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The commercialization of lithium niobate on insulator (LNOI) wafer has resulted in significant on-chip photonic integration
application owing to its remarkable photonic, acousto-optic, electro-optic, and piezoelectric nature. In recent years, a variety of
high-performance on-chip LNOI-based photonic devices have been realized. In this study, we developed a 1-mol% erbium-doped
lithium niobate crystal and its LNOI on a silicon substrate and fabricated an erbium-doped LNOI microdisk with high quality
factor (~ 1.05x 10° ). C-band laser emission at ~1530 and ~1560 nm (linewidth 0.12 nm) from the high-Q erbium-doped LNOI
microdisk was demonstrated with 974- and 1460-nm pumping, with the latter having better thermal stability. This microlaser
would play an important role in the photonic integrated circuits of the lithium niobate platform.
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1 Introduction

Lithium niobate on insulator (LNOI) has been a research
hotspot in recent years. Owing to the excellent physical
properties of lithium niobate (e.g., nonlinearity, electro-optic,
acousto-optic, and piezoelectric effects), many on-chip de-
vices have been developed, such as a frequency doubler, mod-
ulator, and filter [1-10]. To realize the complete photonic in-
tegrated circuits (PICs) on lithium niobate (LN) chips and
meet the requirements of future high-speed optical commu-
nications, a C-band light source on LN chips urgently needs
to be developed. It is known that rare earth erbium ion dop-
ing can produce lasers in the C-band, and many types of
Er**-doped lasers based on waveguides have been developed
[11,12]. However, these Er3+-doped lasers are difficult to
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integrate on-chip. Considering that the on-chip laser requires
a small footprint for PICs, a high-quality-factor whispering
gallery mode microdisk or microring resonator lasers are a
good choice [13-19]. Therefore, an erbium-doped microdisk
laser on an LN chip may benefit the research on PICs. No-
tably, Er** doping of LNOI by ion implantation has been
achieved in a previous study; however, owing to the low dop-
ing concentration and nonuniform distribution of Er’*, the
device does not exhibit good laser output characteristics [20].
Herein, we directly grew the erbium-doped LN crystal and
transformed it into an LNOI wafer. Then, a 150-um-diameter
microdisk cavity was fabricated on Er**-doped 600-nm-thick
z-cut LNOI, and the C-band laser output from the microdisk
was observed. The laser thresholds of 974- and 1460-nm
pumps were 2.99 and 9.31 mW, respectively. The LNOI light
source is a big step forward in the development of LN PICs.
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2 Fabrication

1% mol Er** ion is doped into LN during the crystal growth
process, as shown in Figure 1(a). The Er**-doped 600-nm-
thick z-cut LNOI, with 2-pum silica and 400-pm silicon sub-
strate, is fabricated by the smart-cut method from a 3-inch
wafer [21], as shown in Figure 1(b)-(d). The microdisk with a
150-pum-diameter was fabricated by focused ion beam (FIB)
milling (ZEISS Auriga), as shown in Figure 1(f). After FIB
milling, a microring scanning pattern was used to remove
residue at the edge of the microdisk, which allows to obtain
a smooth sidewall and achieve high optical Q factor. Then,
the sample was immersed in a buffered oxide etching (BOE)
solution to form a silica pedestal under the Er**-doped LNOI
microdisk, as shown in Figure 1(g) and (h). Typically, a sil-
ica pedestal has a nearly round border after BOE owing to
the isotropic corrosion of silica. However, in our device, we
observed that the silica pedestal was not a regular circle. This
occurred because silicon dioxide in the intermediate layer is
not uniformly bonded to Er**-doped LN. Moreover, further
steps (e.g., chemo-mechanical polishing) can help achieve a
higher Q factor [22-24] owing to the smoother surface mor-

phology.

3 Results and discussion

Figure 2(a) shows the experimental setup. First, the Q factor
of the Er**-doped LNOI microdisk was characterized using
a C-band tunable continuous-wave laser (New Focus TLB-
6728, linewidth < 200 kHz, 1520-1570 nm). A polarization
controller was used to control the polarization of the input
light. The tapered fiber, which was made using the heating
and pulling method, was used to couple light into and out of
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the Er**-doped LNOI microdisk. The waist diameter of the
tapered fiber was approximately ~1 pm.

The Er**-doped LNOI microdisk was placed on a preci-
sion 3D nanostage, which was positioned under an optical
microscope. Thus, we could readily adjust the contact point
and distance between the tapered fiber and the Er**-doped
LNOI microdisk to optimize the coupling efficiency or con-
trolling the lasing wavelength [13]. Then, the transmitted
light from the tapered fiber was linked to an InGaAs photode-
tector (PD) and an oscilloscope (OSC) to monitor the trans-
mission spectrum.

We scanned the C-band laser wavelength from 1550 to
1560 nm under loading with a relatively low optical power,
which was sufficient for measuring the transmission spectrum
of the microdisk, to avoid interference from thermal effects.
The transmission spectrum of the microdisk is shown in Fig-
ure 2(b). The Q factor of the mode indicated by a dotted black
frame in Figure 2(b) was measured to be 1.05 x10°, shown in
Figure 2(c), which was slightly lower than our previous mi-
crodisk resonator [25] owing to the absorption of doped Er**.
Then, we used 974- and 1460-nm LD light sources (Golight
Co., Ltd) to achieve efficient laser emission in the Er**-doped
LNOI microdisk, as shown in Figure 2(a). The strong green
emission was observed by a CCD camera, as shown in the
inset in Figure 3(a).

The spectrum was measured by an optical spectrum ana-
lyzer (200-1100 nm) under 974-nm pump, as shown in Figure
3(a). Notably, the spectrum under 1460-nm pump is similar
to that under the 974 nm pump. Green and red emissions
are produced by the cooperation up-conversion (CUC) and
excited-state absorption (ESA) of the 974-nm pump, respec-
tively, as shown in Figure 3(b) (i). Figure 3(b) (ii) shows that
the second-order CUC of the 1460-nm pump generates green

() (d)
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Buffered oxide etching (BOE) Er:.LNOI microdisk

(Color online) (a)-(d) Er**-doped LNOI fabrication process, where (a), (b), and (d) are images of real samples. (e)-(h) Microdisk fabrication
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Figure 2 (Color online) (a) Schematic of the experimental setup; (b)

transmission spectrum of the 150-pm-diameter Z-cut Er3*-doped LNOI mi-
crodisk from 1550 to 1560 nm; (c) Lorentzian fitting of a measured mode
around 1554.42 nm indicated by a dotted black frame in (b), exhibiting a Q
factor of 1.05 x10°.

and red emissions [26].

The Er**-doped LNOI microdisk laser spectrum was mea-
sured with optical spectrum analyzer (0.6-1.75 um). Fig-
ure 4(a) shows the laser spectrum at the C-band, pumped
by a 974-nm laser. The observed linewidth was 0.12 nm,
as shown in Figure 4(b) and (c). The laser output power at
1531.6 nm was recorded versus the pump power. The thresh-
old and slope efficiency were calculated to be 2.99 mW and
4.117x107°, respectively, as shown in Figure 4(d). The laser
spectrum at the C-band, pumped by a 1460-nm laser, was also
measured, as shown in Figure 4(e); the calculated threshold
and slope efficiency of the 1531.6-nm laser were 9.31 mW
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and 3.15x107°, as shown in Figure 4(h), respectively. The
observed linewidth was 0.14 nm, as shown in Figure 4(f) and
(g). As shown in Figure 4(e), laser emission is considerably
different when the pump power is changed. This can be ex-
plained by the mode competition in inhomogeneous broad
lasers. Owing to the small frequency distance between adja-
cent resonance modes in this relatively large multimode mi-
crodisk, mode competition appears with an increase in the
pump power, which leads to the change in laser wavelength
[27]. Note that the laser slope efficiency under the 1460-nm
pump is higher than that under the 974-nm pump, which may
be caused by the different coupling efficiencies of the two
pump lasers. We may introduce chaos into the microdisk to
improve the coupling efficiency of the 1460-nm pump [18].
When measuring the threshold, we determined that the
laser wavelength drifts with a change in the pump power. For
the convenience and accuracy of the experiment, we chose a
laser wavelength of approximately 1560 nm. With the pump
at 974 nm, a single laser emission at approximately 1560 nm
exhibited a red-shift with an increase in the pump power, as
shown in Figure 5(a). The laser wavelength linearly drifted
with the pump power at the slope of 47.9 pm/mW, as shown
in Figure 5(b). The red-shift arises from the temperature in-
crease in the microdisk, which is related to the pump laser.
An extra temperature-control device may reduce the red-shift.
With 1460-nm laser pumping, the laser emission wave-
length at approximately 1561-nm exhibited a drift, as shown
in Figure 5(c). The linear wavelength drift with the pump
power was also calculated at the slope of 22.5 pm/mW, as
shown in Figure 5(d). By comparing the wavelength drift
slope, we observed that pumping with a 1460-nm laser pro-
vided better thermal stability. This occurred because the
974-nm pump laser included an ESA process that could store
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(Color online) (a) Visible emission spectrum at 974-nm pumping of the Er’*-doped LNOI microdisk. The two insets show the optical microscope

images of visible emission from the Er’*-doped LNOI microdisk, with 974- and 1460-nm laser pumping, respectively. (b) Energy levels of Er** involved in
up-conversion emission. (i) First-order CUC and ESA; (ii) second-order CUC.
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(Color online) Er**-doped LNOI microdisk laser spectrum and threshold characteristics. (a) Observed laser spectrum with the 974-nm pump; (b),

(c) laser linewidth with the 974-nm pump; (d) relationship between emitted laser power and the 974-nm pump power; (e) observed laser spectrum with the
1460-nm pump at different pump powers; (f), (g) laser linewidth with the 1460-nm pump; (h) relationship between the emitted laser power and the 1460-nm

pump power.
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Figure 5 (Color online) Laser wavelength drift with different pump powers. (a), (c) Measured laser wavelength with different pump power; (b), (d) linear fit

of the laser wavelength drift.
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more pump laser energy in the microdisk. However, this phe-
nomenon requires further study.

4 Conclusions

In summary, a high-Q Er**-doped LNOI microdisk was fab-
ricated. By pumping with 974-nm and 1460-nm lasers, both
visible and C-band laser emissions were observed. The C-
band laser threshold with the 974-nm and 1460-nm pumps
was 2.99 and 9.31 mW, respectively. The laser wavelength
drift with a change in the power of the 974- and 1460-
nm pumps was also calculated and analyzed. Combining
the properties of doping erbium with the excellent nonlin-
ear, electro-optic, acousto-optic, and integrated properties of
LNOI, the development of many classes of new and higher
functional devices can be expected in PICs such as on-chip
LN amplifier and tunable laser.
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