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Texture of tetragonal a-FeSj, films on Si(001)
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Synchrotron radiation was used to measure pole figures-B€S} films on S{001) substrates. The pole
figures consist of complex, though symmetrical patterns of narrow lines. These lines are indicative of axiotaxy,
a peculiar type of preferential orientation which has been recently reported to occur in NiSi filmgod) Si
The patterns of lines are created by grains for which dhEeSp(110) or (102-type planes are parallel to
Si(110-type planes in the substrate. As a direct consequence of the constraint that a set of planes in the film is
aligned to a set of planes in the substrate, the texture manifests itself as though it were a fiber texture, with the
fiber axis normal to the $§110)-type planegi.e., at 45° and 90° from the surface normdlhe spacing of
1.905 A betweenr-FeSp(110) planes is almost identical to the spacing of 1.920 A betwe@2Siplanes.

Hence, ifa-FeSp(110)-type planes are parallel to(8L0)-type planes, the resulting interface with thé0®il)
substrate is periodic along the(800-type directions in the plane of the interface. The brightest spots along
the lines are caused by grains which are epitaxially aligned with the Si substrate. In addition to the axiotaxy,
four different types of epitaxial texture components could be identified within the same film.
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[. INTRODUCTION tensity. The pole figure for thehkl) plane is formed by
projecting the image from the hemisphere onto a flat surface.

Texture is an important characteristic of the microstruc-The creation of thex-FeSp(110) pole figure using an or-
ture of polycrystalline materiafs.* Although x-ray diffrac-  thogonal projection is illustrated in Fig. 1.
tion (XRD) and orientation imaging microscog®IM) are Texture in thin films is usually classified into three of the
used routinely for bulk samples, texture measurement fofollowing categories. For a random texture, the grains in the
thin films is more challenging.’ OIM is difficult because of film form an ideal powder, and there is a homogeneous dif-
the small grain size typically encountered in thin film fracted intensity across the whole pole figure. For a fiber
samples, while XRD is time consuming due to the limitedtexture, the grains in the film are oriented in such a way that
intensity of lab-based x-ray sources. However, new techa given plane is preferentially parallel to the surface of the
niques have provided ways of measuring texture in a mor&lm, while there is a degree of freedom for rotation around
efficient way. A first method is to use a lab-based x-raythe fiber axis(i.e., around the surface normélA fiber tex-
source, but limit the time necessary to measure a pole figurieire is easily identified by XRD: measurements in a standard
by using an area detector to measure the intensity variation
along the Debye rings. Software allows the user to determine
the complete orientation density function of a given sample.
A second approach, which was used for the measurements in
this paper, consists of using a standard detector and measure-
ment geometry, while benefiting from the high x-ray inten-
sity available at a synchrotron to increase the acquisition
speed and to increase the level of detail that can be observed
in a pole figure by using small steps in boghand ¢ during
the measurement.

The pole figure for a certainhkl) plane represents the
statistical distribution of the orientation of the normal to this
plane. One can imagine that the sample is positioned in the
center of a hemispher@-ig. 1). The angles¢ and y are
standard spherical coordinatés., azimuth and elevation
with y=0° for the normal to the substrate aga=90° for
directions parallel to the surface of the sample. For each
grain in the film, one can mark the intersection between the
normal to the bikl) plane within that grain and the hemi-
sphere. Different shades of gray on the surface of the hemi-
sphere represent the areal density of these intersection points, FIG. 1. An example showing the projection used to obtain the
with black indicating the regions with highest diffracted in- a-FeSj(110) pole figure.

0163-1829/2004/627)/17410611)/$22.50 69174106-1 ©2004 The American Physical Society



DETAVERNIER, LAVOIE, JORDAN-SWEET, AND @CAN PHYSICAL REVIEW B 69, 174106 (2004

0/26 geometry will show a very strong diffraction peak for @ = 90°
the plane that is parallel to the surface of the film, while pole :
figures for other planes will exhibit circular rings, centered
around the middle of the pole figure. A third category is
epitaxial alignmentor in-plane texturg for which the ori-
entation of the grain is completely fixed with respect to the
crystallographic axes of the single-crystalline substrate. For
epitaxial films, XRD measurements in a stand@/déd ge-
ometry will show a very strong diffraction peak for the plane
that is parallel to the surface of the film, while pole figures
for other planes will show spots of high diffracted intensity.
Recently, a new type of texture has been observed in thin
NiSi films on S{001), which was named “axiotaxy® Al-
though the crystal structure of orthorhombic NiSi is very
different from the cubic diamond structure of silicon, certain
low index planes exist within the NiSi lattice for which tde
spacing is almost identical to the spacing betwed@2®)-
type planes in the substrate. Because of the excellent mat(me
in d spacing, these lattice planes in the NiSi film were ob-
served to be preferentially aligned parallel to thé€230)-
type planes in the substrate. In contrast to epitaxy, which isample was mounted on a four-circle diffractoméf&chultz
characterized by good matching within the plane of the ingeometry. We used a scintillation counter to detect the dif-
terface, axiotaxy involves the alignment of planes across th&acted intensity. The pole figures were acquired in steps of
interface. The occurrence of axiotaxy can be identified by th®.5° in ¢ and x (0<¢$=<90° and G< y<85°). The sample
presence of complex, though symmetrical patterns of linegvas aligned by settingg and y equal to 45° at the location
on the pole figures. of the S(011) substrate peak. As a consequence, the direc-
Silicides are metal-silicon compounds. Thin silicide films tions (¢=0°, x=0°), (¢=0°, x=90°), and (=90°, x
are frequently formed by a solid-state reaction between & 90°) correspond to the @,0,1), Si(~1,1,0) and Si,1,0
deposited metal film and a single crystal Si substrate. Alpoles, respectively. The location of other low-index substrate
though a lot of work has been reported on “epitaxial” films poles for this alignment is indicated in Fig. 2. Because of

iSi i i ilici ical effects, the background within a pole figure
(e.g., NiSh, CoSh, B-FeSh, rare-earth silicides, efc.only ~ 9eometrica _
a handful of papers include extensive textureChangeS as a function gf The shape of the background was

measurement$.*! In view of possible applications in opto- determined by measuring scans forg/26 values positioned

electronics, a lot of effort has been devoted to growing epiJUSt next to the diffraction p_eak for which the pole figure was
taxial Iayer:5 of semiconductive-FeSj on Si substrates? meias]g red. Wher?_ subtractr:ng_the b_ackgfrOlrJ]nd for laki)
It is known from this work that tetragonal-FeSj and sev- Boeo |gi1reo In this way, the mtensﬁy 0 the point ab (
eral metastable phasdg.g., cubic CsCl- and CaRype =07, x=0°) was set equal to the intensity of thiel() peak

structures can grow epitaxially on Si substrat¥s!SMost of ' & standardp/2¢ scan.

__.,o'(b,-1,1) ""o._(.-1,0,1)

6(-1,-1’1)

((0,-1,0)

FIG. 2. The location of low-index poles of the Si substrate for
sample alignment used in this paper. ThdB)-type cleaving
directions are atp=0° and 90°.

the experimental work in this field was done using . RESULTS
molecular-beam epitaxy, with the intent of forming “perfect”
epitaxial silicides. A. XRD scans in Bragg-Brentano geometry

films on S{001) substrates utilizing high-resolution, syn- [a=b=2.6939 A, c=5.1361 A(Ref. 16] was verified us-
chrotron based x-ray pole figure analysis. Instead of trying tGng a standard/26 XRD scan in the Bragg-Brentano geom-
optimize the growth process, we deposited a relatively thicksry (Fig. 3). Peak fitting results in positions and relative
film of Fe on a Si001) substrate, and heated it in order to jyiensities. The measured peak positions correspond reason-
form FeSj. ably well to the values from the JCPDS datab¥sEiber
texture or epitaxial alignment can be easily recognized from
Il. EXPERIMENT a standard/26 scan, since both types of texture result in a
certain crystallographic plane of the film to be preferentially
A 30 nm thick Fe film was sputter deposited onto aoriented parallel to the surface. As a consequence, the XRD
Si(100 substrate that was cleaned in a hydrogen fluoridgpeak that is generated by diffraction from this plane will
solution. «-FeS} was formed by annealing the sample for have a very high intensity. In the case of a strongly textured
30 s at 950°C in Ar. The XRD measurements were per{ilm, no other diffraction peaks will be observed. The pres-
formed at the X20A beamline of the National Synchrotronence of various diffraction peaks in Fig. 3 seems to indicate
Light Source(NSLS) in Brookhaven National Laboratory. A that there is no strong preferential orientation of the grains in
Si monochromator was used to select a wavelength ofhe layer. However, the intensity ratios of the various peaks
1.54 A. This wavelength was chosen to simplify comparisordo not agree with the expected values for a powder sample
with lab-based measurements using Ku radiation. The (Table ).
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T T T T T T T T henceforth use the notatiothkl) to indicate a family of
planes, i.e., %1110 refers to a set of plane@nd poleg
including S(110, Si(101), Si(—110), etc. The angle be-
tween the fiber axis and a point on the corresponding circle
on the (101) pole figure is 51°, which corresponds to the
angle between thé€l01) and (110 planes in the tetragonal
a-FeS) lattice. One can conclude from this that the linear
features on th€101) pole figure are created by a fiberlike
texture, with thea-FeSp(110) fiber axis parallel to S1L10).
This understanding of the origin of the lines on the pole
figures was then employed to calculate the patterns for the
other pole figuresFigs. 4—6. These calculations should not
be considered as “fitting,” since no adjustable parameters are
involved. Indeed, for a given orientation of the fiber axis
. . . i : [which can be determined from the three-dimensidBal)
3B 40 45 S5 55 €0 representation of the data as shown in Fijtifle position of
20 (deg) the lines in the planar representation of the pole figure is
completely determined by geometry.

FIG. 3. 0/26 XRD measurement for am-FeSp film on a The most intense lines on the pole figures are created by
Si(001) substrate. The peaks are indexed according to tetragonahe diffraction from grains for whicla-FeSp(110) is paral-
a-FeS} (see Table )l lel to SK110). The(110 fiber axes are expected to result in

spots of high diffracted intensity aty=45° and ¢
B. Pole figures =45°,135°,225°,315° on thel10 pole figure. This can be

The (101, (110), and(102) pole figures fora-FeSj films observed in Fig. 5, a.Ithou.gh part of the inten'sity'that is ob-
on S(001) are shown in Figs. 4—6. TheskKl) planes were served at these locations is related to contamination from the
selected for pole figure measurements because the corr@?'ghbor'ng SL20 peak_. )
sponding diffraction peaks are intense and separated by at When carefu!ly studyllng the pole flgu_res, one can observe
least 1° in 2 from neighboring XRD peaks. The presence ofanother set O.f !mes, W.h'Ch are not as intense, but neverthe-
complex, though symmetrical patterns of lines on the poléess clearly V".S'ble' This §econd se_t of Ime_s is created by a
figures is intriguing, and suggests that the texture-¢ieSp group of grains for Wh'Cha'Fe.Sh<102> is parallel to
films cannot be categorized within the standard classificatio (110. It should .be noted that since tiaeandb axes have
of random, fiber texture and epitaxial alignment mentioneot e same length in _the tetragonal structure, (heé2) and
in the Introduction. When plotting the 01) pole figure on a (012 planes are equivalent.

spherical surface, it is clear that the line patterns in the planar Itn gutr)nmary, th? i'r?e pat;cernsdonllthe polzgguggslzire gen-
pole figure actually correspond to circles on a spheig. erated because of the preferred alignmentefeSi(110)

7). These circles are similar to the circles that are expecte('ilnd<102> planes parallel to $110). The constraint that one

for a fiber texture. In this case, the fiber axes are located act Of Planes in the film is parallel to a set of planes in the

_ JEo- 4 _ AEO o o o —ON° £ — (0 bstrate generates a fiberlike texture, with the fiber axis
(x=45°¢=45°135°,225°,315°) and x=90°;¢=0°, Y ; { ’ :
90°,180°,270°), instead of at=0° (i.e., normal to the sur- perpendicular to $1L10). The lines on the pole figure are

face of the sampleas expected for a standard fiber texture.in fact circles on a spherical surface, around fiber axes

According to Fig. 2, the fiber axes are pointing in direCtionSIOE%ng?tfg;4;7’ °¢')I':h45 ’13ﬁ '22f'5 }3]’15 and éxfgod b

parallel to S{110-type poles from the substrate. We will $=0°,90°, ,270:. The excellent fit that was obtaine De-
tween the calculated patterns and the measured pole figures

indicates that this model provides a good understanding of

TABLE |. Crystallographic data for tetragonk-FeS, [a=b  ne crystallographic orientation of the grains that are respon-
=2.6939 A, c=5.1361 A (Ref. 16]. The theoretically expected sible for the line patterns

peak positions and intensities for a powder sanfateording to the
JCPDS databagare compared with the experimentally determined

(001)

Intensity (arb. units)

15 20 25 30

peak intensities for a film on a @01) substrate. C. Axiotaxy

26(°) 26(°) d(A) | | The remaini_ng questipn rega_rds the phys_ical _mechanism
hkl Measured JCPDS JCPDS JCPDS (08I) that is responsible for Fh|s p.ecuhar preferential ahgnm_ent of

the tetragonal Fegilattice with respect to the cubic Si lat-

001 17.31 17.252  5.1358 390 1000 tice. Known driving forces for texture formation include the
101 37.76 37.667  2.3861 590 98 minimization of surface, interface or strain energy. These
110 47.83 47.711 1.9046 510 157  driving forces are typically used to explain why a certain
102 49.10 48.968 1.8586 1000 313  crystallographic plane of the film is preferentially parallel to
111 51.23 51.123  1.7852 120 64 the surface and interface. This approach works for standard
003 53.57 53.470 1.7122 110 54 fiber texture and epitaxy, since both of these cases are char-

acterized by a singlehkl) plane that is parallel to the sur-
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FIG. 4. The(101) pole figure. The data are shown as measurepul figure, and with fitting results overlaid on top of the measured data.
The grayscale indicates the diffracted intensity, expressed on a logarithmic scale. The calculations asswfeSh¢t10) (bottom lef}
or (102) (bottom right is parallel to Sj110). The line patterns shown in gray are calculated for the fiber axég=a45°;¢=45°135°,
225°,3159, while the line patterns in black were calculated for the fiber axes locateg=80°;=0°,90°,180°,270°

face and interface. However, for the present case of offcome even smaller at higher temperature. Indeed, according
normal fiber texture, the fact that the fiber axis is not normato Fig. 8, the difference becomes only 0.03% at 800°C,
to the substrate causes different crystallographic planes to lwehich is near the temperature at which thd-eSj, is formed
parallel to the surface and interface of the film for each deduring the solid-state reaction.
gree of rotation around the fiber axis. If the a-FeSp(110) planes are parallel to the (310

An important indication is provided by comparing the planes in the substrate, the resulting interface with the
spacing between the “aligned” planes in the film and theSi(001) substrate will be periodic along the($00 direc-
substrate. According to Table I, the spacing betwedfeSy  tions in the plane of the interface, as illustrated schematically
(110 planes is 1.9046 A, a value which differs by only in Fig. 9. In the case of epitaxial alignment, there is a good
0.81% from the spacing of 1.9201 A betweef22D) planes. match between the atomic positions in film and substrate at
When taking into account the difference in thermal-the interface, and a periodic interface structure is formed in
expansion coefficient betweerrFeSj and Si(7.7 versus 2.6 two dimensions. In the present case, a periodic structure is
ppm/K, respectively, one can expect this difference to be- only formed in one dimensiofi.e., in the direction along the
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FIG. 5. The(110 pole figure. The data are shown as measuieyp figure, and with fitting results overlaid on top of the measured data.
The grayscale indicates the diffracted intensity, expressed on a logarithmic scale. The calculations asswReSht10) (bottom leff
or (102 (bottom righy is parallel to S{110. The line patterns shown in gray are calculated for the fiber axesyat46°;¢
=45°,135°,225°,315°), while the line patterns in black were calculated for the fiber axes locajed #2°(¢=0°,90°,180°,270°).

interface that is found by projecting the apparent fiber axisalways occur whenever a low-index plane in the film has the
onto the interface planeln view of this periodicity along samed spacing as a low-index plane in the substrate. How-
one direction or axis, the term axiotaxy was proposed in &ver, when comparing theé spacings of low-index planes in
previous papet.The 1D periodicity in the plane of the inter- a-FeSj and Si, one finds that there is not only an excellent
face for axiotaxy can be considered as an intermediate caseatch ind spacing between the-FeSj(110) and Si220
between the 2D periodicity for epitaxial alignment and noplane (which was used to explain the experimentally ob-
periodicity for a random interface. served patternsbut also betweer-FeSp(200) and S{400).

It should be noted that although the idea of alignment ofindeed, the difference i spacing between the latter two
planes in the film and substrate that share the shepacing planes is only 0.03% at 800 °C. However, no axiotaxy was
can be used to explain the observed patterns in the pole figgxperimentally observed with a fiber axis along 180
ures, it cannot be used as such to unambiguously predict thgoles. Although alignment with §l00) is geometrically
occurrence of axiotaxy for any given film/substrate combinapossible, plane alignment with 3il0) planes appears to be
tion. One could naively assume that plane alignment willpreferred. One possible explanation is related to the covalent
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FIG. 6. The(102) pole figure. The data are shown as measiireg figure, and with fitting results overlaid on top of the measured data.
The grayscale indicates the diffracted intensity, expressed on a logarithmic scale. The calculations asswReSht10) (bottom lef}
or (102 (bottom righ} is parallel to Sj110. The line patterns shown in gray are calculated for the fiber axesyat4§°;¢
=45°,135°,225°,315°), while the line patterns in black were calculated for the fiber axes locajed ¥°(¢=0°,90°,180°,270°).

bonding in the Si substrate. Since the bonds in Si are along D. Axiotaxy versus epitaxy

(111) directions(i.e., perpendicular to §111) planes, two A final question that arises regarding the intensity varia-
of the four bonds per atom are within & $10) plane, while i aiong the lines. Indeed, since the grayscale on the pole
the other two bonds make an angle of 54.74° with thesigyres is logarithmic, there are significant differences in dif-
Si110 plane. None of the covalent bonds are within fracted intensity between points on the same line.

Si(100) planes. It could be argued that alignment with \when positioning a grain, there are three degrees of free-
Si(110 planes is energetically favored, since this allows fordom for orientation. The axiotaxy fixes the orientation of
improved bonding geometry at the interface. However, fo-FeS'h(llo) parallel to S{110 (e.g., aty=45°, ¢=45°).

ther research is needed to unambiguously identify the selegixing the y and ¢ angle for one plane in the grain provides
tion mechanism, since a kinetics-based mechanisrg.,  a constraint which leaves a single degree of freedben,
growth anisotropy during phase formatjotannot be ruled rotation around the fiber axiscreating one-dimensional fea-
out at this point. tures on the pole figures. Choosing a second constraint by
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—

- . -\ /% / / Film
/ \ X - /// ////// Substrate

e s Si(220) planes

‘ : \ \ FIG. 9. Schematic illustration of the periodic interface structure
\ ol that is achieved along one direction of the interface when two

A ‘ planes with the same interplanar spacifthe Si220) and
a-FeSp(110) planefare aligned.

>
4 All four types of epitaxy have a low-index FeSplane
’ parallel to the surface of the film, and a Fg3il0) plane
g parallel to S{110. At first sight, one could argue that the
T 4 bright spots on the lines are created whenever the rotation
' o around the fiber axis positions a grain in a situation whereby
a low-index FeSi plane is parallel to the surface. However,
FIG. 7. The(101) pole figure as an intensity chart overlayed on this assertion is too general, since several low-index planes
top of a unit sphere. The equatorial band with uniform intensity isthat could be parallel to the surface are missing from the
the region between 85y<95°, for which no measured values apove list[e.g., the Fe${214) plane is present, while the
were available. (201) and (112 planes are missifg
It may be noted that some of the bright spots are located
ear points on the pole figure where different lines are cross-
g. It could therefore be argued that the bright spots are

N\

P

selecting a point on one of these lines results in a situatio
with zero remaining degrees of freedom, i.e., the orlentatlonn

of the grain is completely defined. The high intensity Spoﬂ'kesomehow related to the crossover points of different lines.

features on the lines can therefore be considered as a Staf'ﬁis would actually be equivalent to the assumption that
dard in-plane texturésometimes also referred to as epitaxial intense spots are caused by a situation whereby two different
allgnme_nl for_whlch the orlentat_lon of the grain is com- axiotaxy-type alignments occur within the same grain. For
pletely fixed with respect to the single-crystal substrate. instance, one could imagine a situation whereby the

The high-intensity points on the lines on the pole figuresFeS- 110) plane is parallel to §i10. while the FeSi
are generated by four different types of epitaxial align-(_llzl(o) pl)anpe in the nge grain isS]lpa)r’aIIel t41Bi1), Hov%j

ment. (1) FeS&(OOl)//Si_(OOl) anq Fegl110)//Si(110)(at ever, in order for such a situation to occur, it should be geo-

x=90°,6=0°) (2) FeS}(100)//Si(001) and Fegi110)// . . N .

SI(011) (at v=45° b—45°) (3) FeSi(111)//Si(001 d metrically possible. As an example, it is impossible for a
i(011) (at x=45°,¢=45%) (3) FeSp(111//Si(001) an cubic grain to have it$100 plane at {=90°, $=0°) and

FeSy(110)//Si(110) (at  x=90°¢=0%, and (4 (01 > U Ple e
. . . e plane at f=90°, ¢=45°) since the angle between
FeSp(214)//Si(001) and Feg110)//Si(011)(at x=45°¢ the (100) and (010) planes in a cubic unit cell is 90°. Simi-

=459 [Fig- 101 larly, it can be verified that the above example for ReSi

T — o geometrically impossible for the tetragonal Fe&iit cell. In
—O—FeSi(110) o g fact, it can be verified that not a single crossing point exists
0.1%4 4 FeSi (102) 0.0 8 . . . .
. v Si(250) 2 between two bright lines(i.e., both lines caused by
E 0191 o5 §  FeSi(110//Si110) which corresponds to a situation
§ 0.192 g whereby two poles for the same grain are located at a cross-
o . )
g 0191 ] F10 3 ing point. _ _
3 s E However, the idea that the bright spots are somehow re-
§ %97 [z lated to points where lines are crossing should not be dis-
S o1 | 20 § carded altogether. Comparing the two sets of fitted lines on
{3 0188 a the pole figuregFigs. 4—6 makes it clear that most of the
= -25 Q intense spots are actually located at crossing points between
01871 £ the bright FeS110-related axiotaxy lines and the weaker
0.186 - -0 § FeSik(102)-related lines. These crossing points correspond

0 200 400 600 80 1000 6 20 400 600 800 1000 to a situation whereby a Fe$ll0)-type and a

FeSp(102-type plane are both parallel to a(8L0-type

plane within the same grain. For instance, the first type of
FIG. 8. The interplanar spacing for(820 and a-FeSp(110)  €pitaxial —alignment  from the above list[with

and (102 planes as a function of temperatuteft). The difference  FeSp(001)//Si(001)] corresponds to a situation whereby

in interplanar spacing between theFeSj planes and $220 is  FeSp(110)//Si(—110) (at x=90°,0=0°) and

shown on the right. FeSp(102)//Si(—101) (at y~45°,¢p=—45°). A similar

Temperature (°C)
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E. Interface structure

In order to be able to visualize the atomic structure at the
interface for the different types of texture discussed in this
paper, a computer program was developed that creates a
three-dimensional model of the atomic structifeg. 11)
near the interface region. The positions of the ke y=2z
=0) and Si atomsX=y=0.5,z=0.27 or 0.73 in the FeSj
unit cell are taken from Ref. 17. For clarity, the Fe atoms are
connected by lines, thus providing a view of the unit cell of
the FeSj lattice. The interface is visualized by viewing the
three-dimensional structure from three different directions.
The (a) view is along the 010 direction[i.e., at an angle
of 45° with respect to the §i10 cleaving direction The
rows of Si atoms that make a 45° angle with the interface are
Si(101) and Si(—101) planes. Theb) view is along the
Si(—100) direction. The rows of Si atoms that make a 45°
angle with the interface are the (811) and Si(—011)
planes. Théc) view is along the SD01) direction, i.e., look-
ing down onto the sample. Since conventional XRD can only
provide us with information regarding the orientation of
planes in the film with respect to the substrate, it cannot be
claimed that the pictures in Fig. 11 contain all details of the
real interface structure, because there is no experimental in-
formation regarding the three degrees of freedom for trans-
lation or possible interface reconstruction. However, the in-
terface models that are shown in this paper are helpful in
visualizing the periodicity of the interface along certain di-
rections.

In Fig. 11, we show the calculated interface structure for
three different grains. The orientation of each of the grains is
defined by choosing the location of two different poles. The
first grain(poles indicated byD) is located next to a line, in
a region of the pole figure with low diffracted intensity, and
clearly represents a “random” interface. The second grain
(poles indicated byt+) has its(101) pole located in a section
of the line with low diffracted intensity, and represents the
case of pure axiotaxy. In th@) view, one observes align-
ment between the @01 planes and the Fegil10)-type

FIG. 10. The(102) (top) and (102 (bottom pole figures, with  planes. However, neither th®) nor (c) views of the same
the calculated locations of several epitaxial components overlaid ofhterface structure reveal any clear alignment between film
top of the measurement. All calculated poles are for grains withang substrate. A similar observation was made for other dim
FeSp(110//Si110) [either at ((=90°,¢=0°) or (x=45°x  noints on the lines of the pole figure: the interface structure is
=45°)]. An epitaxial alignment is then defined by fixing the pole of only periodic along a single direction, and looks irregular
a second plane. Poles labeld® refer to grains for which when viewed from other angles. The third grégoles indi-
FeSp(001)//Si(001) (i.e., parallel to the surfage O indicates cated byx) has a(101) pole located in a section of the line
FeSy(100)//Si(001) (or FeSi(010)//Si(001)), ® indicates o nigh diffracted intensity. In this case, all three views
FeS@Z(lll)HS?(OOl)’ andd indicates Fe$(214)//Si(001) [or of the interface structure revéal an alignmént between film
FesSk(124)//SI(001)]. and substrate, indicating an epitaxial alignment. Figure 12

shows the interface structure models for all four types of
type of situation occurs for the other epitaxial componentsepitaxial alignment that were shown to cause the bright spots
as illustrated in Table II. As a consequence of two indepenpn the lines. For all four cases, one observes periodicity

dent types of axiotaxy being combined within the sameajong two independent directions within the plane of the in-
grain, there are two independent directions within the plangerface.

of the interfacethe Si{-110 and S{-100 directions in the
above examplkalong which a periodic interface structure is
achieved. Since periodicity is achieved along two indepen-
dent directions, the whole interface consists of a two- Itis generally known that a geometrical “match” between
dimensional periodic structure, which leads to the interfacehe positions of the atoms in the film and substrate at the
“matching” well known for epitaxial alignment. interface results in a significantly lower interfacial energy

IV. CONCLUSION
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TABLE II. Overview of geometrically allowed cases of double axiotaxy, i.e., where two planes within the
samea-FeS) grain are aligned with two different @i10)-type planes. We considered all possible combina-
tions of «-FeSp(102), (012, and (1100 planes with their pole positioned aty€45°; ¢
=45°,135°,225°,315°)A) or at (y=90°; ¢=0,90°,180°,270°) B). If a given combination is geometri-
cally possible, thex-FeS}p plane which is parallel to the ®01) substrate is listed.

102 102 012 012 110 110
A B A B A B

102 A 001 001/111 100/124 100/124 001/111
102 B 010/214 010/214
012 A 001/111 010/214 001 010/214 001/111
012 B 100/124 100/124
110 A 100/124 010/214 010/214 100/124 100/010
110 B 001/111 001/111 001

¢ ‘ & g ; 4
Random é#‘} % \i £ g {
e e 0o 0 0 o 5 e 0o e 0 0 0 o ? “' ?‘\\’\\ &
(O) e 0o 0 0 0 o o e o 00 0 0 o "t\“’ 4 o AW

‘\t Gilfe ‘\Q“‘ pe 5 \

o e
y Y
il

m.‘:':.j.:mmw‘
(+)

B

JCER) 10

(0.-1.0) (1,0,0)

FIG. 11. Calculated interface structures for three Fe@ains. The Fe atoms are shown as black dots. The orientation of the grains is
defined by two points on thel01) (top) and(110) (bottom) pole figures. The top row of interface structures is for a random grain, with its
poles (labeledO) located in a region of the pole figure with low diffracted intensity. The middle row of interface structures is for a
low-intensity point on one of the lines on tli&01) pole figure(labeled+ on the pole figures while the bottom row of interface structures
is for an intense spot on the same lipwles labeled). The interface structures are viewed from three different directions, as indicated on
the bottom pole figure, which also includes labels for the location of the Si substrate polds) Viesv (left) is along the SiD10) direction
[i.e., at an angle of 45° with respect to th€13i0) cleaving directioh The (b) view (middle) is along the Si100) direction and théc) view
(right) is along the S001) direction, looking down onto the sample.
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A B C significantly smaller than for a random interface.
cevevcveoos Periodicity along one direction in the plane of the inter-
e atete atatetetetetes etssetssese  face can be achieved by the constraint that a low-index plane
seTaaaae pens e Lo ecesass in the film that has the same interplanar spacing as a low-
(001) B S b S, Ik index plane in the substrate is fixed parallel to that substrate
' 2esssesnses plane. Therefore, the texture manifests itself as an off-normal
Soencnisnns fiber texture. This situation has been named axiotaxy, and
] results in the formation of complex, though symmetrical line
10 %ol tel Tel % ete’elelele’e’ Ki.eeies 2@20 i patterns on pole figures. Achieving a periodic structure along
Yo oge ee ete e eetetetetetete TR ERRRL S a second direction within the plane of the interface for a
(100) 100" Jef 202 T %0%0%e 000’ @eterientte, certain rotation around the fiber axis results in epitaxial
° PR T TR alignment and is therefore expected to further reduce the
000 r s e interfacial energy. This explains the intensity variation along
cee e e the lines on the pole figure. The brightest spots on the lines
XL LA are interface structures for which epitaxial alignment is
7 \\}\S i lm ‘ achioved. P e
’,l,lfl’:lclflfl{ \‘)\ . ) , Further work is needed to determine whether axiotaxy and
(111) A o® the related concept of plane alignmemthich were devel-
l oped here to describe the interface between a polycrystalline
| film and a single-crystal substratean also be applied to
. R _ grain boundaries in bulk materials. It is well known that
f// ::s::s::s‘,n ;l“%l“tl“ “special” high angle grain boundaries exist, whereby the
} '// .,s:.Q:,s:gs: ,::n::h::! grain boundary energy is low because of a good match of the
(214) ## ¢ et ean {“nl.uh: crystal lattice across the grain boundary. The quality of the
~ l“g‘;:nnj match may be evaluated using the coincident site lattice. In
h':t:!:h!‘ fact, this “good match” also implies a periodic structure

along two independent directions in the plane of the grain

FIG. 12. Calculated interface structures for different kinds ofboundary, in analogy to the case of epitaxial alignment in
epitaxy that correspond to bright spots along the lines on the poléhin films on a single-crystal substrate. For the case of pos-

figures. All calculated structures are for grains with sible axiotaxy at grain boundaries within a polycrystalline
FeSi(110//S110) [either at (=90°,¢=0°) or (x=45°, sample, one does not expect to observe any line patterns on
¢=45°)]. Theepitaxial alignment is then defined by fixing the pole pole figures, since there is no single-crystalline substrate that
of a second plane: FegD01)//Si(001)(top), FeSj(100)//Si(001)  acts as a fixed frame of reference. However, when comparing
(second row,  FeSh(111)//Si(001) (third row), and  the grain-to-grain orientation relationships, one would expect
FeSb(214)//SI(001) (bottom rOV\). The interface structures are to see a similar decrease in grain_boundary energy whenever

viewed from three different directions. Tli&) view (left) is along  the structure of the grain boundary is periodic along just a
the S{010 direction. The(B) view (middle) is along the 3+100  gjngle direction within the plane of the grain boundary.
direction and the(C) view (right) is along the S001) direction,
looking down onto the sample.
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