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Silicon nitride �Si3N4�-on-SiO2 attracts increasing interest in integrated photonics owing to its low propagation
loss and wide transparency window, extending from ∼400 nm to 2350 nm. Scalable integration of active devices
such as amplifiers and lasers on the Si3N4 platform will enable applications requiring optical gain and a much-
needed alternative to hybrid integration, which suffers from high cost and lack of high-volume manufacturability.
We demonstrate a high-gain optical amplifier in Al2O3:Er3� monolithically integrated on the Si3N4 platform
using a double photonic layer approach. The device exhibits a net Si3N4-to-Si3N4 gain of 18.1� 0.9 dB at
1532 nm, and a broadband gain operation over 70 nm covering wavelengths in the S-, C- and L-bands. This
work shows that rare-earth-ion-doped materials and in particular, rare-earth-ion-doped Al2O3, can provide
very high net amplification for the Si3N4 platform, paving the way to the development of different active devices
monolithically integrated in this passive platform. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.401055

1. INTRODUCTION

Integrated waveguide amplifiers and light sources are essential
components for photonic integrated circuits that combine dif-
ferent functionalities on a single chip [1]. Currently, silicon-on-
insulator [2,3], indium phosphide [4,5], and silicon nitride
(Si3N4) [6,7] are three commercially available photonic plat-
forms. The Si3N4 platform, due to its low propagation loss
(∼0.1 dB∕cm) and wide transparency window (∼400 nm to
2.35 μm) [7], has achieved tremendous progress in passive ap-
plications including microwave photonics [8], nonlinear pho-
tonics [9], bio-sensing [10], quantum technology [11], and
lidar [12]. The integration of active components such as am-
plifiers and lasers onto the passive Si3N4 platform will permit
profiting from its excellent passive characteristics.

III-V semiconductor optical amplifiers have been hybrid
integrated with the Si3N4 platform by butt-coupling to pro-
duce external cavity lasers [13–15]. However, sophisticated
assembly and packaging steps with high-precision alignment
of the facets of the waveguides are required to achieve the high
performance of such hybrid lasers [16], precluding cost-
effective scaling of manufacturing, especially in the case of de-
vices with complex optical functionalities and high integration
density, where many transitions between the active and passive
sections are required. Heterogeneous integration of III-V semi-
conductor optical amplifiers onto Si3N4 by micro-contact

printing [17] has been proposed toward a more scalable
solution.

Recently, monolithic integration of rare-earth-ion-doped
(RE3�) aluminum oxide (Al2O3) and Si3N4 was demonstrated
[18–23], showing potential for high-performance scalable light
sources on the Si3N4 platform. Compared to III-V semicon-
ductors [24], RE3�-ion-doped materials have a longer excited-
state lifetime (0.1–10 ms) [25] and less refractive index change
(∼10−6) [26] induced by the excitation of the doped ions, prop-
erties that are beneficial for thermally and spatially stable
gain [27]. The high rare-earth ion dopant concentration achiev-
able in crystalline host materials has allowed the demonstration
of very high gain per unit length in an Yb3�-doped KY�WO4�2
waveguide (∼935 dB∕cm at 980 nm) [28] and in
an Er3�-doped chloride silicate nanowire (∼100 dB∕cm at
1530 nm). However, such crystalline devices are difficult to
fabricate [29] and to integrate onto a passive photonic platform
for the development of more complex functionalities.
Amorphous host materials can typically be deposited at the wa-
fer level leading to simpler fabrication and integration schemes.
Several host materials have been demonstrated, including
Ta2O5 doped with both Er3� and Yb3� [30], TeO2 doped
with Er3� [31] and Tm3� [32], and Al2O3 doped with Nd3�,
Yb3�, Er3�, Tm3�, and Ho3� [19,25,33–35] to achieve
emission at different wavelengths. Those materials are mainly
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deposited by reactive co-sputtering, although recent studies
on rare-earth-ion-doped Al2O3 deposited by atomic layer
deposition have shown very high gain per unit length (i.e.,
20.1� 7.31 dB∕cm net modal gain in Al2O3:Er

3�) [23]
thanks to the control of Al2O3 and Er2O3 at the sub-atomic
level. High-speed [27] and high internal net gain [36] optical
amplifiers and narrow linewidth lasers [21,37] have also been
demonstrated in Al2O3. Although both high net modal gain
per unit length as well as high total net gain have been shown,
high total gain (i.e., from Si3N4 to Si3N4) on a waveguide am-
plifier integrated onto a passive photonic platform has not yet
been reported.

In this work, we present an integrated high total gain (i.e.,
from passive waveguide to passive waveguide) optical amplifier
in Al2O3:Er

3� monolithically integrated onto the Si3N4 plat-
form via a double-layer platform [38]. Different from previous
integration methodologies in which the Al2O3:RE

3� material
was directly deposited onto Si3N4 elements [20,21,23,31] or
sputtered into SiO2 trenches within the Si3N4 platform
[19,22], in our approach the Al2O3:RE

3� and the Si3N4 wave-
guides are located in two individual layers separated by a thin
SiO2 film. The optical modes are therefore guided independ-
ently in each of the photonic layers permitting their indepen-
dent optimization to minimize losses and to maximize the
overlap between pump and signal modes on the active wave-
guides. The transfer of modes between the two layers is
achieved via vertically tapered adiabatic couplers that exhibit
low loss, broadband behavior, and high tolerance to overlay er-
rors. Such tapers have already been demonstrated in our pre-
vious work [38,39]. A total gain as high as 18.1� 0.9 dB was
achieved at 1532 nm for amplifiers with a 10 cm long gain
section with more than 70 nm bandwidth of net gain.

2. RESULTS

Figure 1(a) shows the schematic view of the monolithic
Al2O3:Er

3�-Si3N4 amplifier chip consisting of the
Al2O3:Er

3�, the Si3N4 waveguides, and the adiabatic couplers.
Two hundred nanometer thick Si3N4 waveguides with a width
of 1.4 μm are designed to be located on the bottom layer fab-
ricated on silicon wafers with 8 μm thick thermal oxide as
undercladding. This oxide thickness was found to be enough
to prevent the mode from leaking into the Si substrate [38].
A 199.6� 0.13 nm thick Si3N4 layer was deposited using
low-pressure chemical vapor deposition (LPCVD). The Si3N4

waveguides were then patterned using i-line contact lithogra-
phy followed by reactive ion etching (RIE) with CHF3 and
O2 chemistry, which provides an etching rate of 30 nm/min
for Si3N4 and 32 nm/min for SiO2. The fabricated waveguides
have a width of WP � 1.4� 0.08 μm and a measured propa-
gation loss of 0.14 dB/cm at the wavelength of 1532 nm,
measured using reference add-drop ring resonators. Multi/
demultiplexers for combining/splitting the pump and signal
modes were integrated on the passive Si3N4 waveguides [40].

Between the Si3N4 and Al2O3:Er
3� layers, a TEOS SiO2

film was deposited as a spacer by LPCVD followed by an
annealing step. The spacer provides not only a surface with
good uniformity on top of which to deposit the Al2O3:Er

3�

layer but also protects the top surface of the Si3N4 waveguides

during the fabrication of the fully etched Al2O3:Er
3� wave-

guides. Simulations have shown that spacer thicknesses in
the range 100–200 nm lead to both good optical coupling
and good tolerance to the mask overlay errors [38] between
the Si3N4 and Al2O3:Er

3� waveguides in the adiabatic coupler.
To achieve this spacer thickness, a chemical mechanical polish-
ing step was applied to reduce the thickness of the as-deposited
LPCVD TEOS SiO2 layer from 760� 6 nm to 180� 16 nm
[tS in Fig. 1(c)]. The Al2O3:Er

3� layer was then deposited by

Fig. 1. Structure of the monolithically integrated Al2O3:
Er3�-Si3N4 amplifier. (a) 3D schematic of the whole amplifier chip
with MMI-based multi/demultiplexer. P and S indicate the pump port
and the signal port of the MMI multi/demultiplexer, respectively.
(b) Schematic of the adiabatic vertical coupler, consisting of a vertical
Si3N4 taper and a lateral Al2O3:Er

3� taper. (c) Cross sections of the
adiabatic coupler at different positions (A, B, C, D, E) indicated in
(b) within the taper region along the propagation direction, and the
related mode intensity profiles under transverse electric (TE) polari-
zation. The different cross-sectional parameters are indicated. The field
intensity is visualized in the rainbow color scale, where the highest
intensity is represented by the red.
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RF reactive co-sputtering with a target Er3� concentration of
1.7 × 1020 cm−3. A layer thickness of tA � 804� 5 nm was
measured at the location of the amplifier in the wafer. The
Al2O3 waveguides were then patterned by i-line lithography
and etched to a depth of 840 nm (overetching ∼36 nm into the
SiO2 buffer layer) using RIE with a BCl3 and HBr chemistry.

Both the pump and the signal modes are transferred be-
tween the Al2O3:Er

3� and Si3N4 waveguides through adiabatic
couplers, shown in Fig. 1(b). The couplers consist of a
thickness-tapered Si3N4 waveguide and a width-tapered
Al2O3:Er

3� waveguide [38,39]. The mode profile evolution
along the adiabatic taper is illustrated in Fig. 1(c). The usage
of waveguide tapers reduces the mode mismatch losses at the
taper tips, namely the losses due to the overlap mismatch be-
tween the mode in A–B and D–E [Fig. 1(c)]. To achieve such
high-performance coupling, the Al2O3:Er

3� waveguide was
tapered laterally to a tip width of WA2 � 0.8� 0.11 μm
(i.e., limit of the UV contact lithography), while the Si3N4

waveguide was vertically tapered to a tip thickness of
tP2 � 30.8� 4 nm. The tapering was realized using the
high-yield wet-etching process, which is the same as the one
in Ref. [38]. A taper tip thickness below 50 nm is needed
to achieve adiabatic condition and a tolerance of 0.6 μm to
the mask overlay error between the Si3N4 and Al2O3 wave-
guides. The angle of the adiabatic taper originates from the
etching speed difference between the Si3N4 and native SiO2

(sacrificial layer). Both tapers have the same length,
800 μm, resulting in an adiabatic angle of 0.007° for the lateral
Al2O3:Er

3� taper and 0.013° for the vertical Si3N4 taper.
For the active Al2O3:Er

3� waveguide, monomode operation
was chosen for both the pump (980 nm) and signal (C-band)
wavelengths under transverse electric (TE) polarization. The
overlap between the pump and signal modes was also maxi-
mized (88%) to achieve as high as possible optical gain.
This value is higher than that under TM polarization.
Furthermore, the on-chip multi/demultiplexers are also de-
signed to operate under TE polarization. The total length of
the spiral waveguide amplifier is designed to be 10 cm with a
minimum radius of 250 μm, i.e., the radius of the S-bend in the
center, at which the bend loss is less than 10−4 dB∕cm and can
be therefore neglected. The fully etched fabricated waveguides
have a width of WA1 � 1.4� 0.12 μm and a sidewall angle
below 15° (Fig. 2).

The loss from input to output of Si3N4 waveguide consists
of the loss of the two Si3N4 to Al2O3 adiabatic couplers (αc)

plus the total propagation loss of the spiral. The total loss per
unit length of the Al2O3:Er

3� waveguides, αap, consists of (i)
the propagation loss (αp), mainly caused by scattering due to
the roughness of the sidewalls of the waveguide, which is as-
sumed to be uniform along the length of the waveguide,
and (ii) the absorption loss (αa), due to the absorption of
the Er3� ions excited from the ground state by the signal light.
The absorption loss depends on the population of the ground
state and, therefore, on the intensity of the signal used in the
measurement. For the characterization of the gain of an ampli-
fier using the signal enhancement method [23,36,41], the ab-
sorption loss in the small signal regime, i.e., for small enough
signal so that the absorption cross section of the Er3� ions is
constant, should be used. In this work, a non-destructive
method [36,42] based on the measurement of the scattered
light from the top of the waveguide was employed to measure
the αap of the spirals. Top-view intensity images of the scattered
signal light propagating along the integrated Al2O3:Er

3� spiral
amplifier, Fig. 3(a), were captured by an IR camera (InGaAs

Fig. 2. SEM images of the cross sections (a) nearby the tip of the
Al2O3 taper and (b) nearby the tip of the Si3N4 taper. The SEM im-
ages were captured from a cleaved sample from a monitor wafer with
undoped Al2O3 on the Si3N4 platform.

(a)

(b)

Fig. 3. Characterization of losses. (a) Measured intensity of the light
scattered along the length of the Al2O3:Er

3� waveguide spirals at dif-
ferent wavelengths. Launched signal power is −30 dBm. (b) Measured
absorption plus propagation losses of the Al2O3:Er

3� waveguide spiral
as a function of launched signal power.
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camera, Xenics Bocat 320). The intensity of the scattered light
is proportional to the power of the mode traveling through the
spiral [42], which follows a Lambert–Beer law [36] behavior
along the propagation direction. Fitting an exponential decay
to the measured intensity allows the determination of αap. The
mode field diameter of the input fiber is considered as
10� 0.5 μm and 6.6� 0.5 μm for signal and pump wave-
lengths, respectively. The calculated fiber-to-chip coupling loss
in the amplifier chip is 12 dB and 10 dB per facet for the wave-
lengths of 980 nm and 1550 nm, respectively, calculated by
overlapping the waveguide mode with the fiber mode. It is im-
portant to highlight that this loss measurement method is in-
dependent of the fiber-to-chip coupling losses.

Figure 3(a) plots the binned counts originating from the yel-
low boxes shown in the inset of the figure, which are placed
along the circular path of the spiral at the launched signal power
of −30 dBm (i.e., measured incident power −20 dBm). From
the least squares fitting of the data, absorption plus propagation
losses (αap) of 1.92� 0.10 dB∕cm, 3.5� 0.09 dB∕cm, and
0.6� 0.06 dB∕cm at the wavelengths of 1460 nm, 1532 nm,
and 1640 nm, respectively, were measured. The same charac-
terization and fitting procedure were repeated for different
launched signal powers to determine how small the launched
signal power should be to satisfy small signal regime where the
ground-state excitation reaches its maximum [Fig. 3(b)]. When
the launched signal power is lower than −15 dBm, αap
converges with less than 0.1 dB/cm variation.

Using the launched signal power of −30 dBm, αap was char-
acterized in the full spectral window 1460–1640 nm, as shown
in Fig. 4(a) (black triangles). αap values converge to a range of
0.6–0.7 dB/cm at a wavelength longer than 1610 nm, the
wavelength range in which propagation loss dominates the αap.
To verify the propagation losses, a similar measurement was
carried out at a wavelength of 1306 nm (outside the ground-
state absorption band of Er3� ions) using the same spiral. A
propagation loss of 0.64� 0.05 dB∕cm was measured, which
is within the range of values measured at wavelengths longer
than 1610 nm. Furthermore, using the absorption cross sec-
tions (σabs) for Er3� in Al2O3 reported in previous work [41],
we calculated the absorption spectrum by the following
equation:

αa,s � σabs�N 0 · 10 log10 e · Γ�, (1)

where N 0 is the ion concentration in cm−3 and Γ is the confine-
ment factor of the mode inside the waveguide core. The calcu-
lated confinement factor at 1532 nm is 68.4% for the fabricated
waveguide. The absorption curve takes into account the mea-
sured background propagation loss of the Al2O3:Er

3� waveguide
of 0.64 dB/cm. It can be seen that the experimental data matches
closely with the calculated absorption losses at the erbium con-
centration of 1.65 × 1020 cm−3, as shown in Fig. 4(a).

The Al2O3:Er
3�-Si3N4 coupler loss (αc) was determined

from the transmitted power of Si3N4 waveguides with different
number of cascaded couplers fabricated in the same wafer as the
spiral amplifiers. A mask overlay error below 0.4 μm was de-
termined by means of reference Vernier rulers. The characteri-
zation was carried out at a wavelength of 1306 nm using the
experimental setup described in our previous work [38,39], and
it is plotted in Fig. 4(b). An average loss of 0.49� 0.02 dB per

coupler was measured. Similar losses at the wavelengths of
980 nm and 1550 nm are expected for the adiabatic coupler
regardless of the absorption of Er3� ions, by referring to the
ultra-broadband performance of the adiabatic coupler shown
in the previous work [39].

(a)

(b)

(c)

Fig. 4. (a) Measured absorption plus propagation losses as a func-
tion wavelength for a launched signal power of −30 dBm. The red line
shows the calculated values from the absorption cross sections pre-
sented in the work of Ref. [41] for an ion concentration of
1.65 × 1020 cm−3. (b) Transmitted power as a function of the number
of Al2O3:Er

3�-Si3N4 adiabatic couplers at the wavelength of
1306 nm. A loss per coupler of 0.49 dB was obtained. (c) Si3N4

multi/demultiplexer loss spectra by launching through the pump
and signal ports at the wavelength of 1460–1635 nm. The shadows
indicate the standard deviation of the measurement.
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Furthermore, the insertion loss of the on-chip MMI multi/
demultiplexer was experimentally characterized in the spectral
window of 1460–1635 nm, as shown in Fig. 4(c). The
characterization used the same experimental setup as the work
of Ref. [40]. By launching the signal light through the signal (S)
port and pump (P) port, the MMI losses were measured to be
1.38� 0.1 dB and 9.03� 0.04 dB at the wavelength of
1532 nm, respectively. At the pump wavelength, i.e.,
976.2 nm, the MMI loss was 2.7� 0.6 dB by launching the
light through the pump port. In this work, we focus on the
monolithic integrated amplifier. The optimization of the MMI
multi/demultiplexer can be found in Ref. [40].

The net gain of the optical amplifiers (in decibels) from the
input Si3N4 waveguide to the output Si3N4 waveguide was ob-
tained using the following equation [23,36,42]:

g � 10 log10
Ps
on

Ps
off

− αapL − 2αc , (2)

where the first term is known as signal enhancement, defined as
the ratio of the output power of the signal with the pump on
(Ps

on) corrected to eliminate the contribution of the amplified
spontaneous emission (ASE) and the output power with the
pump off (Ps

off ); the second term represents the total absorption
and propagation losses of a spiral of length L; and the last term
represents the losses introduced by the two Si3N4‐Al2O3 adia-
batic couplers. During gain measurements, both Ps

on and Ps
off are

equally affected by the quality of the facets of the waveguides and
the loss of the MMI multi/demultiplexers. Precise characteriza-
tion of the loss of the couplers, the absorption loss, and the
propagation loss is required to be carried out for the same am-
plifier. This avoids introducing the variations of αap between de-
vices located at different areas of the wafer where the sputtered
Er3� ion concentration slightly varies. This leads to more accu-
rate and reliable gain values (shown below in Fig. 7).

Figure 5 shows the experimental setup for the characteriza-
tion of the net gain. The pump light at 976.2 nm is provided by
a Ti:sapphire laser (700–1100 nm, Spectra-Physics Model
3900S). The signal light at 1460–1640 nm comes from a tun-
able laser with an integrated attenuation functionality (Agilent
8164B Lightwave measurement system with 81600B-201 laser
module). TE polarization was used for the signal. The pump is
split by a 3 dB coupler (PN980R5F1) and launched into both
sides of the chip. This bidirectional pumping scheme helps in-
vert the integrated Al2O3:Er

3� spiral more uniformly through-
out its length. It also avoids the depletion of the pump by
excited-state absorption of the pump at the beginning of the
amplifier due to the high pump intensity required to invert
the length of the amplifier if the pump was injected only by
one side. On the left side, i.e., the input of signal light, the
pump and signal are launched through different channels of
a fiber array (127 μm pitch). They are multiplexed by the
on-chip 2 × 1 MMI [40]. At the right side, after the 3 dB
coupler, the pump passes first through the polarization-
maintaining wavelength-division multiplexer (980/1550
WDM, WP9850F), and then is launched into the pump port

Fig. 5. Experimental setup utilized for the measurement of the net
gain on the Al2O3:Er

3�-Si3N4 integrated spiral amplifier. The pump
light, at 976.2 nm, is split by a 3 dB coupler (operating wavelength
980 nm) and injected into the amplifier chip from both the input and
output sides via MMI multi/demultiplexers. The signal, from a tun-
able laser operating in the C-band, is injected from the left and col-
lected on the right side and directed to the optical spectrum analyzer.
The photographs represent the integrated spiral amplifier in the pump-
on and pump-off cases. The pitch between adjacent loops of the
Al2O3:Er

3� spiral is 40 μm.

(a)

(b)
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Fig. 6. Measured spectra from the OSA at the wavelength of
1550 nm under (a) pump-off case and (b) pump-on case. The legend
indicates the launched signal powers. The launched pump power is
∼50 mW.
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of the on-chip 1 × 2 MMI demultiplexer. At the output,
the residual pump and the amplified signal are further demul-
tiplexed by an external WDM with the same type. The inser-
tion losses of the external WDM coupler are 0.53 dB and
0.67 dB for the signal and pump, respectively. Eventually,
the signal is connected to the optical spectrum analyzer
(OSA) (HP 70950B) with a spectral resolution of 0.5 nm.

The ASE was subtracted from the signal spectra prior to the
calculation of the signal enhancement using a similar method

presented in Ref. [23]. The transmission spectrum collected by
the OSA under the pump-off is T off . When the pump is on, the
spectrum of the amplified signal power (T on) includes the ASE
power which equals to the background power from the spectral
curves (T b

on). For instance, Figs. 6(a) and 6(b) demonstrate the
measured spectra under pump-off and pump-on cases at the
wavelength of 1550 nm for different launched signal powers.
When the pump is on, the background spectral power rises to
about −57 dBm due to the ASE. To remove the ASE from the
measured spectra, the peak power extracted from the amplified
signal power first excludes the ASE background power T b

on.
Therefore, Eq. (2) for the net Si3N4-to-Si3N4 gain extraction
can be modified as

g � 10 log10
10T on∕10 − 10T

b
on∕10

10T off ∕10
− αapL − 2αc : (3)

Figure 7(a) shows the net gain of the integrated amplifier
after excluding the ASE as a function of the launched pump
power. With increasing pump power, first, the net gain at dif-
ferent levels of launched signal rises rapidly and then saturates
due to the bleaching of the ground state as a large amount of the
active ions are excited. By setting the launched pump power to
∼50 mW, the net gain as a function of the launched signal
power is presented in Fig. 7(b). Gain saturation effects occur
when the launched signal power is larger than −13 dBm at
1532 nm, 1540 nm, and 1550 nm, which originates from
the reduction of the excited ion density by stimulated emission.
Furthermore, the net gain at other wavelengths from the
telecommunication bands, i.e., S-band, C-band, and L-band, is
characterized for a launched signal power of −30 dBm, as
shown in Fig. 7(c). The monolithically integrated amplifier ex-
hibits net gain within a bandwidth of 1510–1580 nm.
A maximum net gain of 18.1� 0.9 dB has been obtained
at 1532 nm. This means that the Al2O3:Er

3� amplifier itself
produces a net gain of ∼19 dB (i.e., excluding the adiabatic
coupler losses), indicating a net gain per unit length of
1.97 dB/cm under bidirectional pumping. Assuming a
1.4 dB/cm propagation loss for the pump light, we simulated
the optical gain of ∼19.5 dB at the wavelength of 1532 nm by
using a similar rate-equation model and the spectroscopic
parameters from the work of Ref. [36]. The experimental data
has good agreement with this simulation value. Nevertheless,
further modeling the gain requires locally characterized param-
eters for the rate-equation model.

3. CONCLUSION

As a summary, we demonstrated an Al2O3:Er
3� amplifier

monolithically integrated in Si3N4 technology. By using a
simple double-layer photonic platform, active photonics are
enabled in the Si3N4 platform via a scalable wafer-scale process.
A net Si3N4-to-Si3N4 gain of 18.1� 0.9 dB was obtained for a
spiral length of 10 cm. The results are comparable to the high-
est net gain in a non-integrated Al2O3:Er

3� amplifier from pre-
vious work in our group [36]. A broad bandwidth net gain
operation over 70 nm wavelength was also demonstrated.
These results show the potential for monolithic integration
of high optical gain in Si3N4 photonics, empowering applica-
tions such as data transmission, optical computing, quantum

(a)

(b)

(c)

Fig. 7. Net gain measurements. (a) Net gain of the integrated am-
plifier as a function of launched pump power for different launched
signal powers (1532 nm of wavelength). (b) Net gain as a function of
launched signal power for three different wavelengths within the
C-band. The launched pump power is 50 mW. The dashed lines
indicate 3 dB drop from the maximum gains for the three wavelengths.
(c) Net gain as a function of wavelength for a launched signal power of
30 dBm and launched pump power of 50 mW. A bidirectional pump-
ing scheme is applied. The reported launched power corresponds to
the sum of the powers launched in each of the two input ports.
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technology, and lidar chips for autonomous driving applica-
tions, for which on-chip optical gain is required.
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