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Abstract: Recently, erbium-doped integrated waveguide devices have been extensively studied
as a CMOS-compatible and stable solution for optical amplification and lasing on the silicon
photonic platform. However, erbium-doped waveguide technology still remains relatively
immature when it comes to the production of competitive building blocks for the silicon photonics
industry. Therefore, further progress is critical in this field to answer the industry’s demand for
infrared active materials that are not only CMOS-compatible and efficient, but also inexpensive
and scalable in terms of large volume production. In this work, we present a novel and simple
fabrication method to form cost-effective erbium-doped waveguide amplifiers on silicon. With
a single and straightforward active layer deposition, we convert passive silicon nitride strip
waveguide channels on a fully industrial 300 mm photonic platform into active waveguide
amplifiers. We show net optical gain over sub-cm long waveguide channels that also include
grating couplers and mode transition tapers, ultimately demonstrating tremendous progress in
developing cost-effective active building blocks on the silicon photonic platform.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Modern information society is based on a physical infrastructure where electronics plays an
essential role. Apart from low-loss optical fiber transmission channels, information processing
occurs mainly via electronic routing and switching elements. Data centers, in particular, contain
a very large number of electronic equipment and boards. Optical interconnects, in the form of
transceivers, are seeing their development accelerate, particularly to cope with the increasing
information bit rates and substantial power consumption in data centers [1]. For this reason,
photonic integration has made a considerable progress over the recent years. However, among its
main disadvantages, the indirect nature of the silicon’s band structure, which prevents it from
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emitting and amplifying optical signals, is the most critical. This has led to severe challenges
in developing solutions for on-chip optical amplification and lasing without having to resort
to energy expensive optical/electronic conversions. In this context, the hetero-integration of
III/V semiconductor amplifiers on silicon, as developed recently, is a possible answer but still
remains complex and expensive in terms of fabrication and all-monolithic integration [2]. On the
other hand, a much simpler and inexpensive solution has been proposed for years. It consists of
reproducing the operation principle of all-optical erbium-doped fiber amplifiers (EDFA) [3] into
the form of erbium-doped integrated waveguide amplifiers (EDWA) [4]. Indeed, such devices
have been recently explored to develop some of the essential active functionalities on the silicon
photonic platform where cost-effective mass production methods for CMOS-compatible amplifier
and laser devices are highly desired [5,6].
However, the transition from EDFAs to fully integrated silicon-compatible EDWAs is not

trivial. The greatest challenge comes from the typical active waveguide lengths that usually scale
in hundreds of µm in photonic integrated circuits instead of several tens of meters for optical fibers.
Moreover, light propagation losses in sub-µm2 (or even narrower) cross-section waveguides are
usually few dB/cm while fiber losses can be five orders of magnitude lower at 1.55 µm. The
dramatic reduction in the amplification lengths combined with the strong increase in the optical
losses imply that tremendous efforts need to be made not only on the active material quality, but
also for the optimization of the waveguide passive losses. These challenges are, in fact, anything
but obvious and constitute difficult issues to resolve. One of the accessible solutions is to increase
the erbium-ion doping level and, thus, the optical gain per unit length provided by the active
waveguide in order to compensate the considerable waveguide losses. Yet, the erbium-doping can
be increased up to a certain limit as the high erbium-incorporation introduces unwanted transitions
and quenching of active ions within the gain medium, which ultimately lead to diminishing
returns in the amplifier performance. To optimize the performance of erbium-based integrated
amplifier devices, various host materials and different fabrication methods have been studied
to achieve high erbium-incorporation inside different compounds [7–19]. Additionally, unique
waveguide geometries have also been proposed to maximize the interaction of the guided beams
with the active layer [20–25]. Despite the recent progress in the field, there is still a relatively
long way to go before erbium-based integrated devices can be established as fundamental active
building blocks in the silicon photonics industry. Further improvements, such as higher gain,
scalable fabrication process and lower deposition temperatures need to be pursued for ultimate
cost-efficiency and silicon photonic circuit compatibility.

In this work, we present a simple and cost-effectivemethod to fabricate erbium-doped integrated
waveguide amplifiers on silicon by combining a fully industrial 300 mm silicon nitride photonic
platform with a scalable and CMOS-compatible atomic layer deposition process. On this photonic
platform, we use the simplest form of waveguides, i.e. silicon nitride strip waveguides in order
to produce waveguide amplifiers with small cross-sections. We also study various doping
levels of erbium and show that internal net optical gain can be produced over sub-cm long
waveguide channels that also include grating couplers and mode transition tapers. Ultimately, the
results and methods presented in this work show significant progress in developing cost-effective
integrated waveguide amplifiers on silicon, thus, opening a solid path to the future realization of
silicon-erbium-based micro-cavity and multi-channel laser devices where optical gain achieved
in compact footprint is highly desired.

2. Experimental details

2.1. Device fabrication

In this work, erbium-doped hybrid waveguide amplifiers were fabricated as follows. Firstly,
passive silicon nitride waveguide channels were produced by depositing optical-quality silicon
dioxide (thickness: 1.4 µm) and silicon nitride (thickness: 600 nm) layers on a 300 mm silicon
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wafer by low-pressure and plasma-enhanced chemical vapor depositions, respectively, followed
by deep-ultraviolet lithography (248 nm) and reactive ion etching. The fabrication process was
then completed by coating the passive waveguide channels with a ∼150 nm thick layer of erbium-
doped alumina (Er:Al2O3) by sequentially depositing erbium oxide (Er2O3) and aluminum oxide
(Al2O3) onto the surface of the waveguides with thermal ALD (Beneq TFS-500). The erbium
oxide was grown with Er(thd)3 and ozone precursors, whereas the aluminum oxide was grown
with trimethylaluminum (TMA) and water precursors. Four different film compositions were
deposited at 300 ◦C by varying the relative Er2O3/Al2O3 supercycle sequence for each process.
The cycle sequences and the resulting film compositions of the layers are presented in Table 1.
The elemental compositions were measured from planar reference samples with energy-dispersive
X-ray spectroscopy by focusing a high-energy beam (15 keV) of electrons onto each sample while
recording their characteristic X-ray spectra. The samples were found to be slightly oxygen rich
with Er-concentrations ranging from 1.11 to 3.88 at.% (equivalent to 1.11 − 3.88 · 1021 cm−3 of
Er-ions in amorphous Al2O3).
Figure 1 presents a schematic view of the designed waveguide amplifier structure. Each

amplifier channel contains one single-mode strip waveguide (width: 400 nm, height: 600 nm,
length: 100–2000 µm), preceded and followed by grating couplers (width: 15 µm, height: 600
nm, length: 100 µm) and multi-mode to single-mode transition tapers (height: 600 nm, length:
500 µm) at the input and output sides of the corresponding channel, as illustrated in Fig. 1(a).
Fiber-to-waveguide coupling is achieved with the input and output grating couplers (coupling
efficiency for each side: -10/-14 dB at 1480/1533 nm, 3 dB bandwidth: ∼50 nm at 1480 nm).
Once coupled, the optical beam is guided to the multi-mode to single-mode transition taper
that converts the beam suitable for the single-mode strip waveguide. When combined with the
Er:Al2O3 active layer, the waveguide channel can act as an integrated optical amplifier. To
eliminate leaky losses in the waveguides, a layer of PMMA-resist was spin-coated onto each
device to achieve vertically-quasi-symmetric mode confinement. Figure 1(b) shows the simplified
cross-section at the central axis of the fabricated waveguide amplifiers as well as the electric
field distributions (|Ex/y |

2) of the fundamental transverse modes (TE/TM) propagating at the
corresponding cross-section at λ = 1533 nm. In this work, we operate the waveguide amplifiers
by coupling only the fundamental TE-modes of the pump and signal beams into the devices.

Fig. 1. Schematic illustration of the Er:Al2O3–Si3N4 waveguide amplifier structure. a)
Layout of the waveguide amplifier circuit; b) Simplified cross-section at the central axis of
the waveguide amplifier as well as the electric field distributions (|Ex/y |

2) of the fundamental
transverse modes (TE/TM) propagating at the corresponding cross-section at λ = 1533 nm.
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Table 1. Properties and preparation conditions of the Er:Al2O3 active layers.

Number of cycles Elemental composition (at.%)

Layer Er2O3 Al2O3 Total Thickness (nm) O Al Er

1 1 12 125 146.6 64.26 34.63 1.11

2 1 6 250 149.8 63.53 34.49 1.98

3 1 3 500 150.6 63.28 33.64 3.08

4 1 2 750 151.1 62.92 33.20 3.88

2.2. Device characterization

The transmission and amplification properties of the fabricated waveguide amplifiers were
characterized via a conventional grating-coupling measurement setup. A high-power laser
operating at 1480 nm was used as the pump source, whereas a tunable laser operating at 1533 nm
was used as the signal laser. The high-power pump laser was combined with the signal laser
and then transmitted through a 2-2 power splitter (90/10 %). The polarization state of the signal
laser was controlled with a manual polarization controller. The power from the 10 % port was
connected with an attenuator and a power-meter for power recording, while another output was
guided into the integrated waveguide through a grating coupler. The power of the coupled signal
beam was set approximately to 1 µW and the output power from the waveguide was collected
with an optical spectrum analyzer for optical gain monitoring. By using a tunable attenuator, the
launched pump power was tuned from -30 dBm to 16 dBm discretely with sufficient dwell time for
accurate data acquisition. At each power level, the signal enhancement at the signal wavelength
was measured and double-checked by the difference between the pump-on and pump-off states.
The background noise of the pump source was found negligible in both signal-off and signal-on
states. The noise at the signal wavelength was measured in the signal-off state and turned out to be
no more than -50 dBm. The collected signal power was obtained by subtracting the pump-induced
noise and amplified spontaneous emission from the signal peak power. The internal modal gain
(gmod) generated in the waveguide amplifier was then calculated via

gmod[dB/cm] =
10
L

log10

(SPump on[W] − ASE[W]
SPump off[W]

)
− α, (1)

where L is the waveguide length (in cm) SPump on and SPump off the measured signal powers in
the presence and absence of pumping, respectively, ASE the measured power resulting from
amplified spontaneous emission and α the total propagation loss of the waveguide (in dB/cm) in
the absence of pumping.

3. Results and discussion

3.1. Transmission measurements

The transmission properties of the fabricated waveguide amplifiers were studied via the well-
known cutback method [26] by coupling only the signal beam (λc = 1533 nm,Pin = 100 nW) into
waveguide amplifier channels of varying lengths. Figure 2(a) presents the relative propagation
loss of the signal beam after having propagated in 1.2, 1.6, 2.1 and 3.1 mm long waveguide
amplifiers in the absence of the pump beam.The transmission data is shown as solid points for
each individual waveguide amplifier (i.e. length and active layer). The total propagation loss of
each waveguide amplifier set was then determined by linear least-squares fitting, as shown by the
solid lines in Fig. 2(a). The evaluated total propagation loss values are given in Table 2 and shown
in Fig. 2(b) as a function of the active layer erbium-concentration (solid points). It is worthwhile
to note that the evaluated total propagation loss equals to loss occurring in the single-mode
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waveguides of the corresponding waveguide channels since only the length of the single-mode
waveguide varies in our waveguide amplifier design. As such, the total propagation loss occurring
in the single-mode waveguides can be related to the active layer erbium-concentration via

αsm(N0) [dB/cm] = α0 + 10 log10(e)σ12ΓsmN0, (2)

where σ12 is the absorption cross-section of erbium at the signal wavelength (1533 nm), Γsm the
mode confinement factor of the signal beam with the active region of the waveguide amplifier
for the single-mode cross-section and α0 the passive propagation loss of the waveguide (i.e.
scattering loss). Now, by applying a linear least-squares fit to the total propagation loss data,
we can determine the values for α0 and σ12. Since Γsm equals to 0.317 at 1533 nm, best fit is
obtained with σ12 = 5.698 ± 0.316 × 10−21 cm2 and α0 = 1.912 ± 0.342 dB/cm. The evaluated
value for the absorption cross-section coincides with the one found in the literature for Er:Al2O3
[4] and the order of the passive propagation loss is close to what should be expected from the
waveguides. Finally, we evaluate the total propagation loss occurring over the entire (unpumped)
waveguide channels via

αtot(dB) = Lsmαsm + 2Lmmαsm
Γmm
Γsm
+ 2Lttαsm

Γtt
Γsm

, (3)

where Lsm, Lmm and Ltt are the lengths of the single-mode waveguide, multi-mode waveguide and
transition taper in the corresponding waveguide channel, respectively, and Γmm and Γtt the mode
confinement factors for the multi-mode waveguide and transition taper, respectively. As such, the
loss is calculated for each section in the waveguide channel separately. Since the value of Γtt is
not constant throughout the channel, but instead varies between 0.06 − 0.13, an average value of
Γtt ≈ 0.095 was assumed, which can be justified due to the linear nature of the multi-mode to
single-mode transition taper. The calculated propagation loss values for the studied waveguide
amplifiers are listed in Table 2.

Fig. 2. Transmission characterization of the Er:Al2O3–Si3N4 waveguide amplifiers. a)
Relative propagation loss of the signal beam (λc = 1533 nm,Pin = 100 nW) after having
propagated in 1.2, 1.6, 2.1 and 3.1 mm long waveguide amplifiers in the absence of the pump
beam; b) Evaluated total propagation loss for the single-mode cross-section at 1533 nm as a
function of the erbium-concentration. In a) each data set has been shifted for clarity.

3.2. Gain measurements

The amplification properties of the fabricated waveguide amplifiers were studied by co-coupling
the signal (λc = 1533 nm,Pin = 1 µW) and pump (λc = 1480 nm,Pin = 0 − 18mW) beams
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Table 2. Measured transmission and amplification properties of the studied Er:Al2O3–Si3N4
waveguide amplifiers.

Layer αtot [1.2/1.6 mm] (dB) SEmax [1.2/1.6 mm] (±0.15 dB) gmod [1.2/1.6 mm] (dB/cm)

1 0.41 ± 0.10 / 0.78 ± 0.19 0.54 / 1.00 1.07 ± 1.50 / 1.35 ± 1.13

2 0.87 ± 0.14 / 1.66 ± 0.26 1.00 / 1.96 1.10 ± 1.69 / 1.85 ± 1.27

3 1.11 ± 0.09 / 2.13 ± 0.17 1.43 / 2.48 2.63 ± 1.46 / 2.20 ± 1.10

4 1.42 ± 0.20 / 2.70 ± 0.38 1.76 / 3.13 2.82 ± 2.07 / 2.65 ± 1.55

inside the waveguide amplifier channels. The signal enhancement generated by each waveguide
amplifier was then measured by varying the launched pump power in progressive steps from 0 to
18 mW. The obtained results are presented in Figs. 3(a) and 3(b) for waveguide amplifier channels
with lengths of 1.2 mm and 1.6 mm, respectively.Figs. 3(a) and 3(b) demonstrate that the signal
enhancement generated by each waveguide amplifier increases as the erbium-concentration in
the active layer is increased with saturation-like behaviour starting to occur after approximately
5 − 10 mW pump power is launched into the waveguide channels. To calculate the internal net
modal gain generated by each waveguide amplifier, Eq. (1) was applied and the evaluated modal
gain values are listed in Table 2. The highest net modal gain was obtained in the 1.2 mm long
waveguide amplifier with active layer 4, whereas the lowest net modal gain was obtained in the
1.2 mm long waveguide amplifier with active layer 1. We also attempted to produce internal
modal gain in the longer waveguide amplifiers (2.1 mm and 3.1 mm) but did not succeed as
the maximum pump power used in this work was insufficient to induce gain saturation in the
corresponding waveguide channels Therefore, further characterization with higher pumping
conditions are necessary to extend and to optimize the overall gain of our proposed waveguide
amplifiers.

Fig. 3. Gain characterization of the Er:Al2O3–Si3N4 waveguide amplifiers. Signal
enhancement generated by a) the 1.2 mm long and b) the 1.6 mm long waveguide amplifier
for a signal beam with λc = 1533 nm and Pin ≈ 1 µW as a function of the launched pump
power (λc = 1480 nm,Pin = 0 − 18mW).

In conclusion, this work demonstrates the simplicity of producing erbium-doped waveguide
amplifiers with internal net optical gain on silicon. The hybrid waveguide amplifier concept
demonstrated in this work can be further adapted to silicon waveguides since the pumping of
the active waveguide channels was conducted at 1480 nm (instead of at 980 nm) where silicon



Research Article Vol. 28, No. 19 / 14 September 2020 / Optics Express 27925

shows great transparency. The proximity of the pump wavelength to the signal wavelength
also enables the use and design of single grating couplers for the light injection/extraction
from/into the coupling fibers, which further simplifies the circuit design and reduces processing
costs. Ultimately, the amplifier configuration proposed in this work combines simplicity, broad
compatibility with the CMOS-technology, and demonstrates a method to amplify the data- and
telecom signals with a standard pump laser source delivering only a few milliwatts of optical
power.

4. Summary

As a summary, we present a novel and straightforward fabrication method to produce Er-doped
integrated waveguide amplifiers on silicon with cost-effective methods. With a single active layer
deposition, we convert passive silicon nitride strip waveguides into active waveguide amplifiers
that exhibit internal net modal gain. Ultimately, this work shows significant advances towards
optical amplification on a silicon chip with all the benefits supporting mass development of
optical functions for integrated circuits.
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