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Lithium niobate on insulator (LNOI) is an emerging pho-
tonic platform with great promise for use in future optical
communications, nonlinear optics, and microwave photon-
ics. An important integrated photonic building block, active
waveguide amplifiers, however, are still missing in the LNOI
platform. Here, we report an efficient and compact wave-
guide amplifier based on erbium-doped LNOI waveguides,
achieved using a sequence of erbium-doped crystal growth,
ion slicing, and lithography-based waveguide fabrication.
Using a compact 5 mm long waveguide, we demonstrate
an on-chip net gain of >5 dB for 1530 nm signal light
with a relatively low pump power of 21 mW at 980 nm.
The efficient LNOI waveguide amplifiers could become
an important fundamental element in future lithium nio-
bate photonic integrated circuits. © 2021 Optical Society of
America

https://doi.org/10.1364/OL.420250

Lithium niobate on insulator (LNOI) has recently emerged as
a promising material platform for compact, high-performance,
and low-cost photonic circuits [1–3]. Compared to conven-
tional bulk lithium niobate (LN) optical devices based on
weakly confined waveguides, LNOI devices feature a smaller
footprint, stronger optical confinement, and significantly
higher nonlinear optical and electro-optic efficiencies. To date, a
variety of high-performance LNOI devices have been achieved,
including high-speed electro-optic modulators [4–7], efficient
frequency convertors [8–11], frequency comb sources [12–14],
photon-pair generators [15,16], as well as on-chip spectrom-
eters [17]. However, an important functionality in photonic
integrated circuits, namely active optical gain, is typically absent
in the LNOI platform, limited by the material properties of
intrinsic LN.

Doping LN crystals with erbium (Er) ions is a promising solu-
tion to achieve the missing optical gain function in the LNOI
platform because Er3+ ions could provide significant gain near
the telecom wavelength range, and the gain spectrum is not
strongly affected by the host environment. In fact, Er-doping-
based waveguide amplifiers have been used in many popular

integrated photonic platforms, including silicon nitride (SiN)
[18,19], silicon (Si) [20], and other metal oxides [21]. In con-
ventional bulk LN waveguides, Er-doped waveguide amplifiers
have also been achieved, often by diffusing Er3+ ions into a tita-
nium (Ti)-diffused channel or ridge waveguides [22,23]. Due to
the weak optical confinement in these low-index-contrast wave-
guides (1n < 0.02) and the diffusion-induced non-uniform
Er3+ ion distribution, the optical net internal gain of bulk Er-
doped LN (Er:LN) waveguide amplifiers are usually<3 dB/cm
[24]. This approach, however, cannot be directly translated to
the LNOI platform because the required diffusion temperature
(>1100◦C) is too high for the LN thin films due to thermal
expansion and pyroelectric issues. One approach to achieve
Er:LNOI wafers is to directly grow an Er:LN crystal, followed
by a standard ion-slicing process to form the Er:LNOI wafer.
Using this technique, microcavity-based Er:LNOI lasers have
been demonstrated very recently, showing threshold powers
below 1 mW [25–27]. An alternative approach is to perform ion
implantation into LNOI wafers, although the implanted wafer
still needs to go through certain annealing processes to activate
the Er3+ ions, and the implantation concentration is relatively
low so far [28].

In this Letter, we experimentally demonstrate an Er:LNOI
waveguide amplifier with a high on-chip net gain of>10 dB/cm
at a signal wavelength of 1531.6 nm. The lithography-defined
waveguides feature strong light confinement for both 980 nm
pump light and 1530 nm signal light. As a result, our devices
could provide high gain at relatively low pump powers
(<20 mW), and could yield efficient amplification within
a large operational dynamic range (10 nW – 100 µW signal
power), with measured 980 to 1530 nm power conversion
efficiencies up to 0.2%.

Fabrication of our Er:LNOI waveguide amplifiers starts
from a bulk Z-cut LN wafer with an Er- doping concentra-
tion of ∼0.5 mol% (OST Photonics). Doping of Er3+ ions is
completed during the Czochralski growth of the LN crystal, as
illustrated in Fig. 1(a). The Er:LN wafer appears as a rose-red
color due to the fluorescence of Er3+ ions from ambient ultravi-
olet excitation [inset of Fig. 1(a)]. The bulk Er:LN wafer is then
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Fig. 1. (a) Czochralski process for Er:LN crystal growth. (b) Ion-
slicing process to create Er:LNOI wafer. Insets: Er:LNOI wafer
showing green fluorescence (top); Er3+ energy diagram (bottom).
(c) Cross-section schematic of the final Er:LNOI rib waveguides.
(d) SEM images of a waveguide-coupled Er:LN microring resonator.
(e) Simulated electric field profiles (E x ) of TE0 modes at 980 nm (top)
and 1550 nm (bottom).

sent out for ion-slicing service (NANOLN), to transform into
an Er:LNOI wafer with a top 700 nm thick Er:LN film, a 2 µm
buried silica layer, and a 500 µm Z-cut un-doped LN bottom
substrate, as shown in Fig. 1(b). When 980 nm laser light is
shone from the edge, green fluorescence could be observed
from the Er:LN thin film [insets of Fig. 1(b)]. To fabricate the
optical waveguides, a 250 nm thick nichrome (NiCr) mask is
first patterned through a sequence of electron-beam lithography
(EBL), thermal evaporation, and standard lift-off processes. The
mask patterns are subsequently transferred to the Er:LNOI layer
by an argon (Ar+)-based reactive ion etching (RIE) process.
After removing the residual NiCr mask, a chemical-mechanical
polishing (CMP) process is applied on the sample surface, which
could typically further reduce the waveguide scattering loss
by an order of magnitude [29,30]. The fabricated Er:LNOI
waveguide has a rib-like structure, with a rib height of 320 nm,
an un-etched slab thickness of 340 nm, a top width of 1.2 µm,
and a sidewall angle of∼45◦ [Figs. 1(c)–1(e)]. Finally, the chip
facets are carefully polished using a series of descending powder
sizes to precisely control the total waveguide length (5 mm) and
to produce smooth waveguide facets for efficient fiber-to-chip
coupling. Figure 1(d) shows the scanning electron microscope
(SEM) image of a waveguide-coupled microring resonator
fabricated on the same chip as the waveguide amplifiers, reveal-
ing smooth-etched surfaces. The micron-scale waveguides
support strong light confinement for both the 980 nm pump
and 1530 nm signal light used in this work. Figure 1(e) shows
the simulated field distributions (E x ) of the fundamental
transverse-electric (TE) modes at both wavelengths.

We characterize the optical amplification performance of
the fabricated Er:LNOI waveguides using an end-fire coupling
system shown in Fig. 2(a). Pump light from a continuous-wave
(CW) 980 nm laser source (Amonics ALD-980, actual output
wavelength at 974.5 nm) and signal light from a CW telecom
tunable laser (Santec TSL-550) are combined using a fiber-
based wavelength-division multiplexer (WDM) and coupled
into the Er:LNOI waveguides using a lensed fiber. In-line fiber
polarization controllers are used to ensure TE polarization at

Fig. 2. (a) Experimental setup for gain characterization. (b) Signal
enhancement factor versus signal wavelength. (c) ASE spectrum
of the Er:LNOI waveguide. (d) Optical transmission spectrum
(blue) and Fano-fit curve (red) of an Er:LNOI microring resonator.
(e) Fiber-to-fiber transmission spectrum showing strong Fabry–Perot
fringes.

the input, which shows the highest fiber-to-chip coupling effi-
ciency in our devices. The output light is collected by a second
lensed fiber and sent to an optical spectrum analyzer (OSA,
YOKOGAWA AQ6370D). During our experiment processes,
we observe strong up-conversion induced green photolumi-
nescence along the tested Er:LNOI waveguides, as shown in
the photograph in Fig. 2(a), indicating the Er3+ ions are well
activated inside these etched structures.

We show that our Er:LNOI waveguides could provide signal
amplification over the entire telecom C band [Fig. 2(b)]. To
characterize the small-signal gain performance, we fix the input
signal power at ∼5 nW and measure the signal enhancement
factor at various wavelengths, which is defined as the output
signal power ratio between pump-on (∼20 mW) and pump-
off scenarios. The powers quoted here and after correspond
to on-chip powers, where the fiber coupling losses have been
calibrated out (details to be discussed later), and have a relative
uncertainty value of around ±0.12 dB. As Fig. 2(b) shows,
the device features measurable signal amplification over the
entire 1520–1570 nm range, with three enhancement peaks
at∼1531 nm, 1546 nm, and 1554 nm. These peaks agree well
with the amplified spontaneous emission (ASE) spectrum of our
devices [Fig. 2(c)], measured when the signal laser is turned off,
as well as the ASE spectrum in conventional Er-doped systems,
strongly suggesting that the measured amplification phenom-
ena in our devices are indeed the result of pump-induced Er3+

population inversion.
To further investigate the net internal gain of our Er:LNOI

waveguide amplifiers, we perform a careful calibration of the
waveguide loss at the signal wavelength using two corroborating
measurements. We first characterize the quality (Q) factor of
a microring resonator, fabricated on the same chip and with
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similar dimensions as the Er:LNOI waveguides [Fig. 1(d)].
Figure 2(d) shows the optical transmission spectrum of a
critically coupled resonance dip measured at 1530.73 nm.
The resonance shows a slightly asymmetric line-shape due to
the background Fabry–Perot interference pattern, which is
induced by the reflections from the two polished chip facets.
Nevertheless, the resonance spectrum can be fitted very well
using a Fano function, revealing a resonance linewidth of
17.5 pm and an intrinsic Q factor of Qi = 176,000. We can
therefore estimate the propagation loss α of the tested Er:LNOI
waveguides using the equation

α =
2πNeff

λ0 Qi
, (1)

where Neff is the effective index of the waveguide at the target
wavelength λ0. The calculated propagation loss at 1530 nm
is ∼2 dB/cm. The second approach evaluates the waveguide
loss using the contrast of the measured Fabry–Perot fringes
[∼13% as shown in Fig. 2(e)] and the numerically simulated
facet reflection coefficients [31], yielding an estimated propa-
gation loss of 1.13 dB/cm. Considering the possible difference
between the simulated and actual facet reflectivity, we take
the conservative but more reliable loss estimate from the first
approach (i.e., resonator Q-analysis) to avoid overestimation
of the net gain, which leads to an on-chip loss of 1 dB for our
5 mm device. As such, the measured fiber-to-fiber insertion loss
of ∼12 dB [Fig. 2(e)] can be attributed to a 1 dB on-chip loss
and an 11 dB coupling loss, the latter of which is consistent with
previous reports on similar platforms [4]. We further estimate
that approximately half of the 2 dB/cm propagation loss comes
from the Er3+ ion absorption, since the measured Q factors in
our un-doped LNOI microring resonators using the same fabri-
cation method are typically ∼400,000. The Er absorption loss
at other telecom wavelengths should, in principle, be lower than
that at 1530 nm, but the difference is too small to be resolved
in our current measurements. In the rest of this Letter, we use a
conservative 1 dB estimate of the internal loss for both 1530 nm
and 1550 nm signal light.

Apart from the loss calibration at telecom wavelengths, we
have also calibrated the coupling and propagation losses of our
waveguides at 980 nm, by measuring and comparing the fiber-
to-fiber insertion losses of the Er:LNOI waveguide and a short,
un-doped LNOI waveguide with similar dimensions. The
measured losses are 17 dB and 12 dB, respectively, indicating a
5 dB on-chip loss and a 6 dB/facet coupling loss at 980 nm. The
launched pump and input/output signal powers in this Letter
have been calibrated to the on-chip powers using the above
measurement results.

We demonstrate strong net internal gain of >5 dB in our
Er:LNOI waveguide amplifiers with a short device length and
relatively low pump powers. Net internal gain is calculated by
subtracting the internal loss from the measured signal amplifi-
cation factor. Figure 3(a) shows the measured signal spectra at
1531.6 nm under a fixed signal power of 8.2 nW and increasing
pump powers (0–21 mW). A maximum net internal gain of
5.2 dB is achieved at the highest pump power of 21 mW, corre-
sponding to a net gain per unit length of>10 dB/cm, which is
comparable with the gain achieved in other Er-doped integrated
photonic systems [18–20]. When compared with typical bulk
Er:LN waveguides (2–3 dB/cm) [22–24], our measured net
internal gain is ∼5× higher, likely due to the more efficient

Fig. 3. (a), (b) Measured signal spectra as a function of increasing
pump powers measured at (a) 1531.6 nm and (b) 1550 nm. Pump
powers: 0, 1 mW, 2 mW, 4.2 mW, 8.6 mW, 16.7 mW, and 21 mW. (c),
(d) Net internal gain as a function of pump power at (c) 1531.6 nm and
(d) 1550 nm.

excitation and stimulated emission of Er3+ ions in these strongly
confined waveguides. Figure 3(c) shows the measured net inter-
nal gain as a function of pump power. At small pump powers,
the optical gain increases rapidly and becomes sufficient to
compensate for the internal loss at pump powers<1 mW. The
optical gain starts to see saturation behavior at pump powers
>10 mW. We have also characterized the gain performance
of our Er:LNOI waveguide amplifier at the signal wavelength
of 1550 nm (signal power= 5.8 nW). As shown in Figs. 3(b)
and 3(d), similar signal amplification phenomena could be
observed at 1550 nm, but with lower gain than 1531.6 nm.
A maximum net internal gain of 1.8 dB is achieved at a pump
power of 21 mW, corresponding to a net gain per unit length of
3.6 dB/cm. Further reducing the waveguide scattering loss by
optimizing the fabrication process could potentially improve
the net gain by another 1 dB/cm.

We further characterize the operation dynamic range of our
Er:LNOI waveguide amplifier by increasing the signal power
until the system reaches the saturated-gain regime. With a fixed
pump power of 21 mW, the net internal gain gradually drops
with increasing signal power, from the small-signal value of
∼5 dB to a final value of 0.5 dB at−10 dBm signal, as is shown
in Fig. 4(a). Considering the internal loss of 1 dB, the 0.5 dB net
internal gain still corresponds to a significant power amplifica-
tion (∼40% increase from a pump-off scenario), indicating a
signal power dynamic range of at least 50 dB. Using these data,
we estimate the internal conversion efficiency η of our Er:LNOI
amplifier, which is defined as

η= 100%× (Psignal,on − Psignal,off)/Ppump, (2)

where Ppump is the launched pump power, and Psignal,on and
Psignal,off are the output signal powers with and without pump
light injection, respectively. Note that η here corresponds to the
nominal gain rather than net gain, since the generated power
for compensating the initial internal loss is also converted from
980 nm by the Er3+ ions. As Fig. 4(b) shows, the measured
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Fig. 4. (a) Dependence of net internal gain on signal power.
(b) Measured internal conversion efficiency (blue dots) as a function
of signal power. Red-dashed line shows the linear trend according to
small-signal gain.

conversion efficiency increases linearly with the signal power
in the small-signal regime, then gradually deviates from the
linear trend since the excited-state Er3+ ions are consumed
substantially by the signal light in the saturated-gain regime.
At the maximum signal power of 100 µW, the internal conver-
sion efficiency achieves a value of 0.2%, which is not yet fully
saturated. We expect the saturated conversion efficiency in our
current devices to be∼1%. The conversion efficiency as well as
signal amplification performance could potentially be further
improved in future work by increasing the Er3+ doping concen-
tration, optimizing the pump wavelength and device length, as
well as using improved waveguide designs.

In conclusion, we have demonstrated an Er:LNOI waveguide
amplifier with maximum net internal gain of 5.2 dB achieved
in a 5 mm long device. During the preparation of this Letter,
we noted that a similar Er:LNOI waveguide amplifier work was
posted as an arXiv preprint [32], where the authors have demon-
strated similar amplification results using a different waveguide
fabrication approach. Our efficient and compact waveguide
amplifiers could provide solutions for a long-awaiting missing
piece, active gain elements, in the LNOI photonic platform.
Combining them with existing passive LNOI elements on
the same chip, e.g., by selective-area pumping or doping,
could enable a variety of loss-sensitive applications in opti-
cal communications and microwave photonics. The added
gain functionality could also provide new functional degrees
of freedom that could enable novel photonic systems such as
parity-time symmetric systems.
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