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Nearly vertically emitted nonlinear light sources with high
efficiencies enabled by high-Q nearly-degenerate polygon
modes
Chuntao Li1,2, Yingnuo Qiu3,4, Renhong Gao2, Lingling Qiao3, Jielei Ni5*, Min Wang2, Jintian Lin3,4* and Ya Cheng1,2*

 

Abstract: Vertically emitted integrated light sources, typically constrained to a narrow bandwidth, play a pivotal role
in  optical  displays,  telecommunications,  integrated  quantum  information  processing,  and  terahertz  photonics.
Achieving transversely emitted nonlinear light sources with high efficiency is  essential  for extending the integrated
coherent  emission  wavelength  and  facilitating  the  interface  between  free  space  optics  and  photonic  integrated
circuits.  However,  this  remains  challenging  due  to  the  difficulty  in  transverse  phase  matching.  In  this  work,  nearly
vertically  emitted  light  signal  is  observed  in  a  thin-film  lithium  niobate  (TFLN)  microresonator  by  exciting  high-Q
nearly-degenerate square modes. Such modes are formed in the TFLN microresonator by introducing weak perturba-
tion  by  a  tapered  fiber,  significantly  enhancing  Rayleigh  backscattering  of  the  forward  pump  light,  and  simultane-
ously facilitating nonlinear interactions with high mode field overlap factors. Under pumping the high-Q square mode
with  a  unidirectionally  injected  continuous-wave  laser  at  1555  nm,  bi-directionally  propagating  stimulated  Raman
scattering (SRS) signals are generated at 1721 nm, achieving threshold powers as low as 0.43 mW and high conver-
sion  efficiencies  up  to  32%.  Furthermore,  a  nearly  vertically  emitted  nonlinear  light  source  at  817  nm  is  demon-
strated via transverse-phase matched sum-frequency generation between the pump and SRS signals in the counter-
propagating configuration, attaining a conversion efficiency of 0.272%/mW. This transverse-phase matching nonlin-
ear  interaction in  counterpropagating  configuration not  only  effectively  extends  the spectral  coverage of  vertically
emitted integrated light sources,  but also advances the development of  the integrated classical  and quantum light
sources.

Keywords: thin-film  lithium  niobate; stimulated  Raman  scattering; sum-frequency  generation; phase  matching;
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 1    Introduction
Vertically  emitted  integrated light  sources,  such as  vertical-
cavity surface-emitting lasers1, offer high brightness and have
been recognized as essential components in optical displays,
telecommunications,  integrated  quantum  light  sources,
photonic  integrated  circuits,  and  terahertz  photonics2−6.

Their  emission  wavelengths,  however,  are  typically
constrained  by  the  limited  gain  bandwidth  of  the  semicon-
ductor  materials,  resulting  in  a  narrow  operating  range.  In
particular, vertically emitted integrated light sources operat-
ing  around  810  nm  which  is  a  wavelength  highly  sought
after  for  precision  atomic,  molecular  and  optical  (AMO)
physics,  related  quantum  technologies,  and  laser  surgery,
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remain scarce7−9.
Nonlinear  optical  frequency convertors  have  been exten-

sively  used  to  extend  the  emission  wavelength  in  both  the
benchtop  and  integrated  optical  systems10−14,  and  could  in
principle  enhance  the  emission  bandwidth  of  the  vertically
emitted light sources. Yet the incorporation of such conver-
tors  with  vertically  emitted  integrated  light  sources  on  a
single chip remains exceptionally challenging, primarily due
to  the  difficulties  in  heterogeneous  integration  of  semicon-
ductor materials and optical crystalline materials.

To  address  this  issue,  recent  efforts  have  utilized  high-Q
whispering gallery microresonators to generate octave-span-
ning  nearly  vertically  emitted  nonlinear  light  sources  on
thin-film  lithium  niobate  (TFLN)  platforms15,  leveraging
stimulated  Raman  scattering  (SRS)  and  second-order
nonlinear  processes  in  TFLN  microresonators  through  a
transverse  phase  matching  configuration  assisted  by  self-
organized photorefractive gratings (SPGs). It is worth noting
that  the  outstanding  material  properties  featuring  large
second-order  nonlinearity  (d33~27  pm/V),  strong  Pockels
effect,  large  band  gap,  wide  transparency  window
(0.35–5 μm),  and  tight  optical  confinement  have  endowed
TFLN  as  one  of  the  most  important  photonic  platforms,
which lay the foundation for extending spectral coverage of
the  integrated  vertical-cavity  surface  emitting  light  sources
enabled  by  nonlinear  frequency  conversion  and  electro-
optic  tuning.  Despite  this  progress,  nonlinear  interaction
between the pump laser and the generated SRS in a counter-
propagating  configuration  has  not  yet  been  demonstrated.
In  addition,  light  emission  around  810  nm  remains
unattainable, and the accessible spectral coverage of vertical
nonlinear  light  emission  was  sparse.  Moreover,  the  heavy
dependence  on  cascaded  SRS  processes  considerably
increases  experimental  complexity,  thereby  restricting  the
practical applicability of this approach.

In  this  work,  a  transverse-phase  matching  nonlinear
interaction  in  a  counterpropagating  configuration  is
employed  to  overcome this  issue16,17.  High-Q nearly-degen-
erate  square  modes  are  coherently  induced  in  an  X-cut
TFLN  microdisk  resonator  through  weak  perturbation
introduced  by  coupling  with  a  tapered  fiber18,19,  which
significantly  enhances  Rayleigh  backscattering  of  unidirec-
tionally injected pump light and facilitates nonlinear interac-
tion with high mode field overlap factors (>80%)19,20. Under
pumping of the square mode at 1555 nm, counter-propagat-
ing  pump  signals  are  observed,  which  further  trigger  SRS
process  in  the  microresonator.  Forward  and  backward  SRS
signals  are  observed  at  1721  nm  with  a  low  threshold  of
0.43 mW.  Furthermore,  a  nearly  vertically  emitted  light
source  at  817  nm  is  realized  via  transverse-phase  matched
sum-frequency  generation  between  the  pump  and  the  SRS
signals  in  counterpropagating  configuration,  achieving  a
conversion efficiency of  0.272%/mW. This  result  will  facili-
tate  the  construction  of  highly  efficient  nonlinear  optical
light  sources  with  extended  spectral  coverage  and  broad-
ened photonic applications.

 2    Demonstration of nearly vertically
emitted integrated nonlinear light
sources around 810 nm

 2.1  Experimental setup

 2.1.1  Fabrication of high-Q X-cut thin-film lithium
niobate microdisk resonators

Commercially  available  X-cut  lithium  niobate  on  insulator
(LNOI) wafers with an 800-nm-thick TFLN layer were used
to fabricate the suspended microdisk resonators. The disper-
sion engineered microresonators with a diameter of approx-
imately  65.9  μm  and  a  thickness  of  approximately  750  nm,
were  fabricated  using  femtosecond  laser  photolithography
assisted  chemo-mechanical  etching  (PLACE)  technique.
Detailed fabrication procedures can be found in ref.20−22.

 2.1.2  Experimental setup for the generation of nonlinear
processes and the Q-factors measurement

Figure 1 illustrates the experimental setup for generating the
vertically  emitted  nonlinear  light  from  the  dispersion  engi-
neered  TFLN microdisk.  A  tunable  continuous-wave  (CW)
laser  (TLB-6728,  New  Focus  Inc.)  operating  in  the  telecom
band served as  the  pump source,  and its  output  power  was
amplified by an erbium-doped fiber  amplifier  (EDFA).  The
pump power was precisely  controlled using a  variable  opti-
cal  attenuator  (VOA),  and  the  polarization  state  was  opti-
mized by an inline polarization controller (PC) to efficiently
excite  the  transverse-electric  (TE)  modes  in  the  microdisk.
The  pump  light  was  routed  through  an  in-fiber  optical
circulator  (OC)  and  coupled  into  the  suspended  microdisk
via  a  tapered  fiber  with  a  waist  diameter  of  2  μm.  The
tapered  fiber  was  placed  in  contact  with  the  top  surface  at
the periphery of the microdisk to introduce weak perturba-
tion,  enabling  coherent  formation  of  the  nearly  perturbed
high-Q cavity  square  modes.  The  generated  nonlinear  light
signals were coupled out of the microdisk through the same
tapered  fiber,  and  directed  to  an  optical  spectrum  analyzer
(OSA, model: AQ6375B and AQ6370D, Yokogawa Inc.) for
spectral  analysis.  In  addition  to  the  forward-propagating
nonlinear  light  signals,  backward-propagating  pump  light
and  the  nonlinear  light  signals  (e.g.,  backward  SRS)  were
also  generated  by  the  Rayleigh  backscattering  process  and
backward nonlinear processes, respectively. These backward
signals  were  coupled  out  of  the  microdisk  by  the  same
tapered  fiber,  extracted  via  the  OC,  and  analyzed  by  the
OSA. Meanwhile, nonlinear optical radiation emitted nearly
normal  to  the  microdisk  plane  from  the  top  surface  was
collected using an objective lens combined with wavelength-
selective  optical  filters,  and  recorded  by  a  charge-coupled
device  (CCD) camera  or  a  power  meter.  To measure  the Q
factors  of  the  cavity  square  modes,  the  transmitted  signal
from the tapered fiber was detected by a photodetector (PD)
connected  to  an  oscilloscope  by  finely  scanning  the  pump
laser  frequency  across  the  cavity  resonances  using  an
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arbitrary  function  generator  (AFG).  And  to  avoid  exciting
the  nonlinear  optical  processes  and  thermo-optic  effect  in
the microdisk, the pump power was reduced to 5 μW for the
Q factor measurement.

 2.2  Characterization of the nonlinear light sources

When the  pump wavelength  was  tuned  to  1555.42  nm and
the  pump  power  exceeded  the  SRS  threshold,  pronounced
stimulated  Raman  lasing  (SRL)  signals  centered  at
1721.26 nm  were  observed  in  both  the  forward  and  back-
ward propagation directions, as shown in Fig. 2(a) and 2(b).
The  emission  pattern  of  these  SRL  signals  and  the  pump
light from the microdisk was recorded, as shown in the inset
of Fig. 2(a),  clearly  revealing  a  square-patterned  intensity
distribution.  This  polygon  mode  was  formed  through  the
mechanism  of  mode  trimming  and  clustering  in  weakly
perturbed  whispering  gallery  mode  (WGM)  microres-
onators23,  where  the  tapered  fiber  can  act  as  a  localized
dielectric  perturbation  source.  This  dielectric  perturbation
breaks  the  rotational  symmetry  of  the  circular  resonator,
and causes  coherent  recombination of  the quasi-degenerate
inherently spatial WGM sequence of the circular microdisk.
Under  the  current  pump  wavelength  and  fiber  coupling
position,  a  fourfold-symmetric  quasi-degenerate  WGM
sequence  is  selectively  excited,  thereby  forming  a  high-Q
square  mode.  The  output  powers  of  these  two  SRL  signals
dependent  on  the  pump  power  are  depicted  in Fig. 2(c).
Both  SRL  signals  grow  linearly  with  pump  power  above
certain  thresholds,  consistent  with  typical  lasing  behavior.
Distinct threshold behaviors are observed, with thresholds of
0.439  mW  and  0.427  mW  for  the  forward  and  backward
directions, respectively. Above threshold, the output powers
increase  linearly  with  the  on-chip  pump  power,  yielding
slope  efficiencies  of  32.3%  and  21.1%  from  linear  fits,

respectively.  It  is  worth  noting  that  counter-propagating
SRL signals  and  pump signals  coexist  within  the  microdisk
(Fig. 2(a) and 2(b)), which can participate in the subsequent
cascaded nonlinear processes in both the propagating direc-
tions.  When  the  on-chip  pump  power  exceeds  approxi-
mately  3 mW,  a  roll-off  of  the  backward-propagating  SRL
output  power  can  be  observed.  This  phenomenon  can  be
attributed  to  energy  competition  among  coexisting  nonlin-
ear  processes  and  intracavity  thermally  induced  resonance
detuning.  As  the  pump  power  increases,  cascaded  SRS  and
second-order  nonlinear  processes  in  the  microresonator
gradually become stronger, consuming part of the intracav-
ity  pump  energy  and  the  generated  SRL  energy,  thereby
reducing the backward SRL power. In addition, high power
pumping  may  induce  thermo-optic  effects,  leading  to  local
refractive-index  changes  and  resonance  detuning  of  the
cavity  modes,  thereby  weakening  the  multi-resonance
enhancement  in  the  high-Q microresonator.  These  factors
together  lead  to  the  roll-off  of  the  backward  SRL  output
power at high pump power.

To  elucidate  the  mechanism  underlying  the  low-thresh-
old  SRL,  the  temporal  confinement  of  the  optical  fields  in
the  microdisk  resonator  must  be  evaluated.  The  measured
transmission  spectrum  of  the  pump  mode  fitted  with  a
Lorentzian function, is plotted in Fig. 2(d). A mode splitting
with  a  wavelength  spacing  of  0.001  nm  is  observed.  The
loaded Q factors  of  these  two  nearly-degenerated  square
modes  were  measured  to  be  as  high  as  4.48×106 and
4.39×106,  respectively,  enabling  significant  field  enhance-
ment  that  boosts  nonlinear  interactions  with  high  conver-
sion efficiencies. Notably, this mode splitting arises from the
material  inhomogeneity  of  the  X-cut  microdisk  with  an
anisotropic  property,  which  significantly  enhances  the
Rayleigh  backscattering  of  both  the  pump  light  and  the
generated  SRL  signals,  laying  the  foundation  for  the  nearly
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Fig. 1 | Experimental setup for the generation of the nearly vertically emitted integrated nonlinear light sources in the TFLN microdisk. Inset:
Optical micrograph of the microdisk coupled with the tapered fiber.
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vertically emitted nonlinear light sources.
With  efficient  bidirectional  SRL  established,  when  the

pump  power  was  raised  to  above  0.48  mW,  short-wave-
length  nonlinear  signals  below  1000  nm  emerged  in  the
microdisk  resonator. Figure 3(a) presents  the  measured
optical  spectrum  in  the  visible  and  near-infrared  wave-
length  ranges  in  the  forward  propagating  direction.  Several
distinct  spectral  peaks  were  observed  at  777.71  nm,
817.06 nm,  and  860.61  nm.  Based  on  the  energy  conserva-
tion principle, the signal at 817.06 nm was identified as aris-
ing  from  sum-frequency  generation  (SFG)  between  the
pump  and  SRL  waves,  while  the  signals  at  777.71  nm  and
860.61  nm  were  attributed  to  second  harmonic  generation
(SHG)  of  pump  light  and  the  SRL  signal,  respectively.
Notably,  the  output  power  of  the  SFG  signal  was  signifi-
cantly  higher  than  those  of  the  simultaneously  observed
SHG  signals,  indicating  a  more  favorable  phase  matching
condition between the pump and SRL waves.

To quantitatively characterize the SFG process, the output
power  of  the  vertically  emitted  SFG  signal  from  the  top
surface  of  the  microdisk  was  measured as  a  function of  the
square of the on-chip pump power, as shown in Fig. 3(b). A
clear  linear  dependence  above  certain  pump  level  is

Λ′

observed,  yielding  a  total  conversion  efficiency  of
0.272%/mW.  In  addition,  the  scattering  optical  field  distri-
butions  of  the  microdisk  were  characterized  using  the  visi-
ble-light CCD camera, as shown in Fig. 3(c–e). With an 800-
nm short-pass  filter,  the  image  was  dominated  by  the  SHG
of  the  pump  light  showing  a  square  patterned  distribution,
whereas an 800-nm long-pass  filter  primarily  revealed scat-
tering  from  the  SFG  of  the  pump  and  SRL  lights.  Notably,
fine  glow  fringe-like  microstructures  with  a  period  of
approximately 3.51 μm are periodically distributed along the
square-patterned light path, as visible in Fig. 3(e).

 3    Phase matching and mode overlap
analysis

Λ′

Λ′ = λSFG/ (2 × sin θ) λSFG

θ

θ

Because  this  glow  fringe  arises  from  the  interference
between  two  SFG  light  fields  propagating  with  different
wavevectors k,  the  period  satisfies

15.  Here,  is the wavelength of the
SFG signal in vacuum, and  is the angle between either SFG
wavevector k and  the  vertical  direction  (normal)  of  the
microdisk plane. Thus,  is calculated to be 6.684°. And the
generated  nonlinear  lasers  at  817  nm  are  emitted  nearly
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Δβ = kSFG · sin θ = 0.895/μm

perpendicular  to  the microdisk plane,  with the wavevectors
tilted by only ±6.684° relative to the normal direction of the
microdisk.  Consequently,  the  in-plane  wavevector  compo-
nents  of  the  SFG  signals  are ,
where kSFG represents the wavevector magnitude of the SFG
signal in vacuum. For laser signals coupled into thin-waveg-
uides  or  thin-microresonators  in  a  counterpropagating
configuration, transverse second-order nonlinearity signal is
generated  in  the  directions  perpendicular  to  the  waveguide
or  resonator,  as  required  by  phase  matching16,17.  The  phase
matching condition for the nearly vertically emitted nonlin-
ear laser source at 817 nm can be expressed as 

Δβ = βpump − βSRL , (1)

βpump βSRL

βpump βSRL

Δβ = 0.893/μm

where  and  are  the  propagation  constants  of  the
pump and the SRL signals, respectively, as illustrated in Fig.
4.  Using  the  experimental  parameters,  and  were
calculated  to  be  8.214/μm  and  7.321/μm,  respectively.
Substituting these values into Eq.  (1),  giving the right-hand
side  as  0.893/μm,  which  agrees  well  with  the  measure

.  Therefore,  phase  matching  was  success-
fully  achieved  with  the  nonlinear  interaction  between  the
pump  light  and  the  SRL  signal  in  the  counter-propagating
configuration in the nearly degenerate square modes.
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 4    Discussion and conclusions
The  X-cut  microresonator  with  its  crystal  axis  lied  in  the
plane  of  the  microresonator  is  important  for  forming  the
nearly-degenerate  square  modes  and  enabling  efficient
transverse  phase  matching.  In  the  X-cut  TFLN  microdisk,
the  anisotropic  refractive-index  profile  of  the  transverse-
electric  modes  breaks  the  rotational  symmetry  of  the
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Fig. 3 | (a) Optical spectrum measured in the short-wavelength range. (b) Vertically collected SFG output power as a function of the square of
the on-chip pump power. Top-view optical microscope images of the microdisk collected (c) without optical filtering, (d) with an 800-nm short-
pass filter, and (e) with an 800-nm long-pass filter, respectively.
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resonator,  enhances  the  Rayleigh  backscattering  and  the
mode splitting, and thereby boosts the formation of counter-
propagating  optical  fields  under  unidirectional  pumping.
Together  with  the  weak  perturbation  introduced  by  the
tapered  fiber,  this  anisotropy  facilitates  the  formation  of
high-Q square modes with favorable spatial overlap between
the  pump  and  SRL  fields19,20,  thereby  enhancing  efficient
nearly vertically emitted SFG.

θ

kSFG · sin θ = βpump − βSRL
βpump βSRL

Notably, the emission angle  of the SFG light depending
on  the  transverse  phase-matching  condition  can  be  varied.
According  to  the  transverse  phase-matching  condition

,  reducing  the  difference  between
 and  can bring the emission direction closer to the

surface  normal.  In  principle,  in  the  case  of  polygon modes,
this  angle  can  be  engineered  by  changing  the  geometry
dispersion  (including  thickness  and  diameter)  of  the  TFLN
microdisk,  which  modifies  the  effective  refractive  indices
and the propagation constants of the involved square modes.
In  addition,  considering  that  lithium  niobate  is  highly
Raman-active medium, by exciting different Raman phonon
modes with other Raman shifts, this phase-matching condi-
tion can be tuned. While in the case of WGMs, for example,
vertically  emitted  SFG  can  be  achieved  through  the  excita-
tion of a high-order spatial WGM and a fundamental WGM
as  the  pump  and  Stokes  SRS  modes,  respectively,  which
share  the  same  effective  indices.  Therefore,  the  observed
±6.684°  emission  angle  originates  from  the  specific
microdisk  dispersion,  pump  wavelength,  and  the  excited
Raman phonons in the present device, rather than being an
inherent  and  unchangeable  feature  of  the  SPG-assisted
transverse phase-matching scheme.

In  summary,  by  introducing  transverse-phase  matched
nonlinear interaction between optical waves in the counter-
propagating configuration through the unidirectional excita-
tion  of  high-Q nearly-degenerate  polygon  modes  under
single  laser  pumping,  nearly  vertically  emitted  nonlinear
coherent  light  sources  were  demonstrated  with  a  high  effi-
ciency  of  0.272%/mW.  Once  combined  with  the  outstand-
ing properties of the tightly confined TFLN photonic struc-
tures24−32,  featuring  high  second-order  nonlinearity,  strong
Pockels  effects,  and low loss  propagation,  vertically  emitted
light  sources  with  narrow  linewidth  operation,  high  speed
modulation  and  multi-wavelength  outputs  can  even  be
achieved  on  the  TFLN  platform.  This  approach  provides
new  additional  optical  momentum  to  facilitate  transverse
phase  matching  for  integrated  classical  and  quantum  light
sources, and significantly extends the spectral bandwidth for
promoting  associated  photonic  applications,  such  as  laser
display,  precision metrology,  coherent communication, and
quantum information processing.
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