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Nanoscale near-infrared optical amplification is important but remains a challenge to achieve. Here we
report a unique design of silicon and erbium silicate core-shell nanowires for high gain submicrometer
optical amplification in the near-infrared communication band. The high refraction index silicon core is
used to tightly confine the optical field within the submicron structures, and the single crystalline erbium-
ytterbium silicates shell is used as the highly efficient gain medium. Both theoretical and experimental
results show that, by systematically tuning the core diameter and shell thickness, a large portion of the
optical power can be selectively confined to the erbium silicate shell gain medium to enable a low loss
waveguide and high gain optical amplifier. Experimental results further demonstrate that an optimized
core-shell nanowire can exhibit an excellent net gain up to 31 dB mm~!, which is more than 20 times larger

than the previously reported best results on the micron-scale optical amplifiers.
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Waveguides and amplifiers represent the central compo-
nents for optical communication and amplification. The
erbium-doped fiber or waveguide amplifiers (EDFA or
EDWA) represent the standard commercial amplifiers in
current optical communication systems [1-9]. In such
systems, the erbium ions are used as the optically active
elements because their intra-4f transition matches well
with the standard communication band at 1.54 ym. Most
optical amplifiers working at communication bands today
require a size on the micrometer level or larger [2-4,6,8,9].
With the continued progress in information technology,
the miniaturization of such fiber or waveguide amplifiers is
of considerable interest for developing on-chip photonic
integration and chip-scale optical communication [10-16].
However, there is limited progress on submicrometer scale
amplifiers to date. Although metal or gain medium hybrid
nanostructures have been reported recently to achieve light
amplification via a surface plasmon polariton at the visible
region [17-19], submicrometer optical amplifiers in the
infrared communication band remain a significant chal-
lenge; this is because of the exceptionally large propagation
loss from the weak optical confinement in the infrared wave
band [2,3,7], and the low medium gain due to the very
limited concentration of the erbium ions doped in the
materials.

Erbium silicates have recently received considerable
attention as a potential high gain medium for optical
amplification in the communication band, due to their

PACS numbers: 78.67.Uh, 42.70.-a, 81.07.Gf

that of the conventional erbium doped silicon or silicate
materials (10" cm™3) [25]. In order to increase the
absorption cross section in the near-infrared region,
ytterbium ions (Yb>*) are usually codoped as a sensitizer
[26]. Ytterbium-ion-codoped erbium silicate is therefore
expected to be an attractive high-gain medium material for
optical amplification at the near-infrared communication
band. However, the efforts in improving the material
properties are not enough to overcome the bottleneck in
achieving integrated submicrometer optical amplifiers. A
novel structure design used to enhance the optical confine-
ment must be considered.

With a high refractive index (3.5 at a wavelength of
1550 nm), silicon nanowires have recently been explored as
low-loss submicrometer waveguides that can offer the
possibility of reducing the footprint of optical components
for on-chip photonic integration [27-30]. Here we report
a unique design of silicon-erbium-ytterbium silicate
(Si-EYS) core-shell nanowires as high gain submicrometer
optical amplifiers in the near-infrared communication band.
In this nanowire, the high refraction index silicon core is
used to tightly confine the optical field within the submicron
core-shell nanowires, and the erbium silicate shell is used as
the highly efficient gain medium [Fig. 1(a)]. The theoretical
model to demonstrate the basic physical concept about
electromagnetic field mode distribution in a nanostructure
can be described using the Helmholtz equation [31],

2
high-quality single crystalline nature and high density of lg <ra_|11> + %8_‘12’ + K2 (an — ngff) =0, (1)
optically active Er’*(~10?2 cm~3) [20-24], compared to ror\ or r° Og
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where ¥ = H, and E, are the z components of the magnetic
and electric fields of the optical field. k, = w/c is the free
space wave number; o is the angular frequency; c is the
speed of light in vacuum; n; represents the refractive index of
the silicon core (n;), erbium silicate shell (n,), and vacuum
(n3), and n. is the effective index to be obtained and usually
satisfies the relation n, < n. < n,. For a given total nano-
wire diameter and the wavelength of propagation light,
the optical confinement ability is mainly determined by the
value of n.; of guided modes that are supported in the
nanowire [32].

Considering the continuity of the electromagnetic field
at the boundary, we calculated the effective index by the
finite element method for a 600-nm-diameter nanowire
with different silicon core sizes [Fig. 1(b)]. It is found that
the n.y values for all modes supported in the core-shell
nanowires increase from n = 1.0 (air index) to n = 3.5
(silicon index) when the core diameter varies from 0 to
600 nm. Near the cutoff area for each mode, the effective
indexes are close to the value of air, which indicates weak
mode confinement. The electrical field intensity distribu-
tion images of all the four existing modes were also
simulated for the core-shell structures [see Fig. S1 in the
Supplemental Material [33]]. Figure 1(c) shows the per-
centage of optical power confined within the nanowire for
all the supported modes as a function of silicon core
diameter, which indicates that the overall optical confine-
ment can be greatly improved with increasing the silicon
core size. For example, for the HE ;| mode, only 32% power
is contained in the wire for a pure EYS nanowire without
silicon core, while more than 95% of optical power is
confined in the nanowire when the silicon core diameter is
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FIG. 1 (color online). (a) Schematic of the core-shell nano-
structure. (b) The silicon core diameter-dependent effective
index for guided modes that are supported in the core-shell Si-
EYS nanowires at the wavelength of 1550 nm. (c) Simulated
power percentage confined in the core-shell Si-EYS nanowire.
(d) Simulated power percentage contained in the shell region.

increased above 300 nm. It is noted that the TEO1 mode and
HE21 mode are only supported when the core diameter is
larger than 340 nm and 520 nm, respectively. At a core
diameter of ~300 nm, the TMO1 mode may be supported
but typically with much lower coupling efficiency and
guide optical power is mostly distributed outside of nano-
wire. Therefore, HE11 mode is the dominant one in our
nanowire waveguide (see Fig. S2 in the Supplemental
Material [33]). Since the silicate shell is the gain medium
area, the confinement of the optical field within the shell
is crucial for achieving an optical gain. Importantly, by
carefully tuning the core diameter and shell thickness, a
large portion of the optical power can be selectively
confined to the erbium silicate shell gain medium to enable
a low loss waveguide and high gain optical amplifier. The
calculated results clearly show that the power confined in
the silicate shell region for the main HE11 and TMO1
modes have maximal values at the core diameter around
260 nm and 300 nm, respectively [Fig. 1(d)].

Figures 2(a)-2(f) give the representative electrical field
intensity distribution of the HEI1 mode for a 600-nm-
diameter nanowire with different silicon core sizes, which
further intuitively demonstrates that the optical power
confined in the nanowires increases with increasing the
core diameter. It is evident that a large portion of the optical
power can be well confined in the silicate shell when the
core diameter is about 200-300 nm [Figs. 2(c) and 2(d)],
which is essential for achieving high gain optical amplifier.
Together, these analyses clearly demonstrate that the
Si-EYS core-shell nanowires have excellent ability that
can confine the infrared light at 1550 nm in a high gain
medium at the submicrometer scale.

The Si-EYS core-shell nanowires can be grown using an
Au-catalyzed chemical vapor deposition (CVD) route (see
details in the Supplemental Material [33]). The typical
scanning electron microscope (SEM) images [Figs. 3(a)
and 3(b)] indicate that the resulting nanowires have a
uniform diameter and a highly smooth surface. The cross-
sectional transmission electron microscope (TEM) image

d=0nm1j (b)

d=600 nm

FIG. 2 (color online).  (a)—(f) Optical electrical-field distribution
images for HE11 mode with core diameters of O nm, 100 nm,
200 nm, 300 nm, 400 nm, and 600 nm (total diameter, 600 nm).
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FIG. 3 (color online). Microstructure characterization of the
Si-EYS core-shell nanowires. (a) Typical SEM images of part of a
single nanowire, and (b) its locally amplified image. (c) Cross-
sectional TEM image of the wire, and its corresponding two-
dimensional element mapping (d)-(g). (h) Typical HRTEM
image collected at the core-shell interface of the wire [red
rectangle area in (c)].

[Fig. 3(c)] of a representative wire and the corresponding
2D elemental mappings [Figs. 3(d)-3(g)] show clear core-
shell structure, with the high refractive index silicon (Si)
as the core and the high gain material, erbium ytterbium
silicate (EYS) as the shell [Fig. 1(a)]. High-resolution TEM
(HRTEM) studies show both the core and the shell are
highly crystallized [Fig. 3(h)].

The propagation loss of the Si-EYS core-shell nanowires
in the 1.5 ym band was systematically examined (see the
Supplemental Material [33]). Figure 4(a) shows the guided
length-dependent propagation loss for a 600-nm-diameter
nanowire with the core diameter of 300 nm measured at the
wavelengths of 1590 nm, 1620 nm, and 1534 nm, respec-
tively. Based on these results, the loss coefficients a can
be fitted [Fig. S5(c) in the Supplemental Material [33]]. We
noted that the loss coefficient @ =210 £ 10 dBmm™~' at
1534 nm is considerably larger than those at 1590 nm
(a=85+2dBmm™") and 1620 nm (a=111+7dBmm™"),
due to the existent intrinsic material absorption band of
Er** at 1534 nm. The loss coefficients at 1620 nm and
1590 nm are mainly attributed to the structure-related
propagation losses in the absence of the intrinsic material
absorption. The loss coefficient of 111+7dBmm~' at
1620 nm is slightly larger than that of 85 +2 dBmm™!
at 1590 nm, because of the weaker optical confinement
effect at the longer wavelength.

The simulation results shown above (see Fig. 1) indicate
that, in addition to the overall diameter, the structure-related
propagation losses are also highly dependent on the size of
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FIG. 4 (color online). (a) Guided length-dependent propagation
loss at wavelengths of 1590 nm, 1620 nm, and 1534 nm, along a
core-shell nanowire with a diameter of 600 nm (core diameter,
300 nm) and a length of 60 ym. (b) Guided length-dependent
propagation loss at wavelength 1590 nm along four different
nanowires with diameter of 600 nm and core diameters of 0 nm,
200 nm, 300 nm, and 400 nm. The solid lines in (a) and (b) are the
linear fit of these measured data.

the silicon core. Figure 4(b) shows the propagation loss at
1590 nm for the 600-nm-diameter nanowire with the
core diameters of 0 nm (pure EYS nanowire), 200 nm,
300 nm, and 400 nm, respectively. It is apparent that the
propagation loss decreases with increasing silicon core
size. A propagation loss of 60 + 1 dB mm™' was achieved
for the 400 nm core diameter nanowire (black triangle),
which is only one third of that of pure EYS nanowires with
the same overall diameter (200 + 8 dBmm™', zero core
diameters, green quadrangle symbols). The measured
propagation loss is considerably larger than those of the
conventional large dimension EDWA [4]. The relatively
high loss may be partly attributed to the two-photon
absorption process in the erbium silicate shell due to a
highly confined optical field [42]. Additionally, the optical
scattering loss resulting from slight structure irregularities,
defects, and refractive index inhomogeneity is also non-
negligible in such an ultrasmall waveguide.

To realize the light amplification based on these Si-EYS
core-shell nanowires, a semiconductor laser at 980 nm is
used as a pumping source. The dark-field optical image of
the pumped nanowire shows clear photoluminescence (PL)
emission from the surface of the entire nanowire. When a
probe laser and the pump laser (980 nm) were simulta-
neously launched into the wire, the observed light emission
from the surface was greatly decreased, indicating the
transition from the random spontaneous emission into the
coherent stimulated emission induced by the probe light
(Fig. S6 in the Supplemental Material [33]). The optical
amplification can be quantitatively demonstrated from the
spectral measurements [Fig. 5(a)]. When only the pump
laser is coupled into the nanowire waveguide, a relatively
weak and broad spectrum is seen at the output end,
consistent with the expected PL spectral feature of EYS.
When only the probe laser at 1534 nm is coupled into the
nanowire waveguide, a sharp peak of the same wavelength
is seen at the output end consistent with the expected
waveguiding effect. When both the pump and the probe
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FIG. 5 (color online). (a) Typical spectra of the guided PL
(black) only with the pump laser on; the probe laser at 1534 nm or
1543 nm, and the total output with both the probe and the pump
lasers are present (pumped at 36 mW). (b) Pump power-
dependent net gain for the wires with core diameters of
d = 200 nm, 300 nm, and 400 nm (wire diameter is 600 nm).
(c) Silicon core diameter-dependent maximum net gain (black
dot, pumped at 56 mW) and positive net gain threshold (blue
rectangular) for different silicon core diameters.

lasers are coupled into the nanowire, a much stronger signal
at 1534 nm is observed at the output end. Significantly, it is
noted that the peak intensity at 1534 nm is about 5 times
stronger than that without the pump light, clearly demon-
strating that there is an optical amplification effect taking
place. A similar amplification effect was also observed at
other wavelengths [e.g., 1543 nm in Fig. 5(a)], but with
smaller amplification factors. These different amplification
factors show a high degree of consistency with the PL
spectral feature of EYS (see Fig. S7 in [33]). It is important
to note that the frequency and the full width at half
maximum (FWHM) of the total output light spectrum
are identical with those of the output probe signal light,
further demonstrating that the amplified light results from
the stimulated amplification instead of the amplified
spontaneous emission (ASE).

Both relative gain (G,) and unit net gain (G,) were
used to quantify the optical amplification in these nano-
wires [33]. Considering the intensity of the amplified
optical spectrum at 1534 nm is ~4 times larger than that
of the output probe light intensity [Fig. 5(a)], we can
obtain a relative gain (G,) of 5.47 dB or 91 dBmm™! for
the wire. After comparing with the propagation loss of
85 dB mm~!, we note that this relative gain can completely
compensate the propagation loss to obtain a net gain (G,,)
of 6 dBmm~".

We have further investigated the pump-power-dependent
unit net gain in three 600 nm diameter nanowires with
different core diameter of 200 nm (black quadrangle),

300 nm (red circle), and 400 nm (blue star) [Fig. 5(b)]. The
net gains are negative at low pumping power for all three
wires, indicating that the propagation losses cannot be
compensated by the optical gain under weak pumping
intensity. The net gain increases with increasing pumping
power, and can eventually reach the positive net gain region
[gray region in Fig. 5(b)] when the pumping power exceeds
a certain threshold.

Figure 5(c) further plots the maximal net gain (black dot)
achieved in the 600-nm-diameter nanowire waveguide as
well as the positive net gain pumping threshold (blue
rectangular) as a function of the silicon core diameter. The
plot shows several important features. First, it is apparent
that the maximal net gain first increases and then decreases
with the core diameter varying from zero to 600 nm, with a
peak value (~31+2 dBmm™') obtained at the core
diameter of around 300 nm. No positive net gain can be
achieved in pure EYS wires with zero core diameters,
because the propagation loss of ~200 dBmm~' [see
Fig. 4(b)] is too large to be completely compensated by
the gain. Without the gain medium, the wires with 600-nm
core diameter (pure silicon) also have no positive net gain,
in spite of the low propagation loss. Second, the pumping
threshold to reach the positive net gain value first decreases
and then increases with the core diameter changing from
100 nm to 500 nm, and the nanowire with 300 nm core
diameter exhibits a lowest positive gain pumping threshold.
It is interesting to note that although the propagation loss of
the nanowire with 300 nm core diameter is larger than that
of the nanowire with 400 nm core diameter [see Fig. 4(b)],
the positive net gain pumping threshold of the former is
lower than that of the latter, which can be attributed to the
increased gain medium in the nanowires with a smaller core
size. More importantly, it is clearly found from Fig. 5(c)
that the lower the net gain pumping threshold, the higher
the maximal net gain value achieved, for the silicon core
diameter ranging from 100 nm to 500 nm. The optimized
core size for the best amplification performance is at around
300 nm, which has the lowest net gain pumping threshold
and the highest maximal net gain, which is well consistent
with the simulated results shown in Fig. 1(d).

The maximal net gain of ~31 =2 dB mm~! obtained in
our Si-EYS core-shell nanowire waveguide amplifier is 23
times higher than the previously reported best gain value of
1.36 dBmm™! for a microscale erbium-ytterbium codoped
phosphate glass optical waveguide amplifier [4] (width,
4 um; height, 1 ym) at the communication band (Table S1
in the Supplemental Material [33]). The unique design
of the core-shell nanowire structure is essential for the
realization of such excellent submicrometer amplifiers,
which not only provides an excellent confinement of the
guided infrared light by using the high refractive index
silicon core, but also effectively integrates the high gain
material in the silicate shell with a high density of Er’*
ions (4.8 x 102! cm™3).
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In summary, we have reported a unique design of silicon
and erbium silicate core-shell nanowires as high gain
submicrometer optical amplifiers in the near-infrared com-
munication band, in which the high refraction index silicon
core is used to tightly confine the optical field within the
submicron core-shell nanowires, and the erbium silicates
shell is used as the highly efficient gain medium. By
systematically tuning the core diameter and shell thickness,
we show a large portion of the optical power can be
selectively confined to the erbium silicate shell gain
medium to enable a low loss waveguide and high gain
optical amplifier. Significantly, we demonstrate that a 600-
nm core-shell nanowire with 300-nm core can exhibit an
excellent net gain up to 31 dB mm~!, which is, to the best
of our knowledge, more than 20 times larger than pre-
viously reported results on the micron-scale optical ampli-
fiers [4]. Such a nanowire-based optical amplifier may be
integrated into on-chip photonic circuits by using the well-
developed guided-growth [43] or directed-assembly [44]
approaches. Additionally, our design may also be realized
using lithographically defined silicon nanowires with a
coated erbium silicate shell, which can be readily integrated
into current silicon photonic technology. These high gain
nanoscale optical amplifiers could play an important role in
high-density on-chip optical integration for faster process-
ing speeds, larger information capacity, and lower power
consumption. Together, our study opens a new pathway
toward a submicrometer optical amplifier with high gain in
the infrared communication band, marking an important
step toward efficient on-chip photonic integration.
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