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Simultaneous multidopant investigation of
rare-earth-doped optical fibers

by an ion microprobe
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The relative distribution of five elements present in the core area of several optical fiber samples has been
obtained by utilizing nanoscale-secondary ion mass spectrometry. A strong correlation between the rare-
earth (RE) ion and aluminum was observed, consistent with aluminum’s improving the solubility of the RE
ion. The central dip in distribution was less severe than that observed for germanium, characteristic of the
collapse process during fabrication of the fiber preform. © 2006 Optical Society of America
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Rare-earth- (RE) doped fibers constitute a key com-
ponent in the production of fiber lasers and fiber
amplifiers.1 These devices have found significant ap-
plication in a range of scientific and industrial envi-
ronments. Specifically, in the field of telecommunica-
tions they have become the main media for the
modulation and amplification of optical signals. As a
result, together with the simultaneous growth of the
Internet and the demand for higher communication
bandwidths, the need to optimize fiber lasers and
amplifiers is stronger than ever. Among the many
variables vital to the optimal design and operation of
such products is an accurate knowledge of the RE-
dopant distribution in the core of the fiber.2–4 Also of
great importance is the distribution of other elements
normally present in the core of RE-doped fibers, since
they affect the refractive-index profile of the fiber,
which defines the optical properties of the fiber.1

To date, two different approaches have been em-
ployed to measure the distribution of RE ions in op-
tical fibers. In one of these, various analytical tech-
niques (i.e., secondary ion mass spectroscopy,5

electron probe microanalysis,6 and extended x-ray
absorption fine structure spectroscopy7) have been
applied to fiber preforms from which the fiber is
drawn. The information extracted about the preform
is then scaled down to match the final fiber dimen-
sions, assuming that there are no changes during the
high-temperature drawing process. However, the re-
lationship between the distribution of dopants in the
preform and the drawn fiber can be quite complex. As
a consequence, there is no guarantee that during fi-
ber drawing the dopant profile of the resulting fiber
will be the same as that of the original perform, since
it is expected that due to dopant diffusion some redis-
tribution of the RE ions will occur during the draw-
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ing process. In the second approach, measurements
were made directly on the drawn fiber. Transmission
electron microscopy (TEM),8 Raman microscopy,9 and
fluorescence-intensity-based confocal microscopy10

are some of the techniques previously used for that
purpose. More recently, a Raman confocal imaging
system has been used for the determination of the Er
ion distribution in germano–alumino–silicate optical
fibers.11

In this Letter, we present the results of the appli-
cation of a nanoscale-secondary ion mass spectrom-
etry (NanoSIMS) imaging system to determine the
elemental distribution in Er- and Yb-doped optical fi-
bers. A full simultaneous multidopant investigation
of the fiber core and the adjacent cladding region has
been achieved. The relative distribution profiles of
the RE (Er or Yb), Ge, Al, P, and background Si in the
fiber core have been simultaneously acquired with
submicrometer resolution. In addition to transverse
line scans through the center of the fiber samples,
two-dimensional images showing the relative distri-
bution of all the relevant elements present in the fi-
ber core area have also been obtained.

The fiber samples were first mounted in specially
designed holders so that the end face of the fibers
could be polished to a surface quality of 0.1 �m as
part of a continuous, flat surface. After polishing, the
samples were gold coated to provide surface conduc-
tivity. Measurements were performed by using a
Cameca NanoSIMS-50 ion microprobe. Chemically
reactive primary ions of 16O− with impact energies of
16 keV were used to bombard the polished end face of
the fiber samples at an angle normal to the sample
surface. The resulting sputtered secondary ion beam
was then mass analyzed, and the separated beams

were recorded by an array of five electron-multiplier
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detectors. Each detector was used to record one of the
following species: 27Al+, 70Ge+, 31P+, 44�SiO�+, and ei-
ther 166Er+ in the case of Er-doped fibers, or 174Yb+, in
the case of Yb-doped fibers. As a result, simultaneous
acquisition of all dopants present in the central fiber
core area was achieved.

The choice of the isotopes to record for Er and Yb
was relatively simple, because each fiber core has a
single RE dopant, and the cladding is theoretically
RE free. RE oxide interferences are therefore insig-
nificant, and the most abundant isotopes of Er and
Yb were used. No significant interference peaks were
observed in the relevant mass ranges, and element
identities were confirmed by measuring Er and Yb
isotope ratios. The mass spectrum around Ge is more
complicated, mainly because of the presence of vari-
ous Si2O+ species. These were avoided by recording
70Ge+ (20% of total Ge), which avoids Si2O+ and is re-
solved from a small Al2O+ peak at the working mass
resolution.

During acquisition, there was no attempt to use ex-
ternal standards for abundance calibration, since the
important parameters investigated here are the dis-
tributions in the cross section. Therefore all data for
each element are internally scaled. In addition, data
are first normalized to SiO+ to remove minor distor-
tion caused by uneven secondary ion extraction from
the analyzed area of the sample. Image data are then
independently displayed on a continuous gray scale
for each element. For the line scans, data for each el-
ement were normalized to the highest signal re-
corded for that element to facilitate plotting.

Prior to image acquisition, the sample area under
investigation was rastered by using a large-diameter
primary ion beam so that part of the gold coating was
removed, and secondary ion emission was maximized
through oxygen implantation. Beam-raster images
were recorded within the implanted area by using a
primary ion probe with a diameter of �0.4 �m, but
which was slightly elliptical because of ion optic ab-
errations. The primary ion current for data acquisi-
tion was ��1 pA�. Line scans were acquired by using
beam steering. After recording a low-quality (fast)
image, the scan trace was defined electronically (on-
screen), and the primary beam was stepped along the
trace under software control. This was repeated for
reasons analogous to imaging: for the first scan, a
broad, high-intensity primary ion beam was used for
gold removal and O− implantation, and the fine probe
was used for data acquisition. Provided the element
distributions are reasonably symmetric, line scans
give better detail than images because of the longer
integration time available for each pixel.

Typical cross-section images for four elements
present in the core of an Er-doped fiber amplifier
(EDFA) sample are shown in Fig. 1. With the excep-
tion of the Er+, for which the secondary ion signal
was weak under the acquisition conditions, the dis-
tribution of elements in the core of the fiber and the
adjacent inner cladding are well defined. In the case
of P, deposition rings defining the inner cladding are
clearly visible. The apparent asymmetry in Fig. 1(d)

is a consequence of the ellipticity of the primary ion
beam discussed earlier. All subsequent line scans
were recorded at approximately the angle shown by
the arrow in Fig. 1(a)

A line scan through the center of an experimental
Er-doped fiber with a relatively high Er concentra-
tion ��2000 parts in 106� is shown in Fig. 2. This fi-
ber was fabricated by using the modified chemical-
vapor deposition (MCVD) technique, while the Er
and Al were incorporated by solution doping. It is
known that during the incorporation of Ge and P into
optical fibers, as a consequence of their volatile na-
ture at high temperatures, it is possible that deple-
tion and a corresponding refractive-index depression
can be produced during the collapse of the MCVD. A
similar behavior has been reported for the incorpora-

Fig. 1. Cross sections of the relative ion distribution in the
core of an EDFA sample. (a) Er, (b) Al, (c) Ge, (d) P. The ar-
row indicates the direction along which subsequent line
scans were obtained.

Fig. 2. Transverse line scan through the center of an ex-
perimental Er-doped fiber, showing the relative ion distri-

bution of all dopants present in the fiber core.
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tion of Er in a germano–silicate host,12 while no
depletion of the Er in the center was observed in the
presence of Al.13 Figure 2 shows that indeed both Ge
and P exhibit significant depletion within the central
core. However, so do both Er and Al, although not to
the same extent. This behavior of both Al and Er in
this fiber could be a direct outcome of the relatively
high concentration of the RE element. In this case, it
can also be seen that the Er distribution follows that
of Al. Similar behavior of Er was detected in all of the
investigated fiber samples.

In the case of the Yb-doped fibers, Yb follows the
distribution of Al in a way similar to Er, as displayed
in Fig. 3. This fiber was also fabricated by the MCVD
and solution doping techniques. The Yb distribution
clearly follows that of Al, while the presence of Al
again does not prevent RE element depletion in the
center core area.

In conclusion, a comprehensive analysis of the rela-
tive ion distribution of five elements present in the fi-
ber core area of various RE-doped fiber samples was
obtained by utilizing a commercial NanoSIMS micro-
scope. All elements were simultaneously detected
and analyzed from the end face of optical fibers with
an estimated spatial resolution of �0.4 �m. Valuable
information regarding the solubility and diffusion
characteristics of various elements typically present
in the core of RE-doped optical fibers was gathered.
Although incorporation of Al improves the solubility

Fig. 3. Transverse line scan through the center of an ex-
perimental Yb-doped fiber, showing the relative ion distri-
bution of all dopants present in the fiber core.
of the RE, it does not prevent the RE concentration
from being depressed along the central core region.
The apparent correlation between the Al and RE pro-
files suggests that aiming toward a Gaussian distri-
bution for Al during the fabrication process will en-
sure that the RE will not be depleted in the fiber core
center. Information of this kind can provide feedback
into fabrication techniques to improve the design and
operation of fiber lasers and amplifiers and permit
more precise modeling of fiber performance.
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