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Use of sol—gel condensation reactions with the proper precursors, in conjunction with electrospinning
methods, leads to the facile formation of one-dimensional nanofibers of silicon or germanium dioxide
doped with erbium. These nanowires are characterized by a combination of scanning and transmission
electron microscopies, energy dispersive X-ray analysis, FT IR spectroscopy, X-ray diffraction, and
photoluminescence spectroscopy. By comparing such structures with comparably sized nanofibers of
erbium oxide (Er,03), the influence of oxide matrix and erbium concentration on Er** luminescence in
the near-infrared at 1540 nm is examined. Furthermore, an analysis of the luminescence excitation spectra
of Er-doped GeO, nanofibers prepared by the above route with Er-doped GeO, NWs and Er-doped Ge
NWs prepared by a different vapor—liquid—solid pathway suggests a common excitation mechanism of
erbium ions in these structures assisted by GeO, through a carrier-mediated process.

Introduction

The incorporation of optically active erbium ions into
oxide matrices is a targeted component of a long-term
strategy toward the fabrication of integrated optoelectronic
circuits operating at 1.5 um.' Facile bottom-up routes to
subwavelength nanofibers of this composition are of interest
as they could be used as potential building blocks for
waveguides and amplifiers in such a platform. Previous
efforts from our laboratories have focused on the fabrication
of erbium-containing silicon or germanium nanocrystals/
nanowires, whereby the structure of interest could serve as
the light-emitting component in this type of monolithic
circuit.>® As a consequence, the second benefit imagined
for one-dimensional (1-D) Er-doped group IV oxide nanofi-
bers is to provide an alternative, well-defined experimental
model analogous to oxidized Er-doped Ge and SiGe nanow-
ires (NWs) so that the mechanism of erbium luminescence
in these host materials can be further investigated in detail.

In terms of bottom-up assembly methods, sol-gel con-
densation reactions have been long appreciated for producing
thin films of a broad range of useful oxide materials,
including Er-doped group IV oxide film waveguides and
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amplifiers.* Recently, use of this approach in conjunction
with electrospinning has been demonstrated to be an efficient
technique to produce nanofibers such as TiO, in high yield.’
Therefore, a combination of sol-gel reactions using the
appropriate precursors with an electrospinning technique is
one appealing route to obtain erbium-doped group IV oxide
nanofibers.

From a standpoint of controlling composition, one of the
main advantages of this fabrication method is its use of
condensed phase reactions whereby reactants can be precisely
weighted such that the concentrations of erbium ions in the
host materials can be easily controlled by adjusting the ratios
of the erbium precursor to a given group IV oxide sol-gel
precursor. Ideally, all Er*" ions are left in the oxide matrices
after the reaction without any loss. In addition, erbium ions
can be homogeneously dispersed in the host materials without
a serious erbium clustering provided that the concentrations
of Er*" ions are below its solubility limit in a given host
material. However, in the Er-doped Ge and SiGe NWs
prepared by vapor transport reactions reported previously,
most of the Er’* ions are concentrated on the surface of
these NWs.? Although a high-temperature postannealing can
help diffuse these concentrated Er** ions into these host
materials, a certain amount of Er*" jons is still clustered on
the surface of these NWs. Furthermore, since the load of
Er’" incorporation relies on a kinetic entrapment process,
some of the Er*™ ions present in the reactor can be deposited
on the inner wall of the reactor or carried away by the helium
carrier gas so that the amount of erbium actually incorporated
is more difficult to measure.

In terms of potential host materials for erbium ions, silica
possesses multiple advantages including a broad spectral
transmission range, strong tolerance to harsh chemical
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Figure 1. SEM images of (a) as-formed Er,O3/PVP fibers, (b) the fibers annealed at 500 °C for 3 h in air, and (c) the fibers annealed at 700 °C for 3 h in

air. (d) EDX spectrum of Er,Os3 nanofibers. Scale bars in (a)-(c) are 1 um.

environments, high resistance to laser damage, etc.® This host
material is also fully compatible with the silica-based optical
fiber industry and has been successfully employed to
fabricate two-dimensional Er-doped film waveguides and
amplifiers.” Germanate-based glasses also have potential
applications in optical devices because of their low transmis-
sion loss in the infrared region.® These glasses also have
good mechanical strength, high thermal stability, and high
refractive index, which make them suitable candidates for
optical fibers.” Recently, optical fibers based on undoped
GeO, glasses have been successfully used for high-power
laser delivery at 2.94 um (wavelength of an erbium-
substituted yttrium aluminum garnet laser)."’

In this work, Er-doped group IV oxide nanofibers of silicon
and germanium with controllable erbium concentrations are
fabricated successfully via an electrospinning approach that
is assisted by a sol-gel process. As a control, Er,O;
nanofibers were also prepared in order to compare their
fundamental luminescence properties with those of the other
nanofibers. As-prepared nanofibers were characterized using
scanning electron microscopy (SEM), energy dispersive
X-ray analysis (EDX), transmission electron microscopy
(TEM), and, in some cases, FT infrared (IR) vibrational
spectroscopy and X-ray diffraction (XRD). The near-IR
photoluminescence properties of all Er-doped nanofibers
were also investigated herein. Furthermore, the PL properties
of Er-doped crystalline GeO, nanowires prepared via a
vapor-liquid—solid (VLS) synthetic route were compared
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Figure 2. Diameter distributions of (a) Er,O3 nanofibers annealed at 500
°C in air for 3 h and (b) as-formed Er,O3/PVP nanofibers.
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Figure 3. SEM images of (a) as-prepared Er-doped SiO./PVP nanofibers and (b) the nanofibers annealed at 800 °C for 3 h in air; fibers were prepared with
an erbium concentration of 2%. (c) TEM image of the fibers annealed at 700 °C in air for 3 h. (d) EDX spectrum of the nanofibers confirms the presence
of both Si and Er with an atomic ratio of ~50:1. Scale bars for (a) and (b) are 1 um; (c) is 100 nm.

with analogous Er-doped GeO, nanofibers fabricated through
the above sol—gel/electrospinning method.

Experimental Section

Fabrication of Er,O3 Nanofibers. Polyvinylpyrrolidone
(PVP, 0.60 g, M, = 1.3 M, Aldrich Chemical Co.), dissolved
in 2.5 mL of absolute ethanol (AAPER Alcohol and
Chemical Co.), was mixed well with 0.25 g of Er(IIl)
isopropoxide (99.9%, Strem Chemicals) in a mixture of 1.0
mL of absolute ethanol and 1.0 mL of acetic acid (Mallinck-
rodt AR) by vortex shaking. PVP was selected as a
templating polymer because it has good solubility in alcohols
and water, which makes it compatible with the sol-gel
process. The mixture was then loaded into a glass syringe
equipped with a 21 gauge stainless steel needle. The needle
was connected to a high-voltage direct current (dc) supply
using a metal clamp. A piece of aluminum foil was used to
wrap the surface of a drum that serves as a grounding
electrode to collect these nanofibers. The as-formed nanofi-
bers were exposed to air for about a week in order to
completely hydrolyze the alkoxide precursors. A 25 kV
accelerating voltage and a 15 cm working distance between
the needle and the drum were used to carry out the
electrospinning process. As-fabricated nanofibers were an-
nealed in air at 500 °C or higher temperatures for 3 h to
remove the PVP templates completely.’ It should be noted
that a very thin layer of fibers is preferable for the thermal
annealing process, as otherwise the fibers will be partially
fused together to form bundles after annealing.

Fabrication of Er-Doped SiO, Nanofibers. In a typical
experiment for the preparation of 4.1 at. % Er-doped SiO,
nanofibers, 0.12 g of Er(Ill) isopropoxide and 1.8 g of
tetraethyl orthosilicate (TEOS, 98%, Aldrich Chemical Co.)
were dissolved in a mixture of 1.0 mL of ethanol and 1.0

mL of acetic acid, which were then mixed well with 0.61 g
of PVP in 2.5 mL of ethanol. The remaining experimental
conditions are the same as those used for the preparation of
Er,O3 nanofibers.

Fabrication of Er-Doped GeQO, Nanofibers. In a typical
experiment for the preparation of 2.0 at. % Er-doped GeO,
nanofibers, 0.02 g of Er(IIl) isopropoxide and 0.81 g of
tetraethoxygermane (Gelest, Inc.) were dissolved in a mixture
of 1.0 mL of methanol (AAPER Alcohol and Chemical Co.)
and 0.5 mL of acetic acid, which was further mixed well
with 0.30 g of PVP in 1.2 mL of methanol. This mixture
was then used to prepare electrospun nanofibers using a 20
kV accelerating voltage. The other experimental conditions
are the same as those used for the preparation of Er,Os
nanofibers.

Fabrication of Crystalline Er-Doped GeO, NWs by
a VLS Process. Similar to Er-doped Ge NWs,*® a two-step
process was used to fabricate crystalline Er-doped GeO,
NWs. First, using fabrication methods described previously,
crystalline GeO, NWs were prepared via a VLS synthetic
route that was assisted by a carbothermal reduction reaction
to provide the vapor source. In this system, quartz tubing
with a 20 mm inner diameter (i.d.) was used as the reactor
that was sealed at one end and contains a small hole (with
the width of an 18 gauge needle) at the other. In a typical
reaction, an alumina boat containing a mixture of 0.0470 g
of carbon (J. T. Baker) and 0.1989 g of GeO, powder
(99.999%, Alfa Inorganics, Inc.) in a C:Ge molar ratio of
2:1 was placed in the reactor. A 5 x 15 mm p-type Si wafer
piece deposited with sputtered Au islands was attached
vertically to the side of another alumina boat that was
positioned in the quartz tube reactor ~2 cm from the edge
of the oven. The boat containing a mixture of carbon and
GeO, was heated by a 30 cm ceramic oven at 940 °C for 15
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Figure 4. Diameter distributions of (a) a 2% Er-doped SiO, nanofiber sample
annealed at 500 °C in air for 3 h and (b) as-formed 2% Er-doped SiO»/
PVP nanofibers.

min. The growth temperature of the GeO, NWs is ~563 °C,
close to that of the above-mentioned Ge NWs. It should be
stressed that the optimal nanowire coverage is achieved with
the use of the vertical positioning of the Si substrate due
presumably to the presence of a critical germanium oxide
vapor concentration at that location. At the end of the reaction
period, thick films can be easily seen on the Si wafer. In the
second step, Er’" ions were deposited on GeO, NWs using
a chemical vapor deposition (CVD) method similar to that
reported previously for producing Ge NWs containing
surface-enriched Er*™ ions.*® In brief, the precursor Er(tmhd);
was heated to 145 °C in a bubbler, and Er(tmhd); vapor was
transported downstream by helium (Praxair, UHP grade at
a flow rate of 3000 sccm) to a pyrolysis oven operating at
500 °C where the as-prepared sample is located. The as-
formed Er-doped GeO, NWs were annealed at 600 °C in air
for 1 h to obtain near-IR photoluminescence.
Instrumentation. Structural characterization of nanofiber
samples was performed using both scanning and transmission
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electron microscopies. A JEOL JSM-6100 SEM equipped
with a EDX analysis system operating at 20 kV was used to
record SEM images and perform elemental analyses of
macroscopic nanofiber samples. A Philips EM300 operating
at 60 kV was also used to take TEM measurements.
Specimens for TEM characterization were prepared by
dispersing the sample with a 10 4L drop of 2-propanol and
then placing the drop onto a copper grid.

A Hummer VII sputtering system (Anatech, Ltd.) was used
to deposit the necessary gold catalyst films for the VLS
process. Infrared spectra were collected using a MIDAC
M4000 FT-IR spectrometer with a resolution of 4 cm™'.
X-ray diffraction (XRD) patterns were collected using a PW
Philips diffractometer operating at 35 kV and 30 mA. Copper
Ko irradiation with a wavelength of 1.540 56 A was used
as an X-ray source. The angle 20 (0 = Bragg diffraction
angle) ranges from 20° to 110° with a step rate of 0.02° per
3 s for each measurement. Near-IR photoluminescence (PL)
spectra were obtained using an Applied Detector Corp. liquid
N,-cooled Ge detector in conjunction with a Stanford
Research Systems chopper/locked-in amplifier and an Acton
Research Corp. 0.25 m monochromator. Excitation was
provided by a Coherent Ar" Innova 300 laser. Emitted light
was collected at a 40° angle relative to the excitation
direction. A 1000 nm cutoff filter (Melles Griot) was
positioned over the monochromator entrance slit to filter out
second- and third-order light.

Results and Discussion

Er,0;3 Nanofibers. Figure 1 presents SEM images of as-
formed Er,O3;/PVP fibers and the fibers annealed at 500 and
700 °C in air for 3 h. It can be easily seen that the as-formed
nanofibers are smooth and uniform in terms of width (Figure
la). In order to obtain pure inorganic fibers, a high-
temperature anneal is employed to remove the organic PVP
templates. It was found that the structure of the nanofibers
was maintained after being annealed at 500 °C in air for 3 h
(Figure 1b). After being annealed at 700 °C in air for 3 h,
however, the nanofibers were partially deformed with some
interfiber connections formed as shown in Figure lc. Figure
1d shows the corresponding EDX spectrum of an associated
Er,O; nanofiber sample. The spectrum suggests that this
sample is composed solely of erbium oxide, since the
presence of a Be window in the EDX system precludes
oxygen detection in this configuration. As it is necessary to
coat a 10 nm Au layer on the sample to obtain clearer SEM
images, a corresponding Au peak in the EDX spectrum is
observed.

Figure 2 shows the diameter distributions of as-formed
Er,Os/PVP nanofibers and the nanofibers annealed at 500
°C in air for 3 h. The average diameter of the nanofibers
has been reduced from 345 to 180 nm (by 48%) due to
removal of the PVP templates.”

Er-Doped SiO, Nanofibers. Figure 3a shows the SEM
image of as-prepared Er-doped SiO,/PVP fibers, with
structures observed in the width range of hundreds of
nanometers. Figure 3b is the SEM image of Er-doped SiO,
nanofibers annealed at 800 °C for 3 h. The diameters of these
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Figure 5. SEM images of (a) as-prepared Er-doped GeO,/PVP fibers using methanol as a solvent; fibers were prepared with an erbium concentration of 4%.
(b) Fibers annealed at 500 °C for 3 h in air. (c) As-prepared Er-doped GeO,/PVP fibers using ethanol as solvent. (d) EDX spectrum of ~4% Er-doped GeO,

nanofibers. Scale bar for (a) is 1 um, (b) is 2 um, and (c) is 10 um.

annealed fibers have been greatly reduced, due likely to the
removal of the organic PVP templates and accompanying
structural rearrangement of the silica matrix. Figure 3c is a
typical TEM image of an Er-doped SiO; nanofiber sample
annealed at 700 °C in air for 3 h, reflecting a nanofiber
diameter of about 73 nm. The EDX spectrum of Er-doped
SiO, nanofibers (Figure 3d) prepared with an erbium
concentration of 2% confirms the presence of both erbium
and silicon with an atomic ratio of ~1:50. A 10 nm Au layer
was also coated on this sample to obtain clearer SEM images,
which is again reflected in its EDX spectrum.

Figure 4 shows the diameter distributions of a 2 at. %
Er-doped SiO, nanofiber sample and a sample annealed at
700 °C in air for 3 h. The average diameter has been reduced
by 55% after the 700 °C anneal. In these experiments, Er-
doped SiO; nanofibers with various concentrations of Er3t
ions can be simply prepared by adding different amounts of
erbium precursor in a given amount of TEOS solution. In
general, the concentration of erbium ions does not affect the
general morphology of the fibers in terms of diameter due
to its relatively low concentration.

Er-Doped GeO; Nanofibers. Characterization. Figure 5a
shows a SEM image of as-prepared Er-doped GeO,/PVP
fibers at an erbium concentration of 4 at. %. The surface
morphology of the as-prepared fibers are relatively smooth
with a average diameter of ~618 nm. Figure 5b is the
SEM image of the fibers annealed at 500 °C for 3 h in
air. While the surface morphology remains relatively
smooth, after annealing the fibers take on a grayish color,
in contrast to the whitish appearance of Er,O3 nanofibers.
This grayish color is presumably caused by the presence
of residual GeO, that was formed by the carbothermal
reducing reaction between the carbon (produced after the

decomposition of PVP polymer) and the germanium(IV)
precursor.'!

To fabricate Er-doped GeO; fibers of the target nanoscale
width, the reactivity of the Ge(IV) butoxide precursor, and
higher viscosity of ethanol must be taken into account. If
ethanol instead of methanol is used as the solvent, the
solution will be too viscous to be suitable for electrospinning,
and fibers of micron size in diameter are obtained (as shown
in Figure 5c). Viscosity is a critical factor that can greatly
affect the morphology of electrospun nanofibers,” and
methanol is much less viscous than ethanol (0.59 mPa+s vs
1.2 mPa-s at 20°).'* An EDX spectrum (Figure 5d) confirms
that there is ~4% erbium in the GeO, nanofibers, where Ge-
Lo and Er-La peaks lie at 1.2 and 6.9 keV, respectively.

The diameter distributions of as-formed 2 at. % Er-doped
GeO; nanofibers and those annealed are shown in Figure 6.
The average diameter was reduced from 618 to 388 nm after
a 500 °C annealing in air for 3 h, which corresponds to a
37% reduction in diameter.

Effect of Annealing Temperatures on Er-Doped
GeO; Fiber Morphology. As pointed out above, Er-doped
GeQO; fibers annealed at various temperatures have quite
different colors and morphologies. The fibers annealed at
500 and 700 °C are dark and light grayish, respectively.
However, the color of the fibers annealed at 900 °C is white.
It is known that GeO has a dark color and sublimes at 710
°C.B 1t is possible that some GeQO, formed by the carboth-
ermal reducing reaction during annealing process might be
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Figure 6. Diameter distributions of (a) 2% Er-doped GeO,/PVP nanofibers
annealed at 500 °C in air for 3 h and (b) as-formed 2% Er-doped GeO,/
PVP nanofibers.

trapped in the host materials when the temperature is lower
than the sublimation point of GeO. As a consequence, the
fibers annealed at 500 and 700 °C appear quite dark. When
the annealing temperature is above the sublimation point of
GeO, GeO, becomes more volatile such that much less GeO,
could be trapped in the fiber and only white GeO, is left. It
is also possible that GeO, tends to be completely oxidized
into GeO, at higher temperatures so that the fibers appear
whitish in terms of appearance.
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It was also found that the morphologies of Er-doped GeO,
nanofibers changed drastically with increasing annealing
temperature. Figure 7 shows SEM images of Er-doped GeO,
nanofibers annealed at 500, 700, and 900 °C for 3 h in air.
The fibers can maintain their morphology after being
annealed at 500 °C and start to grow thicker when they were
annealed at 700 °C. The formation of thick nanofibers is
probably due to an Oswald ripening effect; that is, small
islands grow into larger islands due to the chemical potential
differences between islands.'* The fibers were totally fused
together, and no individual fibers can be observed after being
annealed at 900 °C. The presence of impurities such as
erbium ions might result in the decrease of the melting point
of GeO,, which leads to the fusion of the fibers at the
temperature below the melting point of GeO, (1115 °C).
Another feasible possibility is that there is a feature size-
dependent reduction in melting point that may influence this
change in morphology with heating.'”

FT Infrared (IR) Vibrational Spectroscopy of
Er-Doped GeQO, Nanofibers. FT-IR spectra of Er-doped
GeO; nanofibers annealed at various temperatures are shown
in Figure 8. All spectra have a weak peak at ~432 cm™ ' in
the low-frequency region, which is attributed to trace
amounts of the rutile phase Ge0,.'® The absence of a C=0
stretching vibration at 1660 cm™' means that the PVP
polymer has been completely removed by this thermal
annealing process.'” The FT-IR spectrum of the fiber sample
annealed at 900 °C matches well that of standard quartz phase
GeO,,"® which suggests that this sample has been completely
oxidized. Three peaks at 517, 550, and 586 cm ! are from
the O-Ge—O bending vibrations, and another two peaks at
872 and 962 cm™ ! are from the asymmetric and symmetric
0-Ge-O stretching vibrations, respectively.'® For the Er-
doped GeO; fibers annealed at 500 and 700 °C, their FT-IR
spectra only show two broad peaks in the ranges of 550-650
and 800-950 cm™ !, which indicates that they might be
composed of amorphous GeO, or GeO,."”

Er-Doped Crystalline GeO, NWs. Figure 9a shows the
SEM image of as-prepared GeO, nanowires prepared
through a vapor transport method combined with a
carbothermal reduction reaction. A Si wafer coated with
an 8 nm thick sputtered Au film was used as substrate,
and the reaction time was 30 min. These GeO, nanowires
have diameters ranging from 1 to 8 um and lengths up to
hundreds of microns. Figure 9b is the SEM image of the
GeO, NWs prepared using a more brief 15 min reaction
time. The typical diameter of these nanowires is reduced
to ~120 nm, while their typical lengths are shortened to

Figure 7. SEM images of Er-doped GeO, nanofibers annealed at (a) 500, (b) 700, and (c) 900 °C in air for 3 h. Scale bar for (a) is 2 um, (b) is 5 um, and

(c) is 10 um.
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Figure 8. FT-IR spectra of Er-doped GeO, nanofibers annealed in air for
3 hat (a) 500, (b) 700, and (c) 900 °C and (d) standard quartz phase GeO,.

the tens of microns range. In general, shorter reaction
times lead to the formation of thinner and shorter GeO,
nanowires. Figure 9c shows the SEM image of GeO, NWs
produced on the middle part of the Si wafer. These NWs
are much thicker than those produced on the back area of
the Si wafer due to the existence of an intrinsic temper-
ature gradient in the reactor. The front part is hotter than
the back part because of the former’s proximity to the
ceramic oven. Therefore, the gold catalysts on the front
part of the wafer can grow larger, resulting in the
formation of thicker NWs in accordance with the VLS
mechanism. These thicker NWs (Figure 9c) have diameters
and lengths range from 1 to 2 um and 10 to 20 um,
respectively. A TEM image of a typical GeO, nanowire
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is shown in Figure 9d. The nanowire has a diameter of
~62 nm, and the presence of a catalyst on the tip of the
NW implies that the NW was grown via a VLS synthetic
route.

A XRD pattern of as-formed GeO, nanowires is shown
in Figure 10. All diffraction peaks match well those of the
standard hexagonal germanium dioxide except for the peak
at 26 of 69.1°, which is from the Si (100) wafer (ICDD PDF
# 36-1463, GeO,; ICDD PDF # 27-1402, Si). The sharp
diffraction peaks indicate that these nanowires are highly
crystalline. The diffraction intensity ratio of (101) to (102)
for this sample is about 11:1; this is much higher than the
5:1 ratio for the standard hexagonal GeO,, which suggests
that the GeO, NWs might have a preferred (101) growth
direction.?”

Figure 11a shows the SEM image of Er-doped GeO, NWs
prepared by exposure of GeO, NWs to erbium vapor for
1 h. The diameters of the NWs are very close to those of
the GeO, NWs due to the thin coating of erbium. The
corresponding EDX spectrum (Figure 11b) suggests that the
erbium concentration is about 8.5 at. %, which is similar to
that of the Er-doped Ge NWs reported previously.*”

Near-IR Photoluminescence. The near-IR photolumines-
cence properties of these three types of nanofibers, along
with that of erbium-doped Sn0,,>! containing different
erbium concentrations and under various annealing conditions
were systematically investigated. Furthermore, the PL excita-
tion spectrum of Er-doped GeO, NWs prepared via a VLS
synthetic route is compared with those of Er-doped Ge NWs
and GeO; nanofibers that were prepared through the com-
bined sol-gel/electrospinning approach; this is done in order
to investigate similarities and differences in structure and
composition.

Figure 12 shows a comparison of the PL spectra of
nanofiber samples of Er,Os;, Er-doped SiO,, GeO,, and SnO,.
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100 nm

Figure 9. SEM images of (a) GeO, NWs grown using a 30 min reaction time, (b) GeO, NWs grown using a 15 min reaction time, and (c) the most front
part of the sample prepared using a 30 min reaction time. (d) TEM image of a typical GeO, NW with a catalyst on its tip (dark contrast). Note: all GeO,
NWs were prepared at 940 °C on Si containing 8 nm Au catalyst islands. Scale bar for (a) is 10 um, (b) is 1 um, and (c) is 10 um.
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Figure 10. X-ray diffraction (XRD) pattern of as-formed GeO, NWs
prepared using a 15 min reaction time. The diffraction peak at 69.1° is
from the single crystal Si (100) wafer.

It is important to emphasize that all Er-doped nanofibers
described in this figure were annealed at 700 °C, except for
Er,O; fibers, which were annealed at 500 °C. (Recall that
Er,O; nanofibers are partially fused together at the higher
annealing temperature of 700 °C.) These temperature values
are selected because they are high enough to completely
remove the organic template but below a value where the
fibers fuse together—hence, the 1-D fiber morphology is
retained. It should be noted that all as-formed nanofibers are
not emissive unless they have been annealed at high
temperatures. This is due to the presence of organic PVP
fibers that could quench the PL through the resonant energy
transfer from excited Er** ions to C-H vibrations.*>** High-
temperature annealing can also help diffuse the erbium ions
uniformly into the host oxide matrix so that Er—Er clustering
interactions (also a source of quenching) are relieved.?*
Another source of PL quenching in Er**-containing materials
is OH moieties,>**® through either physisorbed water or
hydroxyl groups covalently present. To probe this influence,
the infrared vibrational spectra of a series of Er-doped GeO,
nanofibers in the OH stretching region (30004000 cm ™)
were recorded as a function of annealing temperature (500,
700, and 900 °C) (Figure 13a). It confirms that the content
of OH groups decreases as anneal temperature increases.
However, in the case of a 2 mol % Er-doped GeO; nanofiber
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sample, the PL intensity of the fibers annealed at 500 °C in
air is higher than that at 700 °C, probably due to the loss of
GeO, sensitizer at a relatively higher temperature (Figure
13b); this effect presumably dominates any contribution by
hydroxyl groups for the lower temperature-annealed samples.
After being annealed at 900 °C, all fibers were fused together
and condensed into relatively thick spheres, which makes a
quantitative PL. comparison difficult.

Among these four types of nanofibers, Er,O; nanofibers
emit the weakest luminescence at 1.54 um due to the high
concentration of erbium ions present in this type of fiber.
High erbium concentrations can also cause serious up-
conversion and excited-state absorption effects, resulting in
the decrease of the PL intensity.”*?’ Furthermore, erbium
ions in crystalline Er,O; ideally have an octahedral coordina-
tion environment, in which the 4f—4f transitions are forbid-
den, resulting in weak Er-related emission. For this series
of samples, Er-doped SiO, and SnO, nanofibers both can
emit luminescence at 1540 nm with an intensity intermediate
between that of erbium oxide and germanium oxide hosts.
However, the PL intensity of Er-doped SiO; fibers is stronger
than that of Er-doped SnO, fibers when both fibers are
annealed at 700 °C. Er-doped GeO; fibers emit the strongest
luminescence at 1.54 um among these four types, which is
about an order of magnitude stronger than that of Er-doped
Si0; nanofibers. This strong increase in PL intensity, along
with a different emission mechanism, is likely related to the
presence of GeO,, which will be discussed in detail later.

Figure 14a shows the PL spectra of the Er-doped SiO,
nanofibers with erbium concentrations ranging from 1 to 4%.
When the erbium concentration is increased from 1 to 2%,
the PL intensity is enhanced by almost 4 times due to the
presence of increased amount of optically active Er** ions.
However, the PL intensity of Er-doped SiO, fibers with a
4% erbium concentration is still only 10% higher than that
of the fibers with a 2% Er concentration. This phenomenon
is probably related to the relatively lower solubility of Er*™
ions in the silica host. At higher erbium concentrations, a
certain amount of Er** ions will precipitate from the host
matrix and become optically inactive.?’*® As a consequence,
the PL intensity does not increase linearly when the erbium
concentration is increased.

Ge (b)

r Ge
Er

Er Ge

5 10 15
Energy (Ke\)

Figure 11. (a) SEM image of Er-doped GeO, NWs that were exposed to erbium vapor for 1 h; scale bar shown is 2 um. (b) Associated EDX spectrum of

the sample.
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Figure 12. PL spectral comparison of all four types of nanofibers (a) Er,O3,
(b) Er-doped SnO», (c) Er-doped SiO,, and (d) Er-doped GeO,. Note: all
Er-doped nanofibers were annealed at 700 °C except for Er,O3 nanofibers,
which were annealed at 500 °C.
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Figure 13. (a) FT IR spectra of Er-doped SiO, nanofibers in the 3000-4000
cm ! region annealed at 500, 700, and 900 °C in air for 3 h. (b)
Corresponding PL spectra of Er-doped GeO; nanofibers annealed at 500 or
700 °C in air for 3 h.

Figure 14b shows the PL spectra of Er-doped GeO,
nanofibers with erbium concentrations ranging from 0.5 to
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Figure 14. (a) PL spectra of Er-doped SiO, nanofibers with erbium
concentrations ranging from 1 to 4% (atomic percentage). Note: all fibers
were annealed at 700 °C in air for 3 h. (b) PL spectra of Er-doped GeO,
nanofibers with erbium concentrations ranging from 0.5 to 2 at. %. Note:
all fibers were annealed at 500 °C in air for 3 h.

2 at. %. It is found that the PL intensity is increased in a
nearly linear fashion with increasing erbium concentration,
which also suggests that there is no significant precipitation
of erbium ions in this concentration range. The relatively
sharp line width associated with this peak infers that erbium
ions are located in a relatively homogeneous coordination
environment.*’

PL excitation spectra were also employed to further
investigate the mechanism of erbium luminescence in these
fibers (Figure 15a). In the cases of Er,Os, Er-doped SnO,,
and SiO, nanofibers, the 488 and 514 nm laser excitation
lines provide the strongest emission intensity for a given
sample, reflecting a direct excitation pathway of the erbium
ions in these nanofibers.>> For such a mechanism, the use
of 488 nm (or 514 nm) excitation wavelength results in
promotion to a *Fap (or 4S3/2) level, followed by nonradiative
decay to the 4113/2 level and subsequent emission of the
requisite near-IR photon when reaching the *I;s, ground
state. In stark contrast to the other three types of nanofibers,
the PL excitation spectra of Er-doped GeO, nanofibers are
strongly annealing temperature dependent, as shown in
Figure 15b. For the Er-doped GeO, nanofibers annealed at
700 °C, the PL intensity excited at 476 nm is ~76% of the
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Figure 15. (a) PL excitation spectra of Er,O3, Er-doped SnO,, SiO», and
GeO; nanofibers. (b) PL excitation spectra of Er-doped GeO, nanofibers
annealed at 700 and 900 °C.

value at 488 nm and stronger than the emission magnitude
when excited at 514 nm. This result implies that a carrier-
mediated process is responsible for the erbium luminescence
in this sample.”* However, the PL excitation spectrum of
the Er-doped GeO, nanofibers annealed at 900 °C is quite
different from that of the sample annealed at 700 °C, which
shows that at higher annealing temperature the 514 and 488
nm laser lines can excite the Er’ " ions much more efficiently.
The PL intensity excited at 476 nm is only ~5% of the value
excited at 488 nm and also much weaker than the emission
magnitude when excited at 514 nm. This result suggests that
erbium ions in this sample are in a more insulating environ-
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Figure 16. (a)Typical near-IR photoluminescence spectrum of Er-doped
GeO; nanowires that have been annealed at 600 °C in air for 1 h and exposed
to erbium vapor for 1 h. An excitation wavelength of 488 nm was used in
this measurement. (b) PL excitation spectra of Er-doped Ge NWs, GeO,
NWs, and Er-doped GeO; nanofibers.

ment and thus only capable of being excited at certain
wavelengths correlated to selected ligand field transitions of
Er’™.

This difference in the PL excitation spectra is presumably
caused by the presence of GeO,. When the nanofibers are
annealed at relatively lower temperatures such as 700 °C,
some incompletely oxidized GeO, remains and so are trapped
in the nanofiber matrix. This GeO, can serve as a sensitizer
to excite erbium ions via a carrier-mediated process.> When
annealed at higher temperatures such as 900 °C, however,
GeO, could be completely oxidized into GeO, resulting in
the absence of sensitizers. Therefore, erbium ions can only
be directly excited in this sample.

PL Excitation Spectra of Er-Doped Ge NWs, GeO;
NWs, and GeO, Nanofibers. Figure 16a presents a typical
near-IR PL spectrum of Er-doped GeO, NWs showing strong
luminescence at 1540 nm. In Figure 16b, the corresponding
PL excitation spectrum of these Er-doped GeO, NWs is
shown, along with typical profiles for Er-doped Ge NWs
and Er-doped GeO, nanofibers as well. The Er-doped
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Ge and GeO, NWs have been exposed to erbium vapor for
1 h and annealed at 600 °C in air for 1 h, while the 2%
Er-doped GeO, nanofibers have been annealed at 700 or 900
°C in air for 3 h. It can be seen that the PL excitation spectra
of Er-doped Ge NWs, GeO, NWs, and GeO, nanofibers
annealed at 700 °C are very similar. They all have a
maximum intensity when excited at 488 nm, and the PL
intensity excited at 476 nm is very close to that excited at
488 nm. These results suggest that erbium ions in these NWs
and nanofibers are excited through a common carrier-
mediated process that is assisted by GeQO,. If annealed at
the higher temperature of 900 °C, however, the Er-doped
GeO; nanofibers shift to an excitation profile dominated by
intensities excited at 488 and 514 nm, again, a direct
excitation pathway.

Summary

In summary, a facile method that combines the advantages
of both electrospinning techniques and sol-gel processing
has been developed to fabricate Er-doped group IV oxide

Wu and Coffer

nanofibers with various erbium concentrations, diameters,
and host identity of group IV elements.

Among all four types of fibers, Er,Os fibers emit the
weakest luminescence, and the PL intensity of Er-doped
GeO; fibers is almost 10 times stronger than that of Er-
doped SiO, fibers. The PL of Er,Os, Er-doped SnO,, and
Er-doped SiO, fibers arises from the direct excitation of
erbium ions, whereas a carrier-mediated process is the
underlying reason for the erbium photoluminescence in Er-
doped GeO, nanofibers that are annealed at relatively lower
annealing temperatures.

For comparison, crystalline Er-doped GeO, NWs were
prepared via a VLS synthetic route. The PL excitation
spectrum of Er-doped GeO, NWs is quite similar to those
of Er-doped Ge NWs and Er-doped GeO, nanofibers an-
nealed at low temperatures, suggesting that the excitation
of erbium ions in these types of NWs and nanofibers is
assisted by GeOj through a carrier-mediated process.
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