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The ability to amplify optical signals is of paramount importance in photonic integrated circuits (PICs). Recently,
lithium niobate on insulator (LNOI) has attracted increasing interest as an emerging PIC platform. However, the
shortage of efficient active devices on the LNOI platform limits the development of optical amplification. Here,
we report an efficient waveguide amplifier based on erbium and ytterbium co-doped LNOI by using electron
beam lithography and an inductively coupled plasma reactive ion etching process. We have demonstrated that
signal amplification emerges at a low pump power of 0.1 mW, and the net internal gain in the communication
band is 16.52 dB/cm under pumping of a 974 nm continuous laser. Benefiting from the efficient pumping fa-
cilitated by energy transfer between ytterbium and erbium ions, an internal conversion efficiency of 10% has been
achieved, which is currently the most efficient waveguide amplifier under unidirectional pumping reported on the
LNOI platform, to our knowledge. This work proposes an efficient active device for LNOI integrated optical
systems that may become an important fundamental component of future lithium niobate photonic integration
platforms.  © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.497947

1. INTRODUCTION

The ability to amplify optical signals holds vital importance in
the fields of science and technology. Typically, signal amplifi-

wide transparent window and relatively high refractive index
[3,4]. LN on insulator (LNOI) has strong optical constraints
and retains good bulk characteristics, making it the main thin
film platform for building chip integrated devices [5-8]. In the
past few years, significant advancements have been made in the
development of frequency comb sources [9,10], electro-optic
modulators [11,12], frequency converters [13], and photode-
tectors [14] based on the LNOI platform. However, due to
the indirect bandgap structure of LN, it is difficult to achieve
active optical gain, an important function in PICs. A promising
solution for developing active devices based on LNOI is to dope
rare-carth ions into LN. In recent years, significant progress has
been made in the integration of active components such as am-
plifiers [15-19] and lasers [20-26] based on the Er’* doped
LNOI platform, demonstrating the enormous potential for
achieving high-performance scalable light sources on the
LNOI platform.

Considering the relatively weak pump absorption caused

cation is achieved using rare-earth doped optical fibers or gain
media based on III-V semiconductors [1]. An erbium (Er)
doped fiber amplifier exhibits characteristics such as low non-
linearity and low noise amplification, which can cover the wide
gain of C-band and L-band of telecommunications. It is the
basis of the current long-distance optical fiber optical wave
system. Compared with III-V semiconductors, rare-earth ions
doped materials have the advantages of longer excited state life-
times and less refractive index change caused by doped ion ex-
citation, which promotes in-depth research on the photonic
integrated circuits (PICs) of Er’* doped waveguide amplifiers
and lasers with various passive components on a chip-scale
platform [2].

Lithium niobate (LiNbO3, LN) is considered one of the

most promising photonic materials due to its excellent
electro-, nonlinear- and acousto-optic properties, as well as its

2327-9125/23/101733-05 Journal © 2023 Chinese Laser Press

by the small absorption cross section of Er’* at 980 nm,
co-doping with ytterbium (Yb*>*) with a larger absorption cross
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section can effectively enhance the pump absorption at 980 nm
[2,27]. When Yb?t combines with Er>T in the same host, the
excited Yb?T can transfer its energy to adjacent Er’T, improv-
ing pump efficiency [28-30]. To date, an Er/Yb** co-
doped amplifier has not been demonstrated on the LNOI
platform.

In this paper, Er*T/Yb** co-doped LNOI waveguide am-
plifiers are first fabricated by electron beam lithography (EBL)
and inductively coupled plasma reactive ion etching (ICP-RIE)
processes. A’ 5 mm Er’* /Yb>" co-doped waveguide amplifier
has a net internal gain of 16.52 dB/cm at a signal wavelength of
1531 nm, and a power conversion efficiency of up to 10% be-
tween 980 and 1550 nm, representing the highest value with
unidirectional pumping among Er** doped LNOI waveguide
amplifiers to date. Furthermore, by analyzing the material
properties of Er’* /Yb** co-doped, Er** doped, and Yb3*
doped LN crystals, the effect and advantages of co-doping
are clarified.

2. FABRICATION

Fabrication of the Er’* /Yb** co-doped LNOI waveguide am-
plifiers starts from a Z-cut LNOI wafer that was ion-sliced from
an Er’* /Yb** co-doped LN crystal grown by the Czochralski
method. The preparation process is mainly divided into six
steps, as shown in Fig. 1. First, an LN boule with a doping
concentration (mole fraction) of 0.6% Er and 1.0% Yb was
cut into wafers. Second, LNOI wafers were prepared using
“smart-cut” technology in cooperation with NanoLN. The
thicknesses of the Er’* /Yb* co-doped LN (LN:Er,Yb), sili-
con-dioxide buffer layer, and silicon substrate are 0.6, 2.0, and
500 pm, respectively. Then a layer of hydrogen silsesquioxane
(HSQ) was spin-coated on the wafer. Subsequently, the wave-
guide mask was patterned by EBL. Next, an ICP-RIE machine
with argon plasma etching was used to transfer the mask pat-
terns into the Er’* /Yb?* co-doped LN film, resulting in ridge
waveguides with a 400 nm etching depth and 60° wedge angle.
Then, the chip was immersed in a buffered oxide etchant
(BOE) solution for 5 min to remove the residual resist mask.
Last, the chip facets were cleaved mechanically to ensure effi-
cient fiber-to-chip coupling.
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Fig. 1. Schematic of the fabrication process for Er**/Yb3*
co-doped LNOI waveguides.
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Fig. 2. SEM images of the (a) cross section and (b) longitudinal
section of Er*™ /Yb3* co-doped LN waveguide. Simulated electric
field distribution of single mode in the LN waveguide at (c) 4 =
974 nm and (d) 4 = 1531 nm.

Figures 2(a) and 2(b) present scanning electron microscope
(SEM) images of the cross section and longitudinal section of
the fabricated Er’* /Yb?* co-doped LN waveguide. The final
length and top width of the straight waveguide are about 5 mm
and 1.5 pm, respectively. Based on the structural parameters of
the waveguide, we calculated the mode distribution of the basic
transverse electrical modes at the pump (~974 nm) and signal
(~1531 nm) wavelengths, as shown in Figs. 2(c) and 2(d). The
micrometer level ridge shaped LNOI waveguide has a high re-
fractive index contrast, resulting in light field limitations in
both the 980 and 1550 nm bands.

3. CHARACTERIZATION

The experimental setup shown in Fig. 3 was used to investigate
the optical amplification performance of the Er’* /Yb®* co-
doped LNOI waveguides. A continuous laser at 974 nm
and a continuous-wave C-band tunable laser operating in the
1550 nm band were selected as the pump and signal, respec-
tively. Before the pump and signal were launched into the chip,
a variable optical attenuator (VOA), optical coupler (OC), and
polarization controller (PC) were connected into the optical
path to adjust the pump and signal power, split the light into
two paths, and optimize the polarization state with as much
energy as possible in the TE fundamental mode in the wave-
guide, respectively. The pump and signal were combined by a
wavelength division multiplexer (WDM) and launched into
the Er?* /Yb®* co-doped LNOI waveguide via a lensed fiber.
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Fig. 3. Schematic of the experimental setup for characterization of

Er’* /Yb?+ co-doped LNOI waveguide amplifiers.
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Then, the amplified signal from the chip output facet was
collected through a lensed fiber and emitted into an optical
spectrum analyzer (OSA) to detect the optical amplification
performance of the LNOI waveguide. Simultaneously, the
pump/signal powers sent from the second port of OC were
monitored by a power meter (PM).

Before characterizing the net internal gain of the Er** /Yb? T
co-doped LN amplifier, we need to use the resonator Q-analysis
method to characterize the pump light and signal light propa-
gation losses of the waveguide. Er** /Yb®>" co-doped LN mi-
croring resonators with a radius of 100 pm were fabricated on
the same chip in the same batch using the same waveguide
parameters. As shown in Fig. 4, whispering-gallery modes at
resonance wavelengths of 974 and 1531 nm were chosen for
the measurement of the loaded Q factor by fitting the trans-
mission curves with a Lorentz function, giving 2.03 x 10° and
1.43 x 10° loaded Q, respectively. According to the gap be-
tween the microring and waveguide, it was inferred that the
980 nm band was under-coupled and the 1550 nm band was
over-coupled [31], so the intrinsic quality factors Q; were
3.64x10° and 3.94 x10°, respectively. The group index

ng at the relevant wavelength was calculated by 7, =

22/(2zR - FSR), where R and FSR are the microring radius
and free spectral range. Consequently, the propagation loss co-
efficient @ was estimated to be 1.85 dB/cm at 974 nm and
1.08 dB/cm at 1531 nm, according to

_ 2mng )
a=- Q.

It is worth noting that the propagation loss is mainly com-
posed of waveguide scattering loss caused by sidewall roughness
and absorption loss of Er and Yb ions. Considering the chip
propagation loss and fiber-to-fiber insertion loss, we estimate
that the fiber-to-chip coupling losses were 9.73 and 8.66 dB
per facet at wavelengths of 974 and 1531 nm, respectively.
The high coupling loss is caused by the unoptimized mode field
distribution in LN waveguides and lensed fibers. Based on the
above calibration results, this paper refers to the pump power
and signal power as on-chip power.

The net internal gain of the Er** /Yb?T co-doped LN wave-
guide amplifier was obtained by

P
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Fig. 4. Optical transmission spectra of Er’T /Yb?* co-doped LNOI
microring resonators on the same chip in (a) 980 nm band and
(b) 1550 nm band. The Lorentz fit (red line) shows 2.03 x 10°
and 1.43 x 10° loaded quality factors near 974 and 1531 nm, respec-
tively. (The inset shows the SEM image of a microring resonator with a
radius of 100 pm used for testing in the 1550 nm band.)
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in which P, and P,g denote the output signal power in pump-
on and pump-off cases with coupling loss deducted, and a and
L respectively represent propagation loss at the signal wave-
length and waveguide length. Therefore, al is estimated
as 0.54 dB.

Figure 5(a) shows the evolution of the measured signal spec-
trum with an increase of pump power at a fixed signal power.
The dependence of net internal gain on the pump power of the
integrated amplifier with a fixed signal power ~28 nW at
1531.3 nm is shown in Fig. 5(b). It can be observed that the
signal begins to be amplified at a lower pump power
(~0.1 mW). The initial net internal gain rapidly increases with
pump power. Subsequently, when the pump power is greater
than 1 mW, the net gain tends to saturate. Continue to increase
the pump power, and the net internal gain remains stable. A
maximum net internal gain of 6.87 dB is achieved at a pump
power of 6.20 mW, corresponding to a net gain per unit length
of 13.74 dB/cm. Compared to Er*™ doped LN straight wave-
guide amplifiers of the same length, the net internal gain is sig-
nificantly improved at a low signal optical power.

In addition, we characterized the gain dependence of the
waveguide amplifier on the signal power, as shown in Fig. 5(c).
The fixed pump power is 6.20 mW, and the signal power is
adjusted from -48 to -7 dBm. When the signal power is ap-
proximately -48 dBm, the maximum net internal gain is
~8.26 dB (16.52 dB/cm). Notably, with the increase of signal
power, gain saturation can be observed, which is due to the
depletion of the excited state population of Er ions. On this
basis, we further estimated the internal conversion efficiency
n of the Er’* /Yb’" co-doped LN waveguide amplifier by
the following equation [16]:
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Fig. 5. (a) Measured signal spectra at ~1531.31 nm with increasing
pump powers of 0, 0.21, 0.46, 2.96, and 6.20 mW. (b) Dependence
of net internal gain on pump power at a fixed on-chip input signal
power of ~28 nW. (c) Net internal gain as a function of increasing
signal power at a fixed pump power of ~6.20 mW. (d) The measured
internal conversion efficiency (purple dot) is used as a function of sig-
nal power. The red dashed line shows a linear trend based on small
signal gain.
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where P, is on-chip input power with coupling loss de-
ducted. As depicted in Fig. 5(d), the measured conversion ef-
ficiency increases linearly with signal power in the small signal
regime, and then gradually deviates from the linear trend as the
signal optical power increases. At a maximum signal power of
-15 dBm, the internal conversion efficiency reached 10%. The
internal conversion efficiency is currently the highest reported
value for on-chip Er’* doped LNOI waveguide amplifiers.
This result is mainly due to the co-doping of Yb®>*, which im-
proves pump efficiency through energy transfer.

To study the superiority of 0.6% Er** and 1.0% Yb®>* co-
doped LN (LN:Er,Yb), we grew 0.6% Er** doped LN (LN:Er)
and 1.0% Yb** doped LN (LN:Yb) by the Czochralski method
and used Z-cut wafers for exploration. Figure 6(a) shows the
infrared absorption spectra of LN:Er,Yb, LN:Er, and LN:Yb
by infrared absorption spectrometry. It can be clearly seen that
the absorption band of LN:Er,Yb is the superposition of the
absorption bands of LN:Er and LN:Yb, which can be excited
over a wider range and has higher absorption in the 980 nm
band, resulting in higher pump efficiency. Figure 6(b) shows
the infrared photoluminescence (PL) emission spectra of
LN:Er,Yb, LN:Er, and LN:Yb under 980 nm excitation at high
pump power. It can be observed that the peaks of LN:Er and
LN:Yb are at 1531 and 1062 nm, respectively. At this point,
the peaks of LN:Er, Yb are close to LN:Er in the 1550 nm band.
However, at lower pump power, the peaks of LN:Er,Yb are
much higher as shown in the illustration. It indicates that the
co-doping of Yb** enormously improves the pump efficiency.
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Fig. 6. (a) Infrared absorption spectra of Er**/Yb** co-doped,
Er** doped, and Yb?* doped LN. (b) Infrared emission spectra of
Er+ /YB3t co-doped, Er3t doped, and Yb3t doped LN under
980 nm excitation at high pump power. The inset shows the infrared
emission spectra of Er** /Yb?T co-doped and Er** doped LN at lower
pump power. (c) Decay curves of the Yb®* emission at 1062 nm in
Er?* /YT co-doped and Yb®>* doped LN, excited under 980 nm.
(d) Decay curves of the Er’* emission at 1531 nm in Er?*/Yb>*
co-doped and Erdt doped LN, excited under 980 nm.
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The decay behavior of LN:Er,Yb and LN:Yb transitions
measured by a time-correlated single-photon counting method
at Yb>* (A, = 980 nm) at 1062 nm is shown in Fig. 6(c). All
attenuation curves can be well fitted by a function of time
I(z) = Ae/7, where A denotes the fitting amplitude, and 7
represents decay time. The emission decay times of Yb>* in
LN:Er,Yb and LN:Yb are 0.40 and 0.64 ms, respectively.
Energy transfer leads to faster decay of Er’* /Yb3* co-doped
LN, that is, the energy transfer to Er?t constitutes an addi-
tional decay channel of Yb>* in its excited state. Based on this,
we estimated the energy transfer efficiency from Yb** to Er’™
by £ =1 - 75, vi,/7yy, [32], where 75, vy, and 7y, are the emis-
sion decay times of Yb?T in LN:Er,Yb and LN:Yb, respectively.
The energy transfer efficiency is approximately 37.5%, which
makes pumping in the 980 nm band more efficient. The decay
behavior of LN:Er,Yb and LN:Er transitions measured at Er**
(Ax = 980 nm) at 1531 nm is shown in Fig. 6(d). Er" has
emission decay times of 3.52 and 3.77 ms in LN:Er,Yb and
LN:Er, respectively. Er** /Yb®>* co-doping did not significantly
change the lifetime of Er>*. In our opinion, the reason may be
that Yb*>* has a large absorption cross section, which can absorb
more pump energy and then transfer it to Er’", so that more
Er’" ions are excited. Compared with the 980 nm pump di-
rectly excited ErT, the effect of co-doping Yb** is equivalent

to increasing the pump power and hardly affects the lifetime
of Er*t.

4. CONCLUSIONS

In summary, we manufactured on-chip Er’*/Yb?* co-doped
LNOI waveguide amplifiers for the first time using EBL and
ICP-RIE processes. Under pumping in the 980 nm band, the
communication band amplifier achieved a maximum net inter-
nal gain of approximately 16.52 dB/cm in a 5 mm long wave-
guide amplifier. Due to the efficient pumping that promotes
energy transfer between Yb and Er ions, the demonstrated am-
plifier can achieve signal amplification at a low pump power of
0.1 mW and has a high internal conversion efficiency of 10%
under unidirectional pumping. Compared with Er** doped
amplifiers, the internal conversion efficiency is greatly im-
proved. By analyzing the material properties, it was confirmed
that the energy transfer from Yb®>* to Er*" in LN:Er,Yb re-
sulted in higher pump efficiency in the 980 nm band. In ad-
dition, by further optimizing the co-doping concentration of Er
and Yb ions to achieve higher gain, growing crystals with better
optical uniformity to reduce material losses, and designing a
more suitable waveguide geometry to allow for high-power
amplification, it is expected that the Er**/Yb*T co-doped
LNOI waveguide amplifier will exhibit better amplification
performance.
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