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We demonstrate 5 dB net gain in an erbium-doped tellurium-oxide-coated silicon nitride waveguide. The am-
plifier design leverages the high refractive index and high gain in erbium-doped tellurite glass as well as the ultra-
low losses and mature, reliable, and low-cost fabrication methods of silicon nitride waveguide technology. We
show that the waveguide platform demonstrates low background propagation losses of 0.25 dB/cm based on a
ring resonator device with a Q factor of 1.3 × 106 at 1640 nm. We measure 5 dB peak net gain at 1558 nm and
>3 dB of net gain across the C band in a 6.7 cm long waveguide for 35 mW of launched 1470 nm pump power.
Gain per unit length of 1.7 and 1.4 dB/cm is measured in a 2.2 cm long waveguide for 970 and 1470 nm pump
wavelengths, respectively. Amplifier simulations predict that >10 dB gain can be achieved across the C band
simply by optimizing waveguide length and fiber-chip coupling. These results demonstrate a promising approach
for the monolithic integration of compact erbium-doped waveguide amplifiers on silicon nitride chips and within
silicon-based photonic integrated circuits. © 2020 Chinese Laser Press
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1. INTRODUCTION

Silicon nitride (Si3N4) photonic integrated circuits (PICs) [1,2]
are of interest because of their low waveguide losses (down to
0.1 dB/m) [3], visible to mid-infrared transparency window
[4], compact size, mature wafer-scale processing, and compat-
ibility with silicon photonic microsystems [5]. Silicon-nitride-
based PICs have demonstrated applications in telecommunica-
tions [6,7], sensing [8], and nonlinear optics [9], among other
areas. Advanced PICs have been demonstrated in both silicon-
nitride-only and full-silicon-nitride-active silicon photonic plat-
forms [1,10]. These PICs are enabled by the large library of
passive and active components available on these waveguide
platforms [11]. However, a continuing challenge for photonic
circuits in silicon-based materials is monolithic gain materials
for optical amplifiers and lasers [12]. Amplifiers in particular
have become increasingly important missing elements as the
scale and complexity of PICs grow and the power budgets
of microphotonic systems become more challenging to meet
[13]. Implementation of amplifiers in circuits is typically
achieved by hybrid integration of III-V materials [14]; however,
the bonding and packaging process used to integrate these de-
vices is costly and challenging for large-scale production.

An alternative method to achieve amplification on chips is to
use rare-earth dopants, which is a commonly used approach in

fiber technology [15]. Rare-earth-doped waveguide amplifiers
offer advantages over their III-V counterparts including low
nonlinearity and low noise [16,17]. Much previous work has
been carried out on the development of erbium-doped wave-
guide amplifiers (EDWAs), where net gain has been demon-
strated using various glass-based material platforms [18],
including up to 20 dB of net gain in an erbium-doped alumi-
num oxide (Al2O3) spiral amplifier [19]. However, EDWAs
are typically stand-alone devices fabricated on their own chips/
wafers, and they are not directly compatible with other pho-
tonic circuit elements and the economies of scale afforded
by existing foundry processing. It is desirable to design
erbium-doped waveguide amplifier structures that can be
monolithically integrated with silicon-based integrated pho-
tonic platforms such as silicon nitride, which can work as a
part of an integrated circuit, or as a module to replace fiber
amplifiers with more compact gain chips in some systems.

Recent results have demonstrated the possibility of multi-
layer integration between buried Si3N4 waveguides coupled to
rare-earth-doped Al2O3 ridge waveguides on the chip surface
[20,21]. However, significant amplification results have yet to
be shown, and post-processing fabrication of ridge waveguide
structures in the rare-earth-doped Al2O3 layer, with alignment
to the underlying Si3N4 waveguides, is required in this method.
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Rare-earth-doped Al2O3 lasers on a silicon nitride platform
have been demonstrated with distributed Bragg reflector/
distributed feedback cavities [22–28] and microcavity resona-
tors aligned next to Si3N4 bus waveguides [29–31]. Although
the laser demonstrations show significant promise in these plat-
forms, waveguide amplifier results have yet to be explored, and
the high-resolution lithography and alignment and chemical
mechanical polishing steps make their fabrication complex
and costly for amplifier devices. A simpler fabrication process
more suitable for amplifier devices is to coat exposed Si3N4

waveguides in a rare-earth-doped thin film to act as a gain
material. Early results using this technique were explored by
depositing erbium/ytterbium silicate thin films onto Si3N4

waveguides, demonstrating the potential of this method [32].
More recently a waveguide amplifier formed by coating a Si3N4

slot waveguide with a highly erbium-doped atomic-layer-
deposited Al2O3 film has shown very high gain per unit length
of up to 20.1 dB/cm [33]. However, results have only been
demonstrated in waveguides less than 0.2 cm in length, and
for many practical applications high total gain is desirable.

A challenge in previous results of coating gain films onto
Si3N4 waveguides has been achieving significant optical inten-
sity overlap (>50%) with the gain medium. To improve optical
overlap, a promising material candidate for integration of gain
layers onto Si3N4 photonics circuits is tellurium oxide (TeO2),
due to its large refractive index (2.08) [34,35]. TeO2 is also an
ideal candidate for rare-earth dopants due to its high rare-earth
solubility and large emission cross section [36,37]. The work of
Madden and Vu demonstrated ridge-based TeO2 waveguides
with background waveguide losses of less than 0.1 dB/cm [38]
and erbium-doped waveguide amplifiers with net gain of over
14 dB [39,40] in a 5 cm long waveguide, demonstrating them
as an excellent candidate for rare-earth-doped waveguides. We
have recently demonstrated integration of TeO2 thin films on
Si3N4 strip waveguides to fabricate low-loss waveguides [41]
and high-Q-factor resonators [42] using simple post-processing
steps. Here we demonstrate an erbium-doped waveguide am-
plifier by reactive co-sputtering deposition of an erbium-doped
tellurium oxide (TeO2:Er

3�) film onto a silicon nitride strip
waveguide. We show that this structure has very low propaga-
tion loss, can maintain tight bending radii (<300 μm), shows
net gain, and can be monolithically integrated with Si3N4 pho-
tonic circuits, and that it thus has the potential to form ultra-
compact and mass-producible amplifiers.

2. RESULTS

We prepared TeO2:Er
3�-coated Si3N4 waveguide devices us-

ing a similar fabrication process to the procedures described in
Refs. [41,42]. This process was used to coat 0.2 μm thick,
1.0 μm wide silicon nitride strip waveguides on a 1 cm long
chip containing microring resonators and another 2.2 cm
long chip with amplifier structures with an erbium-doped tel-
lurium oxide film. We deposited the TeO2:Er

3� layer using a
reactive co-sputtering process, sputtering from 75 mm (3 in.)
metallic tellurium and erbium targets simultaneously, at 150
and 60 W of RF power, respectively. The process chamber was
injected with 12 sccm (standard cubic centimeters per minute)
of argon through a gas inlet near the sputtering targets and

9.8 sccm of oxygen through a gas inlet near the sample holder,
with the substrate maintained at room temperature. This pro-
cess was used to grow a 0.34 μm thick TeO2:Er

3� coating onto
the silicon nitride waveguide samples at a growth rate of
20.5 nm/min. The chip was then clad in a 1 μm thick fluo-
ropolymer layer by spin coating. A depiction of the resulting
waveguide structure can be seen in the inset of Fig. 1(a).
The final waveguide structure supports a single transverse-elec-
tric (TE) polarized mode with a 1.1 μm2 mode area and ∼60%
confinement in the TeO2:Er

3� layer at 1550 nm wavelength.
Based on the simulations in Ref. [41] and the measurements in
Ref. [42], the structure should have non-negligible loss for
waveguide bends down to a 300 μm radius. Figure 1(b) shows
the electric-field mode profile for the waveguide with 1550 and
970 nm light.

We estimated the erbium concentration in the coating
using a prism coupling system by measuring the propagation
loss of the TeO2:Er

3� film coated onto an unpatterned
6 μm thick thermal oxide sample at wavelengths from 1510
to 1640 nm. The loss at each wavelength was fit to its corre-
sponding erbium absorption cross section, based on the values
measured in Ref. [40], extracting an erbium concentration of

Fig. 1. (a) Diagram of the TeO2:Er
3�-coated Si3N4 waveguide

structure. (b) Calculated optical electric-field profile for the fundamen-
tal 1550 and 970 nm TE waveguide modes. (c) Resonance spectrum
of a TeO2:Er

3�-coated Si3N4 waveguide ring resonator with a 400 μm
radius and 2.6 μm nominal gap at a wavelength of 1637 nm. The data
is fit using coupled mode theory to extract an intrinsic Q factor of
1.3 × 106 corresponding to 0.25 dB/cm waveguide loss.
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2.5 × 1020 ions∕cm3 and a background film propagation loss
of 0.4� 0.3 dB∕cm.

The TeO2:Er
3�-coated silicon nitride ring resonator chip

was used to characterize the background waveguide propaga-
tion loss. A 400 μm radius ring resonator with a 2.6 μm nomi-
nal ring-to-bus coupling gap was measured at wavelengths from
1630 to 1640 nm, which is assumed to have negligible erbium
absorption and represent the passive waveguide loss of the
structure. Figure 1(c) shows a resonance mode measured at
1637 nm, which we fit based on coupled mode theory to have
an intrinsic Q factor of 1.3 × 106. This corresponds to a wave-
guide loss of approximately 0.25 dB/cm, which represents an
improvement to the waveguide losses of 0.8 dB/cm [41] and
0.5 dB/cm [42] previously reported in this waveguide structure.

Two fiber-chip coupling setups, one active and one passive,
are used to characterize the amplifier devices. We carry out gain
measurements using a double-side pumping setup as shown in
Fig. 2(a). The input side combines a tunable C-band (1530–
1565 nm) signal laser with either a 970 or 1470 nm pump
laser diode using a wavelength division multiplexer (WDM).
We then edge-couple this light onto the chip, directly into
the erbium-doped tellurium-oxide-coated silicon nitride wave-
guide structure from a 2.5 μm spot size tapered fiber. The
waveguide supports a single TE polarized mode only [41],
which the polarization paddles are optimized to launch into.
We then couple light from the end facet of the waveguide into
a similarly tapered fiber, after which the pump and signal light
are separated by a second WDM. On the pump side arm is a
second pump source laser diode, which travels backwards into
the output side lensed fiber and onto the chip, allowing the
waveguide to be pumped from both facets. The outcoupled
signal light travels through a 1500 nm edge-pass filter to re-
move any residual pump remaining after the WDM, after
which the transmitted signal is measured on a photodetector.
Because the narrow bandwidth of the WDMs limits the wave-
length range that can be detected to between 1530 and
1570 nm, we use a second passive characterization setup to

be able to characterize samples at wavelengths from 1460 to
1640 nm. This setup removes the pump diodes, WDMs, and
edge-pass filter, coupling the tunable laser directly onto and off
the chip, with transmission measured on a photodetector.
Using these setups, we used two different waveguides from
the chip to characterize the amplification results of the plat-
form, a 2.2 cm long straight waveguide and a 6.7 cm long
paperclip waveguide in the shape shown in Fig. 2(b).

We initially tested the waveguides in the passive measure-
ment setup to characterize facet and erbium absorption losses.
A transmission spectrum for each waveguide from 1460 to
1640 nm was measured by sweeping the tunable laser output.
Using the waveguide loss of 0.25 dB/cm measured by the ring
resonator [Fig. 1(c)], insertion losses at 1640 nm of 12.1 and
20.8 dB give total fiber-chip coupling losses (including both
the input and output) of 11.5 and 19.1 dB for the 2.2 cm long
and 6.7 cm long waveguides, respectively. The facet loss is as-
sumed to be the same for all wavelengths. The large variability
in facet quality between samples is a result of the uneven edge
created by the dicing process. As shown previously, the quality
of the edge facets can be improved to 5 dB of loss per facet
using focused-ion-beam polishing [36]. We assume that the

Fig. 2. (a) Diagram of the double-side pumping setup used to mea-
sure gain on the TeO2:Er

3�-coated Si3N4 chips. (b) Image of the chip
showing the characteristic green light emission of erbium when pump-
ing the paperclip waveguide.

Fig. 3. (a) Erbium absorption loss from 1460 to 1640 nm measured
in 2.2 and 6.7 cm long TeO2:Er

3�-coated Si3N4 waveguides. Inset:
Erbium absorption loss from 940 to 980 nm in a 2.2 cm long
TeO2:Er

3�-coated Si3N4 waveguide. (b) Measured back-collected
photoluminescence intensity from the waveguide after the 1470 nm
pump source has been turned off, fit to have an excited-state lifetime
of 480 μs. Inset: Amplified spontaneous emission spectrum measured
in a TeO2:Er

3�-coated Si3N4 waveguide.
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0.25 dB/cm of background waveguide loss and facet losses mea-
sured at 1640 are constant for all wavelengths measured.
Therefore, any additional insertion loss measured at other
wavelengths relative to the insertion loss measured at 1640 nm
can be considered the result of erbium absorption loss. The
measured absorption loss per unit length for both the 2.2 cm
long and the 6.7 cm long waveguides around 1550 nm is
shown in Fig. 3(a), with peak absorption of approximately
3.2 dB/cm occurring at a 1531 nm wavelength. Similarly, the
erbium absorption around 970 nm was measured using a
970 nm tunable laser and the 2.2 cm long waveguide, shown
in the inset of Fig. 3(a), with peak absorption of approximately
2.1 dB/cm at a 969 nm wavelength. We then measured the
emission spectrum by optically pumping one of the end facets
of the 2.2 cm long waveguide using the gain setup, with
50 mW of launched 970 nm pump power and measuring the
back-collected amplified spontaneous emission (ASE) on an
optical spectrum analyzer. The inset of Fig. 3(b) shows the mea-
sured erbium emission power versus wavelength, extending
from 1460 to 1640 nm, with an emission peak at 1532 nm.
We also used the back-collected ASE to characterize the wave-
guide’s excited-state lifetime by modulating the pump source
at a 100 Hz frequency and measuring the decay of the ASE
intensity versus time after the pump source has been turned
off as shown in Fig. 3(b). We fit the luminescent decay with
an exponential curve to yield an excited-state lifetime of
0.48 ms. In Refs. [39,43] it was shown that the TeO2:Er

3�

excited-state lifetime is strongly related to the OH concentra-
tion present in the glass and that the excited-state lifetime of
TeO2:Er

3� thin films can reach >1 ms, even at large ion
concentrations, by reducing OH concentration. High-purity
sputtering targets, improved vacuum chamber base pressures,
and heating samples to drive out OH incorporation in the film
can potentially be used in the future to improve the excited-
state lifetimes of the films.

We carried out small signal gain measurements using the
gain setup depicted in Fig. 2(a). We swept the tunable signal
laser from 1530 to 1570 nm and measured the transmitted
power across the sample using the photodetector. To achieve
internal net gain, the measured signal enhancement must over-
come the waveguide erbium absorption loss, measured during
absorption cross section calculation, and the background wave-
guide loss. We adjusted the tunable laser power such that the
incident signal power at the input facet of the chips was
−10 dBm, resulting in approximate launched signal powers
of −16 and −20 dBm for the 2.2 and 6.7 cm waveguide, re-
spectively. No significant change in net gain was measured
when the incident signal power was increased to the maxi-
mum available 0 dBm, corresponding to −6 and −10 dBm of
launched signal power. A −10 dBm incident signal power is
used to maintain transmitted powers significantly above the
ASE from the waveguide that also reaches the photodetector.
To correct for ASE being detected as signal enhancement dur-
ing gain measurements, we measured the ASE at each pump
power with the signal laser turned off. We then subtracted that
value from the measured transmission with the signal power on.
The incident pump power was characterized by measuring the
output power from the fiber with a free-space photodetector.

The maximum combined incident pump powers were found
to be 230 and 200 mW for the 970 and 1470 nm diodes, re-
spectively. To find the total pump power launched into the
waveguide and account for the fact that only the total facet
loss—and not the loss at each facet—is known, during gain
measurements the incident pump power from each side of
the chip was set to be equal. The total launched pump power
is then equal to the total incident power divided by the previ-
ously characterized total fiber-chip coupling loss. Pumping the
waveguides from a single side and assuming the launched power
is equal to the incident power divided by half the total fiber-
chip coupling loss yields results that follow a similar gain versus
launched pump power trend line to the data measured when
pumping from both sides. This suggests similar total net gain
would be achieved if sufficient pump power could be launched
from a single facet.

Figure 4(a) shows the measured internal net gain versus
launched pump power for the 2.2 cm long straight waveguide
for both 970 and 1470 nm pump wavelengths. For this sample
the total gain reaches 3.8 and 3.1 dB at a 1533 nm signal wave-
length, which corresponds to gain per unit length of 1.7 and
1.4 dB/cm for 970 and 1470 nm pump wavelengths, respec-
tively. As seen in Fig. 4(a), the gain begins to reach saturation
after approximately 60 mW of launched pump power. The
slightly higher gain measured for the 970 nm versus 1470 nm
pump is the result of the resonant pumping effect, which par-
ticularly limits the Er3� ion population inversion and peak gain
at 1533 nm, as can be seen in the flatter gain versus wavelength
curve at maximum pump power for 1470 versus 970 nm
pumping in Fig. 4(b). The net gain for both pump wavelengths
converges to similar values at longer wavelengths where the
resonant pumping effect is weaker.

Fig. 4. Gain measurements in a 2.2 cm long TeO2:Er
3�-coated

Si3N4 straight waveguide. (a) Internal net gain dependence on
launched pump power for 970 and 1470 nm pump wavelengths and
1533 nm signal wavelength. (b) Internal net gain versus wavelength at
maximum pump power for 970 and 1470 nm pump wavelengths.

130 Vol. 8, No. 2 / February 2020 / Photonics Research Research Article



The net gain versus launched pump power at 1558 nm sig-
nal wavelength for the 6.7 cm long waveguide is shown in
Fig. 5(a). Because of the larger fiber-chip coupling loss associ-
ated with the longer waveguide, the pump power that can be
launched onto the chip is limited to approximately 40 mW for
both pump wavelengths. The internal net gain reaches 1.1 and
5.0 dB, corresponding to 0.2 and 0.8 dB/cm gain per unit
length for 970 and 1470 nm pump wavelengths, respectively.
For 1470 nm pumping, over 3 dB gain is achieved across the
C band in this sample. The gain curves show that the launched
pump power does not become high enough for the waveguide
to reach gain saturation, which is the primary reason for the
reduced gain per unit length seen in this sample. Additionally,
the gain spectrum of Fig. 5(b), which displays the gain versus
wavelength at peak pump power, shows peak gain occurring at
1558 nm instead of 1533 nm, another sign that gain saturation
has yet to be reached.

The waveguide amplifier was modeled using a three-energy-
level erbium rate equation model, including the effects of
stimulated transitions, spontaneous decay, energy transfer up-
conversion, and ion quenching, similar to the model described
in Refs. [19,44]. A diagram of the transitions used in the model
can be seen in Fig. 6(a). The stimulated absorption and emis-
sion cross sections between the 4I15∕2 and 4I13∕2 levels are based
on the results measured in TeO2:Er

3� ridge waveguides [40].
The stimulated transition cross section between the 4I15∕2 and
4I11∕2 levels is based on the 970 nm erbium absorption mea-
sured in this waveguide [Fig. 2(a)], divided by the simulated
70% confinement for 970 nm light in the TeO2:Er

3� layer
and measured 2.2 × 1020 cm−3 ion concentration, resulting
in an estimated 2.8 × 10−20 cm2 absorption cross section at
the 969 nm wavelength peak. It is assumed that the emission

cross section near the absorption peak will have the same value
as the absorption cross section. Energy transfer upconversion
parameters and excited-state lifetimes measured in tellurite fiber
have been reported as 2.7 × 10−18 cm3∕s and 3.3 and 0.26 ms
for the 4I13∕2 and 4I11∕2 state, respectively [45]. However, as
shown earlier, the 4I13∕2 lifetime of 0.48 ms measured in this
waveguide structure is significantly lower than that reported
in fiber, due to factors such as OH contamination. Therefore,
the 4I11∕2 state lifetime used in the model is reduced by the
same ratio to be 0.04 ms. A summary of the parameters used
in the model can be found in Table 1.

The model is used to fit the measured gain of the 6.7 cm
long waveguide at a 1558 nm signal wavelength pumped with
1470 nm light. To accurately model the data, a fraction of the
ions being fast quenched must be accounted for, where the

Fig. 5. Gain measurements in a 6.7 cm long TeO2:Er
3�-coated

Si3N4 paperclip waveguide. (a) Measured (dashed lines/circles) and
simulated (solid lines) internal net gain versus launched pump power
for 970 and 1470 nm pump wavelengths and 1558 nm signal wave-
length. (b) Internal net gain versus wavelength at maximum pump
power for 970 and 1470 nm pump wavelengths.

Fig. 6. (a) Three-level rate equation model diagram, showing proc-
esses of stimulated transitions (S), spontaneous decay (t), and energy
transfer upconversion (W). (b) Measured net gain in 6.7 cm long
waveguide, compared to simulated gain with 0%, 22.5%, and 40%
quenched ions.

Table 1. Parameters Used for the TeO2:Er3� Rate
Equation Model

Parameter Value

Er3� ion concentration 2.2 × 1020 ions∕cm3

970 nm background propagation loss 2.5 dB/cm
1470 nm background propagation loss 0.25 dB/cm
1558 nm background propagation loss 0.25 dB/cm
Launched signal power −20 dBm
Upconversion parameter 2.7 × 10−18 cm3∕s
4I13∕2 lifetime 0.48 ms
4I11∕2 lifetime 0.04 ms
970 nm absorption/emission cross section 2.8∕2.8 × 10−20 cm2

1470 nm absorption/emission cross section 3.0∕0.4 × 10−20 cm2

1558 nm absorption/emission cross section 3.5∕4.4 × 10−20 cm2
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quenched ions have excited-state lifetimes on the order of 1 μs
for both the 4I13∕2 and 4I11∕2 excited states [19,44]. The
fraction of quenched ions in the rate equation model is
varied to most accurately fit the measured data, and it is
found to be approximately 22.5% quenched ions as shown
by the fit in Fig. 6(b). A 22.5% quenched ion fraction is com-
parable to the quenching fraction measured in Al2O3:Er

3�

waveguide amplifiers at similar ion concentrations of around
2 × 1020 ions∕cm3 [44]. The simulations demonstrate how sig-
nificantly amplifier performance can be improved by reducing
the fraction of quenched ions in the gain material. A waveguide
amplifier with no quenched ions is predicted to have almost
twice the measured gain reported in this sample. High-purity
sputtering targets, heating films to anneal out defects as poten-
tial quenching sources, and co-doping of ytterbium atoms
are all potential methods to reduce erbium ion quenching in
the future.

Using the model, the total internal net gain in the 6.7 cm
long waveguide sample is calculated [Fig. 5(a)] to reach 5.0 and
8.6 dB/cm at 150 mW of launched pump power for 970 and
1470 nm pump wavelengths, respectively, which could be
achieved with improved fiber-chip coupling. Reaching gain sat-
uration at reasonable launched pump powers (∼100 mW) in
the paperclip waveguide is more readily achievable using 1470
versus 970 nm pumping. The significantly reduced efficiency
of the 970 nm pump in the longer waveguide sample can be
attributed to the significantly larger background waveguide loss
at 970 nm and potential loss around the bends from the wave-
guide becoming multimode near this wavelength. The 970 nm
waveguide loss was found to be approximately 3.1 dB/cm based
on previous results [38]. Using the same TeO2:Er

3�-coated
Si3N4 ring resonator chip reported here, we measured the
transmission around 940 nm in a 300 μm radius ring with
a 1 μm bus waveguide-ring gap size and fit the resonance data
to have a Q factor of 2.5 × 105 (2.5 dB/cm loss). This Q factor
confirms the larger background waveguide loss at this wave-
length, which could be improved by reducing film loss and
optimizing film thickness for 970 nm wavelength. The larger
waveguide loss results in larger pump powers being required to
invert the erbium ion population across the entire 6.7 cm long
waveguide. In comparison, the low background waveguide loss
around 1470 nm and high pump-signal overlap make it a
highly efficient pump wavelength, requiring only 7 mW of
launched pump power to reach the threshold for internal
net gain.

The simulated net gain at a 1558 nm signal wavelength ver-
sus launched 1470 nm pump power for a waveguide amplifier
with the same properties as the waveguides measured here for
5, 10, and 15 cm waveguide lengths is shown in Fig. 7(a). The
results demonstrate that with no improvement to waveguide
properties, high-quality waveguide amplifiers can be fabricated
on this platform simply by optimizing waveguide length and
fiber-chip coupling. A 10 cm long waveguide with 150 mW
of pump power is simulated to have over 10 dB of net gain
across the C band as shown in Fig. 7(b). Assuming a 300 μm
minimum bend radius, a waveguide of this length could be
patterned into a spiral amplifier with a sub-2.5 mm2 foot-
print area, representing a significant decrease in amplifier size

compared to previously demonstrated spiral waveguide ampli-
fiers, which are on the order of over 1 cm2 [19,46].

3. CONCLUSION

In summary, we have demonstrated erbium-doped waveguide
amplifiers that are compatible with silicon nitride PIC technol-
ogy. The TeO2:Er

3�-coated Si3N4 strip waveguides are fabri-
cated using a standard foundry process and a single self-aligned
TeO2:Er

3� deposition step. An internal net gain of 5 dB at
1558 nm has been achieved in a 6.7 cm-long waveguide.
We have shown that such waveguide structures can have bend
radii of <1 mm without introducing any additional waveguide
loss [41,42]. Simulations predict >10 dB of gain across the
C band in a compact amplifier by optimizing the fiber-chip
coupling and waveguide length. These results demonstrate
the possibility of fabricating ultra-compact TeO2:Er

3�-coated
Si3N4 waveguide amplifiers that can reasonably achieve over
10 dB of total net gain. Further optimization of the excited-
state lifetime and erbium doping concentration as well as reduc-
ing quenching can lead to even larger total net gain and
EDWAs that can be fabricated on a tiny mass-producible
silicon chip.
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