
  

  

Double in-plane alignment in biaxially textured 

thin films 

  

  

Viktor Elofsson, M. Saraiva, Robert Boyd and Kostas Sarakinos 

  

  

Linköping University Post Print 

  

  

 

 

N.B.: When citing this work, cite the original article. 

  

  

Original Publication: 

Viktor Elofsson, M. Saraiva, Robert Boyd and Kostas Sarakinos, Double in-plane alignment in 

biaxially textured thin films, 2014, Applied Physics Letters, (105), 23, 233113. 

http://dx.doi.org/10.1063/1.4903932 

Copyright: American Institute of Physics (AIP) 

http://www.aip.org/ 

Postprint available at: Linköping University Electronic Press 

http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113499 
 

http://dx.doi.org/10.1063/1.4903932
http://www.aip.org/
http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113499
http://twitter.com/?status=OA Article: Double in-plane alignment in biaxially textured thin films http://urn.kb.se/resolve?urn=urn:nbn:se:liu:diva-113499 via @LiU_EPress %23LiU


Double in-plane alignment in biaxially textured thin films
V. Elofsson, M. Saraiva, R. D. Boyd, and K. Sarakinos 
 
Citation: Applied Physics Letters 105, 233113 (2014); doi: 10.1063/1.4903932 
View online: http://dx.doi.org/10.1063/1.4903932 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/23?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Twin symmetry texture of energetically condensed niobium thin films on sapphire substrate (a-plane Al2O3) 
J. Appl. Phys. 110, 033523 (2011); 10.1063/1.3611406 
 
Strain Energy Effects on Texture Evolution in Thin Films: Biaxial vs. Uniaxial Stress State 
AIP Conf. Proc. 817, 192 (2006); 10.1063/1.2173549 
 
Surface kinetics and subplantation phenomena affecting the texture, morphology, stress, and growth evolution of
titanium nitride films 
J. Appl. Phys. 96, 6234 (2004); 10.1063/1.1811389 
 
Surface roughness and in-plane texturing in sputtered thin films 
J. Appl. Phys. 84, 1346 (1998); 10.1063/1.368204 
 
Growth anisotropy and self-shadowing: A model for the development of in-plane texture during polycrystalline
thin-film growth 
J. Appl. Phys. 82, 1397 (1997); 10.1063/1.365916 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.236.83.172 On: Tue, 20 Jan 2015 13:46:05

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/264755301/x01/AIP-PT/COMSOL_APLArticleDL_011415/User_Presentation_Banner_1640x440.png/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=V.+Elofsson&option1=author
http://scitation.aip.org/search?value1=M.+Saraiva&option1=author
http://scitation.aip.org/search?value1=R.+D.+Boyd&option1=author
http://scitation.aip.org/search?value1=K.+Sarakinos&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4903932
http://scitation.aip.org/content/aip/journal/apl/105/23?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/110/3/10.1063/1.3611406?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2173549?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/11/10.1063/1.1811389?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/96/11/10.1063/1.1811389?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/84/3/10.1063/1.368204?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/82/3/10.1063/1.365916?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/82/3/10.1063/1.365916?ver=pdfcov


Double in-plane alignment in biaxially textured thin films

V. Elofsson,1,a) M. Saraiva,2 R. D. Boyd,3 and K. Sarakinos1

1Nanoscale Engineering Division, Department of Physics, Chemistry and Biology, Link€oping University,
SE-581 83 Link€oping, Sweden
2Sandvik Coromant AB, SE-126 80 Stockholm, Sweden
3Plasma and Coatings Physics Division, Department of Physics, Chemistry and Biology, Link€oping University,
SE-581 83 Link€oping, Sweden

(Received 13 November 2014; accepted 28 November 2014; published online 10 December 2014)

The scientific interest and technological relevance of biaxially textured polycrystalline thin films

stem from their microstructure that resembles that of single crystals. To explain the origin and

predict the type of biaxial texture in off-normally deposited films, Mahieu et al. have developed an

analytical model [S. Mahieu et al., Thin Solid Films 515, 1229 (2006)]. For certain materials, this

model predicts the occurrence of a double in-plane alignment, however, experimentally only a

single in-plane alignment has been observed and the reason for this discrepancy is still unknown.

The model calculates the resulting in-plane alignment by considering the growth of faceted grains

with an out-of-plane orientation that corresponds to the predominant film out-of-plane texture. This

approach overlooks the fact that in vapor condensation experiments where growth kinetics is

limited and only surface diffusion is active, out-of-plane orientation selection is random during

grain nucleation and happens only upon grain impingement. Here, we compile and implement an

experiment that is consistent with the key assumptions set forth by the in-plane orientation

selection model by Mahieu et al.; a Cr film is grown off-normally on a fiber textured Ti epilayer to

pre-determine the out-of-plane orientation and only allow for competitive growth with respect to

the in-plane alignment. Our results show unambiguously a biaxially textured Cr (110) film that

possesses a double in-plane alignment, in agreement with predictions of the in-plane selection

model. Thus, a long standing discrepancy in the literature is resolved, paving the way towards

more accurate theoretical descriptions and hence knowledge-based control of microstructure

evolution in biaxially textured thin films. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903932]

Biaxially textured polycrystalline thin films consist of

grains that are preferentially aligned both out-of-plane (per-

pendicular to the substrate surface) as well as in-plane (paral-

lel to the substrate surface). The latter results in formation of

low energy grain boundaries, which leads to a microstructure

that resembles that of single crystals.1 This makes biaxially

textured films suitable as buffer layers for highly oriented

superconducting1–3 and semiconducting4–6 films.

The majority of polycrystalline films are today synthe-

sized by vapor condensation with the vapor flux typically

arriving parallel with respect to the substrate surface normal

at kinetically limited growth conditions.7 This leads to nucle-

ation of atomic islands with random out-of-plane and in-

plane alignments as long as no epitaxial relationship exists

between deposit and substrate.8 As islands grow in size they

start to impinge on each other which, at conditions (e.g., sub-

strate temperature) that only allow for surface diffusion to be

active (also referred to as zone T conditions9), initiates a

competitive growth process. In this process, islands with the

surface that offers the longest adatom residence time, i.e.,

lowest diffusivity, have a higher probability to trap adatoms

that diffuse on both sides of a grain boundary.10,11 Those

islands thus capture more adatoms and overgrow all other

islands. This leads to the development of a preferred out-of-

plane orientation, while leaving the in-plane orientation

unaffected, i.e., random. Such films are referred to as being

fiber textured.

Deposition at an angle other than zero with respect to

the substrate surface normal (referred to as off-normal

growth or inclined substrate deposition) leads to a directional

three-dimensional (3D) net flux of vapor and a two-

dimensional (2D) net flux of adatoms on the surface of the

growing film. The latter flux arises since adatoms preserve

their momentum component along the substrate surface, and

thus possess a preferred diffusion direction.12,13 Both 3D and

2D net fluxes have been suggested to cause a preferred in-

plane alignment due to differences in the adatom capture

cross sections that different in-plane oriented islands

exhibit.9,14,15 However, the capture of the 2D flux is believed

to be the main mechanism that determines the in-plane grain

orientation.9,16–18

To explain the occurrence and predict the type of biaxial

texture arising from the directed 2D adatom flux, Mahieu

et al.9 developed a model that calculates the 2D flux capture

cross section—referred to as capture length—for grains with

different in-plane orientations. These calculations consider a

single adatom diffusion direction and a faceted crystal of a

given out-of-plane orientation that is rotated around its out-

of-plane normal to yield different in-plane orientations.9,17,18

The orientation that maximizes the capture length should

capture more adatoms and overgrow all others.9,17,18 Capture

length calculations for grains with certain combinationsa)Electronic mail: vikjo@ifm.liu.se
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of out-of-plane and facets orientations, e.g., an [111] out-

of-plane oriented cubic crystal with {100} facets, have

predicted that two different in-plane alignments possess the

same maximum capture length.9 This means that two differ-

ent in-plane alignments, with the same out-of-plane orienta-

tion, are predicted to concurrently evolve. However, in all

experimental reports on films with the above-mentioned

orientation and facets, such as MgO and TiN, only one of the

predicted in-plane alignments is observed.9,19–21 Double

in-plane alignment has only been reported by Deng et al.22

for AlN films grown at a vapor flux incidence angle of 45�

which changes into a single in-plane alignment for larger

vapor incident angles. The reason for the discrepancy

between experimental data and model predictions is still

unknown.

The model developed by Mahieu et al.9 calculates the

capture length and predicts the type of in-plane alignment by

considering only grains that exhibit an out-of-plane align-

ment that corresponds to the dominant out-of-plane texture.

This means that the effect of differently out-of-plane ori-

ented grains on in-plane orientation selection during island

growth, impingement, and competitive growth is not taken

into account. In this letter, we compile and implement an

experimental strategy which yields growth conditions that

are consistent with the main assumptions of the in-plane ori-

entation selection model. This is achieved by the off-normal

growth of a Cr film on a fiber textured Ti epilayer to select

the film out-of-plane orientation while maintaining a random

in-plane alignment during nucleation. Our results reveal a

double in-plane alignment, which is shown to be consistent

with capture length calculations performed here following

the procedure proposed by Mahieu et al.9 This is to be com-

pared with Cr grown on Si substrates where a single in-plane

alignment is obtained, even though capture length calcula-

tions yield qualitatively similar predictions as those in the

case of the Cr film grown on the Ti epilayer.

Films were grown in a vacuum chamber with a base

pressure of 8� 10�6 Pa on Si (100) substrates with a native

SiO2 layer. Two magnetrons were used for the depositions,

where one was facing the substrate and the other was posi-

tioned perpendicular to the substrate surface normal. A circu-

lar Ti target with a diameter of 50.8 mm was mounted on the

former magnetron and an identically sized Cr target on the

latter one. The target-to-substrate distance was �90 mm in

both cases. Argon was used as sputtering gas at a pressure of

0.67 Pa to grow films using direct current magnetron sputter-

ing (MDX 1 K, Advanced Energy). Average powers of 100

and 150 W were employed for Ti and Cr, respectively. Cr

films with a thickness of �1 lm were grown at otherwise

identical deposition conditions either onto the Si substrates

or on a �120 nm Ti epilayer that was deposited on the Si

substrates prior to the Cr film. X-ray diffractometry (XRD,

Philips X’Pert) was used to study the film texture (using pole

figure measurements), while transmission electron micros-

copy (TEM, FEI Tecnai G2) was utilized to study the film

microstructure.

Figures 1(a) and 1(b) show cross-sectional TEM micro-

graphs of Cr films with and without the Ti layer, respec-

tively. In both films, a columnar microstructure is observed

in which columns are tilted towards the direction of the

vapor source in agreement with a previous work of ours.23

Intra-columnar voids are also observed at larger thicknesses

in both films (see insets in Figs. 1(a) and 1(b)), which is in-

dicative of a limited surface diffusion.24,25 High resolution

TEM of the Cr/Ti interface in Fig. 1(c) shows that Cr grows

epitaxially on the Ti layer and the epitaxial relationship is

determined to be Cr(110)//Ti(0002),26 which is observed

consistently along the interface. Note that this yields domain

epitaxy27 in the Cr[1�10]//Ti[1�100] directions where the posi-

tion of every fifth Cr atom matches that of every fourth Ti

atom. The evolution of the selected area electron diffraction

patterns for the same two Cr films is shown in Figs.

1(d)–1(g). The diffraction patterns from just above the Cr/Ti

(d) and Cr/Si (f) interfaces show three discontinuous and

distinct rings, corresponding to Cr (110), (200), and (211).

For the epitaxially grown Cr film, this indicates grains that

are oriented randomly only in-plane,28 which is consistent

with the fact that the Ti epilayer is fiber textured.26 In the

case of the Cr film grown directly on the SiO2/Si substrate,

the rings signify randomly in-plane and out-of-plane oriented

islands during nucleation, which is expected for metals

growing on amorphous SiO2 substrates.8 At higher thick-

nesses, the selected area diffraction patterns change into

discrete spots (see Figs. 1(e) and 1(g)), which means that

some grains are overgrown by others in a competitive growth

process.

To evaluate the texture arising from this overgrowth we

recorded XRD pole figures, by varying the sample tilt angle

w and the rotation angle / for a given (hkl) reflection. The

(110) and (200) pole figures for the Cr film grown on the Ti

epilayer are shown in Figs. 2(a) and 2(b), respectively. Four

elongated poles positioned at w � 60� and / � 40�, 140�,
220�, and 320� are seen to surround a central pole in the

(110) pole figure. This means that the film is biaxially

FIG. 1. Cross-sectional TEM micrographs corresponding to Cr films grown

(a) on a fiber textured Ti epilayer and (b) directly on a SiO2/Si substrate. (c)

High resolution TEM of the Cr/Ti interface in (a) with indicated out-of-

plane orientations.26 (d) and (e) Selected area electron diffraction patterns of

the Cr film in (a), and (f) and (g) show the same for the film in (b).
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textured with a [110] out-of-plane orientation, which is con-

sistent with the out-of-plane orientation determined by TEM

(see Fig. 1(c)). The (200) pole figure shows four poles posi-

tioned at w � 45� and / � 0�, 90�, 180�, and 270�, where

the intensity of the two poles at / � 90� and 270� is �40%

of the other two. For films with body-centered-cubic (bcc)

crystal structure that exhibit a biaxial texture with a [110]

out-of-plane orientation the (110) pole figure is expected to

consist of five poles, one central pole surrounded by four

poles positioned at w ¼ 60� and / ¼ nþ 55�, nþ 125�,
nþ 235�, and nþ 305�, where n is an angle that depends on

the in-plane alignment.26 The corresponding (200) pole fig-

ure should then consist of two oppositely positioned poles at

w ¼ 45� and / ¼ nþ 0� and nþ 180�.26 Here, n ¼ 0� is

defined to correspond to a projected [110] out-of-plane

oriented crystal aligned with its long diagonal perpendicular

to the flux direction as depicted at the bottom of Fig. 2.26

Accordingly, n ¼ 90� corresponds to the same rhombus-

shaped projected crystal aligned with its short diagonal per-

pendicular to the flux direction (also depicted at the bottom

of Fig. 2). Comparing the expected positions of the two

(200) poles with the four found experimentally in Fig. 2(b),

it is evident that two different in-plane alignments, rotated

90� with respect to each other, are present within the film.

The more intense poles in the (200) pole figure correspond to

n ¼ 0� and are marked with yellow squares, while the less

intense poles correspond to n ¼ 90� and are marked with

red dots. The equivalent positions of the four (110) poles at

w ¼ 60� in Fig. 2(a) are also marked with yellow squares

(n ¼ 0�) and red dots (n ¼ 90�).
For the Cr film grown directly onto the Si substrates, the

Cr (110) and (200) XRD pole figures are shown in Figs. 3(a)

and 3(b), respectively. Three poles positioned at w � 35�

and / � 90�, 210�, and 330� are seen in the (110) pole fig-

ure. The same number of poles are also seen in the (200)

pole figure, but instead positioned at w � 55� and / � 30�,
150�, and 270�. The positions of these poles correspond to a

biaxially textured [111] out-of-plane oriented film with a sin-

gle in-plane alignment, in which the long diagonal of the

projected [111] out-of-plane oriented crystal is perpendicular

to the flux direction.26 The projected crystal is depicted at

the bottom of Fig. 3 and the expected pole positions are

marked with green triangles in the corresponding pole fig-

ures. This alignment is in agreement with previous reports

for Cr (Ref. 29) and Mo (Ref. 30) films.

To compare our experimental findings with the model

by Mahieu et al.,9 we calculated the capture cross sections of

[110] and [111] out-of-plane oriented crystals with {110}

facets—the latter is the expected termination for bcc crys-

tals9—towards the directed 2D adatom flux. The 2D capture

length calculation for the [110] out-of-plane oriented crystal

at different in-plane alignments x is plotted in Fig. 4 (solid

black line). Schematic representations of the rhombus-

shaped crystal projection26 on the (110) plane for x ¼ 0�,
90�, and 180� are also depicted above the plot. At these

angles, the capture length exhibits maxima, where the max-

ima at x ¼ 0� and 180� correspond to the same in-plane

alignment due to crystal symmetry. It is also seen that the

maximum at x ¼ 90� exhibit �70% of the value at x ¼ 0�,
i.e., the latter in-plane orientation is more favored. A qualita-

tive comparison with the positions of the poles of the [110]

FIG. 2. Pole figures corresponding to Cr (a) (110) and (b) (200) planes for a

Cr film grown on a fiber textured Ti epilayer. The poles corresponding to the

more (n ¼ 0�) and less (n ¼ 90�) intense poles are marked with yellow

squares and red dots, respectively. The flux direction is indicated by the

arrow.

FIG. 3. Pole figures corresponding to Cr (a) (110) and (b) (200) planes for a

Cr film grown directly on a SiO2/Si substrate. Poles corresponding to the

favored in-plane alignment are marked with green triangles. The flux direc-

tion is indicated by the arrow.

FIG. 4. Capture length calculation of a [110] out of plane oriented crystal

with {110} facets as a function of the in-plane alignment x (solid black

line), and the normalized intensity of the different in-plane alignments

as extracted from the Cr (200) pole figure (Fig. 2(b)) for w ¼ 45� and

/ ¼ 180� � 360� (dashed blue line). The corresponding in-plane alignments

of the projected crystal are depicted above the plot. Yellow squares and red

dots correspond to more and less favored in-plane alignments, respectively,

as observed in Fig. 2.
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out-of-plane oriented Cr film (Fig. 2) reveal that the more

intense poles (n ¼ 0�, marked with yellow squares) corre-

spond to the more favored alignment in the capture length

calculations (x ¼ 0�). The same is also true for the less

intense poles (n ¼ 90�, marked with red dots), which corre-

spond to the less favored in-plane alignment (x ¼ 90�). In

order to better illustrate this, the intensities of the two differ-

ent in-plane alignments were extracted from the Cr (200)

pole figure (Fig. 2(b)), where the two orientations are easily

distinguished for w ¼ 45� in the range / ¼ 180� � 360� (or

correspondingly / ¼ 0� � 180�, which yields equivalent in-

plane alignments). The normalized intensity is represented

by the dashed blue line in Fig. 4, where it can be seen that

the plot of the experimentally obtained in-plane alignment

follow the same trend and behaviour as that predicted by

capture length calculations. Thus, the existence of a double

in-plane alignment in a Cr film grown on a fiber textured Ti

epilayer corroborates the in-plane selection model proposed

by Mahieu et al.,9 assuming only competitive growth with

respect to the in-plane alignment. Moreover, the evolution of

the selected area diffraction patterns of the Cr/Ti film (Figs.

1(d) and 1(e)) show that the in-plane alignment does not

evolve directly at the interface. This suggests that capture of

the directed 3D vapor flux is also relevant for determining

the in-plane alignment. For this reason, we also calculated

the 3D capture cross section of the [110] out-of-plane ori-

ented crystal.26 The calculation shows the same trends as

those observed for the 2D capture length in Fig. 4 for vapor

flux incidence angles larger than �70� and are thus also con-

sistent with the occurrence of a double in-plane alignment.

The findings presented above are to be compared to the

Cr film where grains with different out-of-plane orientations

are present during the initial film formation. For an [111]

out-of-plane oriented crystal with {110} facets the capture

length calculation yielded qualitatively similar results to

those for the [110] oriented crystal (see Fig. 4), i.e., three

maxima at x ¼ 0�, 90�, and 180� (x ¼ 0� and 180� corre-

spond to the same in-plane alignment due to symmetry) with

the one at x ¼ 90� being less favored (�60% of the value

for x ¼ 0�).26 Compared to the in-plane alignment extracted

from the pole figures of the Cr film grown directly on the Si

substrate with an [111] out-of-plane orientation (see Fig. 3),

only the in-plane alignment that corresponds to the longest

capture length is observed. This is consistent with the com-

monly accepted notion that islands with other in-plane align-

ments are overgrown.9 Since the latter is not the case for the

Cr/Ti film where only in-plane competition is present, we

suggest that the existence of grains with an out-of-plane

orientation different than the dominant one during island

growth and impingement changes the shadowing conditions

and adatom/vapor capture conditions, affecting the resulting

in-plane alignment. This in turn may explain the discrepancy

between the in-plane selection model by Mahieu et al.9 and

experimental results on in-plane orientation of biaxially tex-

tured films.

In summary, we compiled and implemented an experi-

mental strategy that provides growth conditions consistent

with the key assumptions of the in-plane orientation selec-

tion model for biaxially textured films proposed by Mahieu

et al.9 The model predicts in-plane alignment by considering

faceted grains that all exhibit the same out-of-plane orienta-

tion overlooking the fact that in vapor condensation experi-

ments out-of-plane orientation first is determined during

the competitive growth process. Here, we grow a Cr film off-

normally onto a fiber textured Ti (0002) epilayer in order to

preset a Cr (110) out-of-plane orientation while still main-

taining a random in-plane alignment. Our results reveal a

biaxially textured Cr (110) film that possesses a double in-

plane alignment, which is demonstrated to be consistent with

the predicted in-plane alignments from capture length calcu-

lations in the model. The experimental strategy presented

herein can be used to gain insight on the atomistic mecha-

nisms that determine in-plane orientation selection, which, in

turn, is relevant for improving modeling approaches and tun-

ing microstructure of biaxially textured thin films in a knowl-

edge based manner.
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