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Thin films of Nb-Ge textures contain regions of highly disordered Nb—Ge, the precise atomic structure
of which has previously not been resoived. A detailed selected area electron diffraction investigation
involving tilt series around many differently oriented axes, as well as high resolution electron micros-
copy, allows the interpretation of these regions as assemblies of grains with a strongly defective
crystal structure, and some regions giving amorphous-like contrasts in the electron micrographs. The
crystalline regions have been identified possibly as orthorhombic with & = 0.85 nm, b = 0.67 nm,
and ¢ = 0.35 nm. The grain boundaries, planar defects, and |attice distortions in the crystalline grains
are described. The texture of these grains, together with the possibly amorphous component, causes
the complicated “streaked” electron diffraction patterns which can be obtained for any orientation of

the electron beam. © 1992 Academic Press. Inc.

Introduction

In recent research on crystalling super-
conductor materials, transmission electron
microscope (TEM) studies, together with
selected area diffraction (SAD) investiga-
tions, have gained an increasing importance
for elucidating the relations between the
crystallographic microstructures (texture
and defect structure) of such materials and
thecir physical {especially superconductor)
properties. The defect structure includes the
arrangement of local chemical variations
such as chemical domains, voids, super-
structures, and chemical inhomogenceities at
grain and phase boundaries. These studies
have been executed with equal intensity on
the new high-T, superconductors (for exam-
ple (I-3)) and on the classical superconduc-
tor materials such as Nb;Sn and Nb,Ge thin
films (for example (4, 5)). They have also
been successful for the elucidation of ex-

tremely fine-grained superconductor mate-
rial, like NbN and other refractory com-
pounds, where other single crystal
diffraction techniques cannot easily be ap-
plied.

Nb-Ge superconductor films synthesized
by sputtering techniques, chemical vapor
deposition, or evaporation are generally
polycrystalline and contain a variety of crys-
tal phases with different kinds and amounts
of defects. Besides the superconducting
Nb.Ge phase with the cubic A15 structure,
other minority phases like Nb;Ge; with the
tetragonal D8 structure and also with the
hexagonal D8g-structure have been identi-
fied and reported to be either stable or meta-
stable phases (6-8). The amount of these
additional phases can be varied by changing
the film preparation parameters, e.g., depo-
sition rate and temperature.

For most of these phases, precise crystal-
lographic data have been obtained by SAD
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Fi1G. 1. (a) Typical bright field image of a region in texture occupied by the “disordered phase.” One
example of the “disordered phase” is indicated by an arrow. (b} Corresponding electron diffractogram.
Streaks with different orientations are recognized.

studies combined with X-ray diffraction in-
vestigations. On the other hand, for a few
components of these films, especially for
certain regions that exhibit lamellar contrast
in the electron micrographs, the precise
crystallographic determination was impos-
sible due to unusual irregular contrast fea-
tures previously attributed to some form of
structural disorder (3, 9—I4). In this study,
regions with lamellar contrast will be re-
ferred to as the “disordered phase.” The aim
of this paper is to elucidate the structural
state, the type, and amount of disorder, as
well as any determinable crystallographic
parameters of the components of the “disor-
dered phase” by using SAD and high resolu-
tion transmission electron microscopy
(HRTEM).

An example of a region in the texture oc-
cupied by the “disordered phase” is shown
in Fig. 1a, and a typical strongly streaked

SAD patternis presented in Fig. 1b. By mea-
suring the positions of intensity maxima
within the diffraction streaks, Cullis er al.
(9) reported that the “disordered phase™ is
NbGe,; having the D8 structure. By con-
trast, Paidassi (/) associated this material
with the DB8¢-structure on the basis of his
SAD work and, finally, Kitano et al. (5) sug-
gested a mixture of different niobium oxides
as a possible explanation. In view of these
findings, the chemical nature of the “disor-
dered phase” remains obscure. The present
study therefore aims to classify both the
structure and the chemical composition of
the “disordered phase.”

2. Experimental Procedure

Nb-Ge tapes were prepared by the coeva-
poration method using pure Nb (MARZ
grade, Material Research Corp.) and pure
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Ge (99.9999%, semiconductor purity). After
the evacuation down to the order of 107° Pa
(=10~ Torr), the evaporation was started.
Vapors of these clements were deposited
onto molybdenum polycrystalline sub-
strates kept at about 1.12 x 10° K (=850°C).
The vacuum during the deposition was
about twice as bad as the value before the
evaporation started. Details of the method
are presented in references (13, 15, 16).

For the electron microscopy, the Nb—Ge
tapes were chemically etched using the
method developed by Yin ef al. (/1) and
Yin and Schauer (/7). Observations were
performed in a JEOL JEM 100C electron
microscope equipped with a double tilt goni-
ometer (=60°) or a JEOL JEM 200CX elec-
tron microscope equipped with a top entry
tilting goniometer (THG-2; = 10°, C, = 1.2
mm, point resolution of 0.24 nm). For the
high resolution images only diffraction spots
with space frequencies smalier than 4.3
nm~ ' were allowed to contribute to the im-
age. The camera lengths of the SAD patterns
were accurately measured using a polycrys-
talline gold foil, The magnifications of the
optical diffraction (OD) patterns from the
HRTEM images of the “disordered phase”
were estimated using OD patterns from ad-
Jacent A15 images.

In order to investigate the local chemical
composition of the “disordered phase,” en-
ergy dispersive X-ray spectroscopy (EDS)
was performed using a Tracor Northern
EDS system mounted on a Philips EM430
microscope operated at 300 kV. The spot
size of the electron beam was about 10-20
nm in diameter. It was assumed that the
specimen was sufficiently thin to allow the
use of the thin film approximation.

3. Results and Discussion

3.1. Size Distribution and
X-Ray Microanalysis

In order to obtain information about the
germanium concentration of the “‘disor-
dered phase,” the amount of this phase was
compared for different specimens. This was
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FiG. 2. (a) Number density and (b} average size of
“disordered phase” against the germanium concen-
tration,

necessary since their amount and average
size vary as a function of the average volume
fraction, and because the Ge-content of this
volume fraction can influence the average
Ge-content of the entire film. The sizes, de-
fined as the square root values of the area,
varied between 10 nm and 100 nm as re-
ported earlier (5). In Fig. 2, the number den-
sity (i.e., the number per unit area} as well
as the size in nm of the “disordered phase”
are plotted against the measured Ge con-
tents (in at.%) for seven Nb—Ge films. Fig-
ure 2 shows that both parameters plotted in
this figure have maximum values at approxi-
mately 30 at.% Ge.

Together with the TEM investigation,
X-ray microanalytical determination of Nb
and Ge were made on two regions containing
the lamellar contrast in a specimen with a
bulk Ge-content of 30.6 at.% (the T_-values
tor this specimen were 17.27-14.42 K). As-
suming that these two regions contained
only Nb and Ge, theirrespective Ge-content
were 27.0 and 28.1 at.%. The adjacent crys-
tal grains of Al5 material were also mea-
sured for comparison and gave 24,6 and 25.9
at.% Ge, respectively. From these two inde-
pendent sets of measurements it may be
concluded, as a rough approximation, that
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the “disordered phase” contains about 30 =
5 at.% Ge.

3.2, Structure Characteristics

In Fig. 3, a typical high resolution lattice
image of a “disordered phase” is shown to-
gether with its laser optical diffractograms
(OD). Images of this type have also been
presented by Kitano ef al. (5). The d-value
which corresponds to the distance between
two adjacent streaks is 0.31 nm, and the
periodicity along the streak is 0.85 nm. In
a similar way, OD were made from 13 TEM
images of this type. Some of them were the
same as Fig. 3, and the others showed differ-
ent patterns. This is due to the different ob-
servation directions used. The largest d-val-
ues obtained from the distances between
two adjacent streaks in these patterns was
about 0.35 nm,

Figure 4a presents a SAD pattern showing
virtually the same pattern as the OD in Fig.
3. When this pattern was rotated around
the direction of the streak, the distance be-
tween the streaks increased gradually (Figs.
4b-4g). The streaks also take on a curvature
that is due to the influence of the edge of
the Ewald sphere. Finally, in Figs. 4h and
4i, spotty patterns _were obtained. These
patterns also contained weak and fine
streaks along the directions of the arrows
(These “fine streaks” can be more clearly
recognized in Fig. 6). In the corresponding
bright field images (Fig. 5), the lamellar con-
trast was visible at smaller rotation angles.
The contrast changed gradually as the rota-
tion angle was increased, and finally a
mottled contrast was obtained, Fig. 5i.

Using another “disordered phase,” a simi-
lar investigation of rotation was performed
(Fig. 6). While the rotation axis in Fig. 4
was inclined by about 32° from the “fine
streaks,” they were nearly parallel or per-
pendicular to the “fine streaks™ respectively
in Figs. 6a and 6b. The same pattern as Fig.
4i is presented in Figs. 6a-A and 6b-C. The
hexagons in these figures correspond to that
in Fig. 4i. In this case also, the aperture
size for SAD is larger than the size of the
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“disordered phase,” thus the diffraction
spots and streaks from the neighboring arca
are superimposed. Streaks from the **disor-
dered phase” presently considered are indi-
cated by arrows. In both rotation series,
circular patterns containing “fine streaks”
with intensity maxima are seen after rota-
tion by small angle. Further rotation gives
patterns with less curvature, and the adja-
cent streaks become observable. Gradually,
the distances between the streaks decreases
as demonstrated in Fig. 4. In these cases,
also, irregular lamellar contrasts were ob-
served in TEM images after rotation by rela-
tively large angles.

In all rotation series around three differ-
ent axes (Figs. 4, 6a, and 6b), the distance
between streaks gradually changed as a
function of the rotation angle. No regular
intensity distributions were recognized be-
tween the streaks. Thus, it is assumed that
the “disordered phase” has intensity distri-
bution only on the streaks in the SAD pat-
terns. Based on these results, the intensity
distribution in three-dimension must have a
layer structure shown in Fig. 7, which is
oriented along the incident ‘beam direction
7. The layers may contain spots and “ﬁne
streaks.” They must contain also diffuse in-
tensity which fills the rest of the area in the
layer. Otherwise, it cannot be explained that
the streaks were obtained by any rotation
investigated. From the rotation angles and
the distances between the streaks of several
SAD patterns, the distance between the lay-
ers in the reciprocal space was obtained.
The value estimated using Fig. 4 was
2.83 * 0.02 nm~! (d-value: 0.353 = 0.002
nm) as indicated in Fig. 7.

Under the assumption of the layer struc-
ture in the reciprocal space, the intensity
distribution on the Oth layer is directly stud-
ied in Figs. 41, 6a-A, or 6b-C. Since the in-
tensity distribution around the center beam
cannot be clearly seen in these three figures,
Fig. 6a-B is magnified in Fig. 8 instead,
where the observation direction is very near
to that of Fig. 6a-A. In this figure, two sets
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FiG. 3. Typical HRTEM image of a “disordered phase" observed from a certain direction. Its laser

optical diffractogram is inserted.

of rectangular nets connecting diffraction
spots are recognized. They are indicated by
full or broken lines, respectively. The size
of the rectangular nets are the same as each

other. Thus, it is expected the “disorderad
phase” contains crystal lattices with differ-
ent orientations. In addition, “fine streaks”
marked by arrows are along the horizontal



ARITA AND NISSEN

Fi1G. 4. Electron diffraction patterns after a rotation around a direction nearly parallel to the streak.
(a) is the same pattern as the optical diffractogram in Fig. 3. The rotation angle is given in each figure.
Since the rotation axis deviated slightly from the streak, (h) is not in perfect axial condition. Therefore,
the reciprocal lattice was rotated 2° around the arrow direction in (h). Resulting pattern (i) contains
very weak and fine streaks along the arrow.

direction in the figure. The other spots and
streaks are assumed as the contribution
from the adjacent grains.

Figure 9 is a high resolution image of a
“disordered phase” used in Fig. 6, yielding
the SAD pattern of Fig. 6a-A. The area
within the circle marked by A in Fig. 9a is
magnified in Fig. 9b. The “disordered
phase” is an assembly of small crystal grains
which show the characteristic rectangle

cross-fringe contrast. Using arrows indicat-
ing the longer edges of the rectangular con-
trast, two lattice orientations can be recog-
nized, which are rotated by approximately
60° against cach other in the image plane.
Figures 9c-A-9c-E are OD patterns from
the circles A to E of Fig. 9a, respectively.
Hexagonal patterns with “fine streaks™
which are similar to the SAD patterns in
Figs. 4i, 6a-A, or 6b-C were obtained from
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FiG. 5. Bright field image of the “disordered phase” used for Fig. 4. The rotation axis is indicated by
an arrow in (a). (a)—(i) correspond to Figs. 4a—-4i, respectively. The characteristic lamellar contrast is
recognized in the images with small rotation angles.
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F16. 6. Electron diffraction patterns after a rotation around directions (a) nearly parallel and (b) nearly
perpendicular to the “fine streaks.” The “fine streaks” are along the direction indicated by arrows in
(a-A). The rotation angle is given in each figure. For example in (a-F}, the streaks which are not along
the horizontal direction are from adjacent “disordered phase.” For clarity, streaks from the “disordered
phase” discussed are marked by small arrows.
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FiG. 7. A reciprocal space model of the “disordered
phase.” In the model, intensity is distributed on the
layers, and no intensity is present between the layers.
The layers may contain spots, *“fine streaks™ with inten-
sity maxima as well as diffuse intensity which fills the
rest of the area in the laver. The arrow indicates the
incident beam direction for Figs. 4i, 6a-A, or 6b-C.

the circles A, B, and C containing many
grains. On the other hand, OD patterns
could be taken from individual grains after
inserting small apertures (Figs. 9¢-D and 9¢-
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E). These two OD patterns show the charac-
teristic rectangle patterns in different orien-
tations.

From the results presented in Figs. 8 and
9, it is clarified that the “disordered phase”
contains small crystal grains in different ori-
entations. The next thing to be performed
is the determination of the unit cell size of
the crystal lattice. In Fig. 10a, the intensity
distribution on the Oth layer in the reciprocal
space is schematically shown, where the
two sets of rectangular diffraction configu-
ration are drawn by open respectively full
circles. For the further discussion in this
report, they are named as reciprocal lattices
I and 1, respectively. The points indicated
by broken circles are those which could be
recognized as spots in the experimentally
observed patterns, i.e., Figs. 4i, 6a-A, or
6b-C. The rotation axes of the series in Figs,
4, 6a, and 6b are marked by A, B, and C,
respectively. The reciprocal space has the
layer structure and it is assumed that the
“disordered phase” does not give any dif-
fraction spots between the layers. There-
fore, the simplest way to describe the unit
cell of the crystal lattice is to assume the
two edges of the rectangle as the lattice vec-
tors a* and b* as shown in Fig. 10a, respec-

F1G. 8. Enlarged diffraction pattern of Fig 6a-B. Two sets of diffraction spots constituting rectanguniar
nets (full or broken lines) are recognized. “Fine streaks™ are marked by arrows.
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Fic. 9. High resolution micrograph of the “disordered phase” used in Fig. 6, where the observation
was performed under a condition giving the diffraction in Fig. 6a-A. The “disordered phase” is an
assembly of small crystal grains. (b) Enlarged image of (a) from the area marked by 4. (¢) Laser
optical diffractograms from A to E of (a), respectively.

tively. After the detailed measurement of
spot positions in Fig. 4i, the crystal lattice
of the “disordered phase™ used in Fig. 4 has
the reciprocal lattice parameters, a* = 1.18
nm~!and b* = 1.49 nm ',

In order to obtain information on the ¢*
vector of the crystal lattice, the rotation se-
ries of Fig. 4 are analyzed in detail. For
the analyses, only the patterns containing
relatively spotty intensity maxima on the
streaks are treated, i.e., Figs. 4a, 4b, 4c,
and 4h. In this case, the rotation axis is
the one marked by A in Fig. 10a, which
corresponds to the shorter edge of the rect-
anguiar reciprocal net (a*-direction) of lat-
tice 1. In principle, two cases can be listed
for the orientation of the rotation axis in
reciprocal space: (1) a* of lattice I and (2)
2a* + 3b* of lattice II. Since the periodici-
ties along the streaks in Figs. 4a, 4b, and 4c
are the same as the a* spacing of the crystal,
the a*-direction of lattice I is defined as the
rotation axis. In Fig. 10b, the cross section

of the reciprocal lattice I containing (000)
after the observation along the axis A of
Fig. 10a is shown. Therefore, a* vector is
perpendicular to the plane of this figure. The
shadowed lines marked by Oth, 1st and 2nd
correspond to the layers in Fig. 7. Lines
denoted by 4a, 4b, 4¢, and 4h, are the cross
section of the Ewald spheres for Figs. 4a,
4b, 4¢, and 4h, respectively. The encircled
dot is (000}, and the open circles correspond
to the observed spots on the plane perpen-
dicular to the rotation axis. From the data
presented here, the unit cell in the reciprocat
space can be selected as the rectangle shown
by thick broken lines. Therefore, the ¢* vec-
tor is perpendicular to the layer and ¢* =
2.83 nm~". In conclusion, an orthorhombic
reciprocal lattice with a* = [.18 nm"/,
b* = 1.49 nm~! and c¢* = 2.83 nm™! is
defined as one possible selection for the un-
known crystal in the region of the “disor-
dered phase.” In the real space, @ = 0.85
nm, p = 0.67 nm and ¢ = 0.35 nm. The
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FiG. 10. (a)} Schematic diffraction pattern near the
center beam, which corresponds to Figs. 4i, 6a-A, or
6b-C. The pattern is a superposition of two reciprocal
nets composed of open respectively full circles. By

connecting the positions where two diffraction spots .

are nearly superimposed (broken circies),'hexagonal
configuration is recognized. The axes A, B, and C are
the rotation axes used in Figs. 4, 6a, and 6b, respec-
tively. (b} Schematic drawing of the rotation series of
Fig. 4 observed along the rotation axis, A of (a). Ewald
spheres of Figs. 4a, 4b, 4c, and 4h are indicated by
lines with the rotation angles from 4h.

values of the lattice parameters differ by
about several percent depending on the “dis-
ordered phase” investigated. Using this
definition of the crystal lattice, the zone axis
to obtain the high resolution image of Fig.
9 is [001] which is common for two crys-
tal lattices.

3.3. Defects

In order to understand the origin of the
intensity component other than the crystal-
line spots, i.e., “fine streaks” and diffuse

ARITA AND NISSEN

intensity, another high resolution image of
the “disordered phase™ was taken along
[001] of the crystal lattice (Fig. 11a). For the
discussion using this figure, the images are
divided into five areas marked by A, B, C,
D, and E. This “disordered phase” contains
small crystal grains. A, B, C, and ) show
rectangular cross-fringe contrasts which in-
dicate the crystal lattices projected along
[001]. The a and b vectors in each area are
shown in the figure. The lattices at A and B
are rotated by 64° against each other, while
they have paraliel orientation at 8 and D. In
the area marked by B, contrasts indicating
planar defects are recognized (arrows)
which are on {210}-planes. In C, the lattice
fringe is very defective. The defect planes
here are also on {210}. The OD pattern from
Cis presented as Fig. 11b. The pattern gives
the “fine streaks™ discussed above. Thus, it
is clearly said that such a set of defects on
{210} is the origin of the “fine streaks”.

By contrast, the area marked by E in Fig.
11a, shows very weak contrast which is sim-
ilar to that of amorphous material. This part
surrounds a small crystalline grain. Proba-
bly," such part of the “disordered phase”
contributes to the diffuse intensity which
fills the layer in the reciprocal space. In addi-
tion, the crystalline lattices in the regions of
“disordered phase” are randomly distorted.
For example, in the image of Fig. 9, detailed
measurement of the lattice fringes implied
that the ratios of lattice parameters b/a
slightly change from place to place. This is
possibly due to a modulation of the concen-
tration and/or internal stress introduced
during the fast solidification from the vapor.
Such distortion of the lattice may also be
the origin of the diffuse intensity in the recip-
rocal space.

In order to investigate the crystal defects
on {210} in detail, which contribute to the
“fine streaks,” images from the “disordered
phase” used in Fig. 9 are magnified and pre-
sented as Figs. 12 and 13. They were ob-
served along [001] of the crystal lattice. Fig-
ure 12 shows a planar defect (arrow A) and
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Fic. 11. {a) High resolution image observed along [001] of the crystal lattice. At the areas marked by
A, B, C, and D, rectangular cross-fringe contrast indicating the unit cell is recognized. The unit cell
vectors are shown. (b} Optical diffraction pattern from the area marked by C in {a). "Fine streaks™

arc secn.

a straight grain boundary (arrow B). The
image contrast is that of a “distorted hexa-
gon,” and the rectangular net constructed
from the relatively strong spots defines the
unit cell. Figure [3 contains a set of straight
grain boundaries indicated by thick lines,
where rectangular net of the spots defined
the unit cell,

In Fig. 12, the planar defect is onthe (210)-
plane, and the translation vectoris § - [1 2
z]; whereby the z-value is not known in this
case. The periodicity of the “distorted hexa-
gon” is not disturbed by the planar defects
A, while, on the other hand, this defect off-
sets the lattice of the rectangular net. Thus

it is concluded that the rectangular net can
be described as a superlattice structure of
the basic “distorted hexagon™ net. Conse-
quently, the planar defect can be described
as a defect of the superlattice and as an
antiphase boundary of the basic “distorted
hexagon.”

At the grain boundary in Fig. 12, lattices
marked by 1 and II are rotated against each
other by 64°. The boundary planes have the
index {210}, and the relatively strong spots
of both adjacent grains coincide at the
boundary plane. In the boundary region, a
contrast defining kite-shape units can be
recognized. In Fig. 13, a set of grain bound-
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Distorted b\/:

Hexagon, i

Fii. 12. A planar defect (arrow A) and a straight grain boundary (arrow B) in crystals observed along
the c-axis. Rectangles constructed by brighter spots indicate unit cells, Lattice I is rotated 64° clockwise
around the c-axis with respect to lattice II. Defect plane in both cases is {210},

aries is visible. Crystal lattices having two the right to the left, the crystal domains
different orientations are'marked by I and change their orientation from I to II at the
II. The general structure of the boundary is  boundary A, which consists on the Kkite-
the same as that in Fig. 12, while the rotation shaped units described above. The orienta-
angle here deviates slightly from 64°. From tion changes again from Il to I at B,, where
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F1G. 13, Area with many grain boundaries, Image was copied from a TV screen. For detail, sce text,

the orientation of the kites is opposite. The
texture described here corresponds to a mi-
crotwin texture in other crystalline materi-
als (cf., the superstructure in mullite, Figs.
6 and 7 in ref. (/8)). Towards the left lower
margin, the width of the domains is reduced.
Finally, only the kite-shaped unit constitute
the domains T and II (B, and B;), and no
rectangular contrast is present. This area
thus represents a highly disordered (or de-
fected) region in which the defects are ar-
ranged periodically.

4. Summary and Conclusions

From the electron microscopic evidence
presented, it can be conciuded that the re-
gion of the “disordered phase” are assem-
blies of small grains. Their germanium con-
centrations are about 30 = 5 at.% assuming
that they contain onty Nb and Ge, while it
is still unknown whether they are oxides
or not. Some of the grains show a contrast

similar to that of amorphous materials. The
remaining grains are crystals with very
many defects, which may have a new ortho-
rhombic structure with @ = 0.85 nm, b =
0.67 nm, and ¢ = 0.35 nm.

For these crystalline grains, mainly two
crystal orientations were observed which
have their c-axis in common. Straight grain
boundaries are parallel to {210}-planes.
Planar defects observed in these grains are
also on {210}-planes. These defects have
been shown to disrupt the superlattice, but
not the basic “‘distorted hexagon structure.”
Distortions of the lattice were also ob-
served. Due to these features, the reciprocai
space of one region of the “disordered
phase” has a layer-type intensity distribu-
tion along the c*-axis. The layer contains
spots, streaked intensity maxima, “fine
streaks” and, possibly, planes of diffuse in-
tensity. The first two features can be ex-
plained by the structure and defects of the
crystalline grains. The “fine streaks™ are due
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to the planar defects and grain boundaries
on {210}, The layers of diffuse intensity may
be a contribution from the grains with con-
trast similar to that of amorphous materials
and possibly also to the shape of small grains
and to lattice distortions. The layered inten-
sity distribution causes the streaked pat-
terns obtained from observation along any
direction of the electron beam.

The SAD technique using a small aperture
has been successfully applied in the present
investigation, aiming to clarify the structure
of the *“disordered phase” in Nb-Ge films.

- This method, combined with the nanodif-
fraction technique has provided information
on the crystal structure of small grains in
other materials such as the new high T, ox-
ide superconductors.
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