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As materials engineering and fabrica-
tion decends into the sub-micron regime,
mew tools must be developed to both
view and analyze the novel structures.
Many of the excellent techniques that
provide atomic resolution are not best
suited to study the features the forefromt
of integrated arant technology, where
interest now les in the 0.1 micmon re-
mime. Most scanning techmiques are also
limited to surface structures, whereas in
most solid-state devices the interesting
pmperties depend upon details at buried
interfaces. And because the electron in-
teracts so strongly with matter, electron
micmsmpy and other exatation tech-
miques can be also limited to surfaces or
sechiomed, thinned and stamed speci-
RS,

Interacting much more weakly, high-
energy x-rays penetrate deeply into ma-
tenals, making it possible to study bath
surface and bulk properties using any
combination of absorption, diffraction,
and flupmscence exdtation. Absorpton
can be used to determine local atomic en-
vironments and valance. Diffraction pro-
vides a means to understand or disorder,
and micro-crystalline state. And
fluorescence exatation spectr,
urique to each atom, can be used to
determine atomic spatial distribu-
Homs

In this article we wall desanibe an
experiment using fluorescence exd-
tation to determing the spatial distn-
bution of a germanium atoms selec-
tively doped into a communications
grade optcal fiber. Communica-
tions fibers are doped in an attempt
o create a perfect optical channel,
having no attenuation or loss over
hundreds of kilometers distance.
Because the dopant atoms are intro-
duced into the glass early in the fab-
nication process, subsequent high
temperature treatments could result
in sublimation and {or migration of
the Ge atoms. Since the final dopant
concentration profiles determine the
performance of the fiber, a diagnos-
tic toal s needed to charactenize
those profiles during the manufac-
turing pmcess.
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The fiber samples
used m this study
are commercially
made by AT&T.
They were fabri-
cated startng with a
hallow, cylindrical
boroslicate glass
form. Ultra-high
purity silica is de-
posited from vapor
onmner surface, followed by a multiple
deposition cycle of pure germania. The
form is then heated and collapsed into a
preform, which resembles a solid glass
rod approcamately 2 cm in diameter.

The preform is then loaded onto the
drawing tower, heated m a controlled
environment, and many hundreds of ld-
lometers of fiber 125 microns in diameter
are sequentially pulled, clad, and
bundled.

The collapse of the form requires local
heating to high temperatures. At that
puint, Ge sublimation frm the mner-sur-
face leads to a core deficit in the final fi-
ber. Most commaonly, the fibers are char-
acterized by measuements of the index

{Figue 2) Close-up photoof the xray capiiany
coneentrafor (Isf) and fe Ge doped fber close o
5 0p (mounted o § plezo-elsctic ransispons
stagel. The speriure of 5 solo-state defechor is
shown af rght.

of refraction as a function of posthion
across the diameter (see inset, figure 1)
The loss of Ge at the center & apparent,
although the index measurements can be
difficult to interpret because the wave-
length of the lightis such that itcan
propagate into the fiber, resulting in an
aroneous index measure,

Some of the newer fiber designs utr
lize multiple dopant atoms. The perfor-
mance of these fibems, some of which act
assignal concentrators and amplifiers,
canmot be chamcterzed only by mdex
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pmpriate application for a tapered capil-
lary comcentrator and an x-ray fluores-
cence measurement. The capillaries we
used were fabricated at CHESS as dis-
cussed in the article on page 41. The x-
ray measutements were done on a plece
of fiber whose cladding had been remove
by dipping in sulfunic aad. Shown
briefly in figure 2, the fibers were affixed
to a vertical translation stage with both a
przo-electric element and a gear-re-
duced mechamcal zqack. One of the
most useful features of the capillary optic
for fluorescence work is that all energies
can be simultaneously concentrated by
the capillary. To get the highest x-ray
flux onto the specmens as possible,
theretore, we utihzed the white x-ray
beam into the C2 station at CHESS and a
W51 multlayer monochromator that
passed a 167 erergy bandpass at15
keV. This report summanizes two experi-
ments; one using a capillary with a 4 mi-
oo diameter exit opening, and the sec-
ond experiment with a capillary of ap-
prvamately 1 micron diameter.

The output of the capillary was first
charactenized by scannng a kmfe-edge at
the tip of the capillary while measuring
the transmitted beam. A model fit toa
drcular aperture establishes the radius of
the inadent beamn to be 2.1 micons.

Taken care to place the fiber speci-
mens at the same location as the knife-
edge, this radius was used, without ad-
justment, to analyze the Ge fluorescence
pmfiles. Shownin figure 1, the data are
fitted u=ing a model of a uniform arcular
beam of x-rays impinging onto a cylinder
af Ge atoms that & also uniform m den-
sity. The fitted lineshape is calculated by
integrating the x-ray flux over the arcu-
lar beam emitted from the capillary trav-
eling through the cylindnical Ge core; the
integral is similar to convolution of two
cylinders at ght angles. The resulting
Ineshape is distinct in having a true dis-
contimnty from zero at the edges and a
broadened central peak. This shape is
different from models using gaussian or
lorentzian functions, which both have
smooth contmuous tails and faidy sharp
peaks. The measured Ge core radius of
403H).06 microns for the “30" fiber & 1n
good agreement with the index of refrac-
tiom plot (see inset, figure 1)

A second fiber, referred to as “1024,"
had both Ge and Er dopants. With a con-
centration below the 100 part-per-million
levels, and we were unfortunately not

able to measure Er fluores-
cence in this first expen-
ment. Using the same pro-
cedure discussed above, the
Ge core radius was mea-
sured to be 2015004 mi-
cmms {figure 1b). This result
15 again in good agreement
with the index measure-
ments. The fitted lmeshape
is niearly trangular, which
results from the fact that the
x-1ay beam and the Ge core
hawve the same dimemsion. |
As the Ge come is translated
by the capallary tip, the Ge
fluorescence increases ak 2N [
most linearly untl the core

1= exactly centered in the 3
beam, at which point the el "|
overlap decreases almost z
limearly to zero. In other ._
words, a triangle is the re-
sult of the convolution of
the two squame fundions,
ome for the uniform arcu-
lar x-ray beam aperture, g
and the second for the uni- -
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form cylindrical Ge core. "B

Although the followmg £l
results are preliminary,
they show the steps we must take to
achieve higher spatial msolution. Fgure
3 shows a scan using a one micron exat
diameter capillary. At that small size, we
can begin to probe the Ge defiat in the
center of the fiber. The statistics and the
beam size were not suffigent fora good
definition of the deficit, but the analysis
model can be used to explote what size
capillary is needed for best spatial reso-
lution.

Figure 3a shows the simulated expern-
mental fluomwscence profiles that would
result from a scan of a 55 micron radius
void m the middle of a Ge cyhinder of
comstant density. The experimental data
in Figure 3b correspond to the scan with
a 1 micron capillary. For comparison, a
profiles for .5, 025, and 0.125 micron
capillaries have been cakulated. Since
smaller x-ray beam sizes yield less incr
dent intensity, the most effident experi-
mental arrangement would use the lrg-
est possible capilary. This consideration
would be espeaally important for those
measurement involving two-dimensional
imaging. The plotted curves show that
going from a .25 to .125 micron x-ray
beam yields very little gamn in spatial
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(Figure 3) () Cakbulsted fuorescence profiks for
&6 come (A4 @ microns) wilfh 5 central void of
radivs (M55 microns, compaing what osts coud be
collscted using an x-ray beam wilh e disms fsr
ndicsted. The | micron plof cormesponds best i
ffie prefminary expenmental dats (B) misctsd
from fiber “10247

definition, whereby most probably such
a chotce would reduce the x-ray flux by a
factor of 4.

Of course, the contrast shown in Fig-
ure 3b is imited by collecting data using
an x-ray beam traveling through the en-
tire diameter of the fiber. For the great-
estdetail of the core, it wounld be best to
record a two-dimersional scan through a
thin transverse section of the fiber.
While that measurement would be fine
for a post analysis of a fiber, one of the
goals of this experiment was to comsider
a measutement probe that might be use
fulin a nom-destructive mode, asin, for
example, a non-destructive diagnostic
pmbe in s, on the mamifacturing line.
In that crcumstance, a non-contact x-ray
pmbe isthe only available means of
dopant density profiling,.



