an annealed sample (here, 1373 K) that imply 
〈011〉!""||〈101*0〉$%!&". Black areas in (b, d) correspond to pores formed during dewetting. 
 

 
Fig 2: XRD and EBSD data for a CoCrFeNi 500nm thick film deposited at 573 K on c-sapphire. (a) X-ray 
pole figures of as-deposited film, (b-d) are for a film quartz encapsulated and annealed at 973 K for 2 
hours. (b) IPF map along A3 (normal direction) indicating only the grains larger than 100 nm (resolution 
limit of EBSD technique), and (c,d) PFs for the films and the substrate indicating that the identified 
grains are predominantly OR1 type. (e) IPF along A3. 
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Fig 3: EBSD data of a CoCrFeNi 500nm thick film deposited at 573 K on c-sapphire, annealed at 1223 
K. (a) IPF map along A3 (normal direction), (b) IPF along A3 highlighting dominant ORs. (c,d) PF of c-
sapphire compared to the PFs of fcc data partitioned into three dominant ORs: {111}!"" fiber (dark 
blue dot in (b)), OR3 (red dot in (b)) and 	{345}	!""||(0001)$%!&"(light blue dot in (b)).  
 
 

Fig. 4: Results on a 500 nm thin film of CoCrFeNi deposited at 573 K on c-sapphire, quartz encapsulated 
and annealed at 1223 K for 2 hours. (a) EBSD IPF map of the entire region along A3, (b) IPF along A3, 
highlighting five dominant ORs, (c) PF of the sapphire substrate and (d) PFs of the fcc film partitioned 
into specific ORs: OR1 and OR2 (dark blue dot in (b)), OR3 (red dot), {122}!"" (light blue dot) and 
{115}!"" (pink dot). 
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Fig 5: Results on CoCrFeNi 500 nm film on c-sapphire deposited at 573 K and annealed at 1373 K. (a) 
IPF map along A3, (b) IPF highlighting predominant ORs, (c) PF of c-sapphire compared to (d) PFs of 
the data partitioned into dominant ORs: OR1 and OR2 (both are included in the dark blue dot in (b)), 
OR3 (red dot in (b)) and	{345}	!""||(0001)$%!&"(light blue dot in (b)).  
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Fig 6: Results on a 1 μm thin film of CoCrFeNi deposited at 573 K on c-sapphire and annealed at 1223 
K for 2 hours. (a) EBSD IPF map of the entire region along A3, (b) IPF along A3, highlighting 6 dominant 
ORs, (c) PFs of the fcc film partitioned into specific ORs: OR2 (dark blue dot in (b)), OR3 (red dot), 
{447}!"" (purple dot), {345}!"" (light blue dot), {236}!"" (pink dot) and {146}!"" (green dot), (d) PF 
of the sapphire substrate.  
 

 
Fig 7: Results on a 1 μm thin film of CoCrFeNi deposited at 573 K on c-sapphire, quartz encapsulated 
and annealed at 1223 K for 2 hours. (a) EBSD IPF map of the entire region along A3, (b) IPF along A3, 
highlighting three dominant ORs, (c) PF of the sapphire substrate and (d) PFs of the fcc film partitioned 
into specific ORs: OR3 (red dot), {111}!"" (dark blue dot in (b)) and {345}!"" (light blue dot). The  
{236}!"" and {146}!"" are also present in miniscule amounts (not shown).  
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Fig 8: Coherent twin boundaries and nanopores in TEM images (a-f). (a) Plan-view TEM image of a 500 
nm film on c-sapphire deposited at 573 K displaying nanopores at triple junctions. (b) Plan-view TEM 
image of a 1 μm film, deposited at 573 K with a complex nanotwinned structure of {111} oriented 
grains. (c) and (d) are TEM bright field and corresponding dark field images of an OR1 grain in a 500 
nm film, deposited at 573 K and annealed at 1373 K, (e) is the dark field image of an OR3 grain in the 
same film. Insets of figures (c) and (e) are selected area diffraction patterns (SADP) in 〈110〉 and 〈100〉 
zone axes, respectively. The 〈110〉 SADP displays twin reflections. (f) is the schematic of the grain 
structure of a c-sapphire film after deposition at 573 K, and subsequent microstructure evolution after 
a 2h anneal at T ≥ 1223K. 
 

 
Fig. 9: Schematic of suggested configurations of (a) two twinned crystals, (b) single crystal – 
nanotwinned crystal and (c) two single crystals with same orientations as the parent crystal in (a) and 
(b) to compare ITB mobility in nanotwinned crystals compared to that in single crystals.  
 

 

Fig. 10: Thermal stresses in films on c-sapphire – relaxing at a value of ~ 600 MPa at temperatures > 
573 K.
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Table 1: Deposition, annealing conditions, texture and grain size of all films in the study. Note: (a) Area fraction of ORs do not always add up to 1. This is due 
to a combination of unidentified orientations and pores formed due to dewetting. (b) Error bars in grain size correspond to the first standard deviation. 
* The orientation relationship is either OR1 or OR1 – twinned. A double Kikuchi pattern is observed. Individual pattern from either variant of OR1 cannot be 
distinguished. Hence grain size is not reported. 

Deposition 

temperature (K) 

Annealing temperature (K), 

time (h) 

Film Thickness 

(nm) 

ORs / Heteroepitaxy Grain size (nm or µm) Area fraction of components / 

ORs 

298,  

annealed at  

573 K for  

12 hours 

-  

 

500 

OR1  (36 ± 22) nm (SEM) unavailable 

973, 2  OR1 unreliable* 1.0 

1223, 2  OR1 (780 ± 480) nm 1.0 

1373, 2  OR1, 

 {447}!"" 

(8.5 ± 5.0) μm  

(Overall grain size) 

0.61 (OR1),  

0.05 {447}!"" 

573 -  

 

 

500 

OR1 (48 ± 35) nm (SEM) unavailable 

973, 2 OR1, OR3 Unreliable* OR3 < 0.05 

Quartz encapsulated,  

973, 2 

OR1 < 100 nm unavailable 

1223, 2  {111}!"" 	
OR3, 

{345}!"" 	

(1.5 ± 1.0) µm {111}!"",  

(6.0 ± 3.3) µm (OR3),  

(2.0 ± 1.2) µm {345}!""  

0.01{111}!"",  

0.40 (OR3),  

0.38 {345}!"" 

Quartz encapsulated, 

1223 K, 2 

OR1,  

OR2,  

OR3, 

 

(23 ± 13) µm (OR1),  

(1.3 ± 1.3) µm (OR2),  

(5.0 ± 2.2) µm (OR3),  

(0.46 ± 0.21) µm {122}!""  

0.78 (OR1) 

0.01 (OR2) 

0.18 (OR3) 

0.004 {122}!"" 
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 {122}!"" , 

{115}!"" 	

(0.40 ± 0.17) µm {115}!"" 0.001 {115}!"" 

1373, 2  OR1,  

OR2, 

OR3, 

 {345}!"" 

(2.3 ± 1.0) µm (OR1),  

(7.3 ± 2.8) µm (OR2),  

(14 ± 8.5) µm (OR3), 

(3.5 ± 2.3) µm {345}!""  

0.02 (OR1),  

0.06 (OR2),  

0.42 (OR3),  

0.41 {345}!"" 

573 -  

 

 

 

 

 

1000 

Predominantly OR 1 (60 – 100) nm - 

973, 2  Predominantly OR 1 

+ some OR 3 

(600 ± 450) nm  

(overall grain size) 

0.58 (OR1),  

0.03 (OR3) 

1223, 2  OR2,  

OR3,  

 {345}!"" , 

	{447}!"" ,  

{146}!"" , 

{236}!"" ,	

(18 ± 12) µm (OR2),  

(46 ± 31) µm (OR3),  

(20 ± 11) µm  {345}!"",  

(13 ± 6) µm  	{447}!"",  

(19 ± 10) µm {146}!"",  

(10 ± 5) µm  {236}!""  

0.01 (OR2), 

0.56 (OR3),  

0.35 {345}!"",  

0.04 	{447}!"",  

0.02 {146}!"",  

0.02 {236}!"" 

Quartz encapsulated,  

1223, 2  

{111}!"" ,	
OR3, 

 {345}!"" 

{146}!"" , {236}!"" 	

Insufficient data {111}!"" 

(140 ± 100) nm (OR3) 

(42 ± 26) nm  {345}!"" 

Insufficient data for 	
{146}!"" , {236}!"" 	

< 0.01, {111}!"" , 

0.53 (OR3) 

0.43  {345}!"" 

< 0.01, {146}!"" , {236}!"" 

 


