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(triangular, rectangular, square, trapezoidal)
and with various orientations of the [111jaxis
relative to the small faces of the slabs Az hy
which are parallel to the applied field. In all of
these experiments the [111]axis determines the
preferential orientation of the V lattice. How-

ever, the quality of the V crystal is best when
the sample edges are aligned with the crystal-
lographic lines of high density of the V lattice (as
shown in the inset of Fig. 2). This indicates the
effect of the faces parallel to the field on the pre-
ferential orientation of the V crystal along the
anisotropy axis of the Nb crystal. This long-
range influence arises as a consequence of the
rigidity of the vortex lattice. The details of the
experiments will be described later. '

We thank Professor J. Bok, Mr. J. M. Delrieu,

and Mr. R. Kahn for useful discussions and
A. Guetta for his valuable technical assistance.

D. Cribier, B.Jacrot, L. Madhav Rao, and R. Far-
noux, in Progress in Lose 7'empexatuxe Physics, edited
by C. J. Gorter (North-Holland, Amsterdam, 1967),
Vol. 5, p. 161.

H. Trauble and U. Essmann, Phys. Status Solidi 18,
813 (1966).

Y. Simon and P. Thorel, Phys. Lett. 35A, 450 (1971).
J. M. Delrieu, J. Low Temp. Phys, 6, 197 (1971).
W. Fite and A. G. Redfield, Phys. Rev. Lett. 17, 381

(1966).
J. M. Delrieu and J. M. Winter, Solid State Commun.

4, 545 (1966).
A. Kung, Phys. Rev. Lett. 15, 1006 (1970).
P. Thorel, R. Kahn, Y. Simon, and D. Cribier, to

be published.

Anisotropic Microstructure in Evaporated Amorphous Germanium Films*

G. S. Cargill, III
Department of Engineering and Applied Science, Yale Rnid'ersity, Nezu Hacen, Connecticut 06520

(Received 20 March 1972)

Direct evidence for anisotropic microstructure in evaporated amorphous germanium
films has been obtained from small-angle x-ray scattering. Low-density regions have
approximate linear dimensions of 22 and 46 A in the film plane and 2200 A normal to the
film plane for the 7-pm-thick films studied. Their volume fraction is only 1 to 2%, if
they are assumed to be voids.

Evaporated amorphous Ge and Si films are com-
monly less dense than crystalline films; the re-
ported density deficits range from 0 to 30% and

apparently depend on deposition conditions, as do
many other properties of amorphous films. ' This
Letter presents results of small-angle x-ray scat-
tering measurements which clarify the origin of
such density deficits. Earlier electron' and x-
ray scattering measurements indicated that most
of the density deficit and its variation were asso-
ciated with submicroscopic voids, rather than
with the intrinsic amorphous structure. However,
spherical or randomly oriented voids were as-
sumed in interpreting the measurements. " The
present study indicates that evaporated amor-
phous germanium films (of -7 p, m thickness)
have anisotropic microstructures consisting of
rodlike low-density regions oriented perpendicu-
lar to the film plane and that submicroscopic
voids account for a much smaller part of the den-
sity deficit than previously thought. Galeener"
recently interpreted anomalous structure in uv

0
dielectric constants of 1000-A evaporated amor-

phous Ge films by postulating cracklike oriented
voids. Donovan and Heinemann' interpreted fea-
tures in high-resolution electron micrographs of

0
100-A films as voids of the type proposed by Ga-
leener. The present results, on 7-p, m-thick
films, indicate rodlike rather than cracklike
voids.

The geometry used in the scattering measure-
ments' and the dependence of observed scattered
intensity on both p and & are shown in Fig. l.

0
Scattering is anisotropic for R &0.5 A '. Anisot-
ropy is sharpest in the high-angle tail of the
small-angle scattering, i.e. , half-widths yy/2 are
smallest here. The half-widths increase as the
scattering angle is reduced. Absolute, slit-
length —corrected intensities' for y = 0 are shown
in Fig. 2 (squares) as logf versus K'.

These data were obtained for films which had
been floated off their substrates in warm water
or hydrofluoric acid. The large-angle x-ray scat-
tering and radial distribution functions for these
films are similar to those published elsewhere. "'
Anisotropic small-angle scattering similar to
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FIG. l. (a) Modified scattering geometry; k' is the
incident beam direction, k is the scattered beam direc-
tion, K =k —k', 28 is the scattering angle; S is the
planar sample; p is the angle between K and its projec-
tion in the plane of the sample. (b) Combined depen-
dence of observed scattered intensity on both p and K,
with indicated half-widths at half-height.
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that already described has also been found for
films still on their substrates, although absolute
intensity measurements have not yet been made
for these films. Deposition conditions are sum-
marized in Table I.

Measured intensities were well described as
scattering by a collection of identical ellipsoids,
with semiaxis lengths A, ~ A, ~ A, . The A, axes
were initially assumed to be normal to the plane
of the film; &, and 4, axes for different ellip-
soids were randomly oriented in the film plane;
and each ellipsoid was assumed to scatter inde-
pendently. The ellipsoids represent rodlike (A,
»A, -A, ) regions of less than or greater than
bulk density, limiting cases being voids or re-
gions of unusually dense packing.

Intensity profiles were calculated for this sim-
ple model in electron units per atom, ""

I..(K, 9 ) = l«(&p)'f'/p. I(2/~)

x J'"'@(KR(p, 5)) d$, (1)

where

C (KR) = [3(sin KR —KR cos KR)/(KR)']', (2)

R'(p, $) = A, ' sin'y + A, ' cos'y cos'$

+A, cos'y sin'$,
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ellipsoidal regions, V= (4w/3)A, A+„hp is the
difference between the atomic density of the el-
lipsoidal regions and the average bulk density po,
and f is the atomic scattering factor.

The dependence of half-width y„, on 1/K ob-
tained from Eq. (1) is

jBO ] 5ln2 '~2
model (de

1

FIG. 2. Observed absolute, slit-length-corrected in-
tensity for p =0 (squares); intensity corrected for 5'
distribution width (circles); model calculations for A&

=1100 A, with A2 =22 A and AS= 12.8 A (dashed curve),
with A2 =23 A and A3= 10.9 A (solid curve), and with
A2 =25 A and A& =4.8 A (dot-dashed curve); and model
calculation incorporating 5' distribution width for A.~

=1100 A, A2=28 A, and A3=10.9 A (dash-double-dot-
ted curve).

o. is the volume fraction of film occupied by these when 4 (KR) is approximated by a Gaussian. " As

1373
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TABLE I. Evaporated amorphous germanium films with anisotropic small-angle scattering.

Substrate
material

Substrate
temperature

(C)

Deposition
rate

(A/sec)

Film Source to Vacuum
thickness substrate distance during deposition

(pm) (cm) (Torr)

Glass microscope slide
1-mm silica glass
0.2-mm Si J.111]

1-mm silica glass

100
50
50

200

5-10
50-75
50-75
50-75

25
19
19
19

10 '
10
10 7

10 7

Used after removal from substrates to obtain data in Figs. 1-8.
Supplied by A. H. Clark and studied without removal from substrates.

shown in Fig. 3, the data for p„,' """' versus 1/K
can be fitted fairly well with a straight line, but
with a positive intercept. This "distribution
width" of 5 is attributed to anisotropic scattering
regions not being perfectly aligned parallel to the
film normal. The A, value obtained from these
data with Eq. (4) was 1100 A.

Values of A, and 43 were obtained by comparing
curves of logI versus K', with cp=0, for models
and experiments. The experimental slit-length-
corrected y = 0 data were modified to correspond
to zero distribution width by multiplying with

«p»,
' '(K)/cp», ' (K). The modified scattering

curve, Fig. 2 (circles), agrees well with the mod-
el calculation for A, = 23 A and &, = 10.9 A (solid
line), indicating that regions which produce the
anisotropic small-angle scattering are rod-shaped,
the rod axes being nearly normal to the film
plane. " Model curves for three choices of A.„A,
are shown. Results are also shown for a model
calculation which incorporates the 5' distribution

width by appropriate Gaussian weighting of pc 0
model curves.

Evaluation of Eq. (1) with A, =1100 A, A, =23 A,
and +3 = 11 A for K- 0 and extrapolation of the ex-
perimental curve of Fig. 2 to K= 0 yield

PAn = limI, „(K)

= 1.6x 1o '[1 —(p'/p, )] ',
where p' is the density in the ellipsoidal regions
and p, is the bulk density, assumed to be 10% less
than the crystalline density. ' By limiting consid-
eration to "two-phase" structures in which the
scatters are deficient in density (p «p, ) and in
which they are surrounded by material no denser
than crystalline germanium (po «p" «pc"~'"), only
values of n less than -30% are consistent with the
scattering measurements. If the ellipsoidal re-
gions are assumed to be voids, p' =0 and n =1.6/o.

If the p =0 intensities were treated as isotropic
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F16. 3. Observed dependence of half-widths P&/2 on 1/1C.



VOLUME 28, NUMBER 21 PHYSICAL REVIEW LETTERS 22 Mwv 1/72

small-angle scattering, e would be given by"

n = (2m'po f') ' J K'l,„(K) dK = 1 l%%uo (6)

for p'=0. This is between the values obtained by
Shevchik and Paul' for evaporated Ge (5%%uo) and by
Moss and Graczyk' for evaporated Si (10—15%) in

assuming isotropic scattering. This qualitative
agreement and the observation of anisotropic
small-angle scattering from films prepared with
a variety of evaporation conditions (see Table I)
indicate that many films being used in experimen-
tal studies of electronic properties may be struc-
turally anisotropic.

A much smaller part of the density difference
between amorphous and crystalline forms of ger-
manium can be attributed to well-defined internal
voids, when Eq. (5) rather than Eq. (6) must be
used in evaluating n. The amorphous film can no
longer be thought of as a random network of es-
sentially crystalline density but containing dis-
crete voids which reduce its apparent density by
approximating 10%%u&.

' The density deficit must be
more uniformly distributed throughout the film
volume. "

The present scattering data are inconsistent
with the existence of cracklike voids of the type
postulated by Galeener. ' Such voids would cor-
respond to ellipsoids with A, »4, . However, the
data which he considered were obtained from
films much thinner than those used in the present
investigation. Clark and Burke" recently found
no anisotropy in electrical resistivity of evapo-
rated amorphous germanium films from 0.4 to
4 p, m thick. Deposition conditions were similar
to those for the second entry in Table I. Their
results can be reconciled either with low-density
rodlike regions or with thin cracklike voids postu-
lated by Galeener. "

The degree of anisotropy, dimensions, shapes,
and volume fractions obtained in this study may
not be representative of films prepared under dif-
ferent conditions. The effects of deposition param-
eters and subsequent annealing treatments on the
anisotropic microstructure are currently being

studied.
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