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Expanding the bandwidth of frequency combs in micro-
cavities is currently a prominent research area, and one
effective approach is to introduce dispersive waves us-
ing higher-order dispersion. However, The exploration
of high-order dispersion control on quartz microsphere
platforms has been limited by the challenge of preserv-
ing high Q factors across a broad range of sizes. Here, we
fabricated quartz microspheres through arc discharge
with diameters ranging from 100-260 µm, achieving Q
factors in the range of 108. We achieved a broadband
Kerr frequency comb with dispersive wave radiation by
manipulating the dispersion of the microsphere through
size adjustment. Our experimental results demonstrate
that the spectral span of the dispersive wave frequency
combs can extend up to 360 nm. At the same time, we
have also demonstrated Raman lasers and Raman-Kerr
frequency combs in small microspheres with normal dis-
persion.This work provides a reference for developing
broadband, high-coherence frequency combs on micro-
sphere platforms and offers an efficient implementation
scheme for low-noise integrated broadband frequency
combs.
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The potential of optical frequency comb (OFC) has been4

demonstrated in various applications, such as massive parallel5

optical communications [1, 2], optical data centers [3, 4] , mas-6

sive parallel LIDAR [5], low-noise microwave synthesis [6, 7],7

and photonic neural computing [8, 9] .8

In recent years, the optical frequency combs technology based9

on high Q microcavities has received widespread attention10

from both domestic and international researchers [10–13]. Cur-11

rently, fully integrated and highly compact optical frequency12

combs chips have been realized, providing a multitude of high-13

performance laser sources for advanced optical metrology [14–14

18]. In addition, microcavity frequency combs have been shown15

to have tremendous application prospects in areas such as mas-16

sive parallel optical communications [1, 2], optical data centers17

[3, 4], massive parallel LIDAR [5], low-noise microwave syn-18

thesis [6, 7], and photonic neural computing [8, 9]. The WGM19

microcavity is a significant platform for investigating micro-20

cavity frequency comb technology and served as one of the21

pioneering platforms in this field of research. In particular, the22

WGM microcavities, such as crystalline fluoride resonators, have23

achieved ultra-high Q factors up to 1011 and finesse up to 107
24

[19]. Many classic theories and experimental phenomena of25

microcavity frequency combs have been verified in WGM mi-26

crocavities, including the formation of dissipative temporal soli-27

tons [2, 10, 20–22], soliton pulse scaling [23], soliton number28

switching [24, 25], soliton breathers [26], and soliton behaviors29

to intermode interactions [27].30

Usually, Research on broadening frequency combs in WGM31

microcavities is essential for applications requiring broad spec-32

tral coherence, such as spectroscopy, precision frequency metrol-33

ogy, and optical clocks. Introducing dispersion waves (DWs)34

through higher-order dispersion is an effective way to extend35

the spectrum. Previous studies have extensively investigated36

the processes of mode locking, soliton formation, and DWs gen-37

eration in optical microcavities based on silicon nitride (Si3N4)38

and aluminum nitride (AlN) platforms [12, 28–31], as well as the39

role of higher-order dispersion [32–34], which is of significant40

importance in verifying the dispersion engineering required41

for generating broadband Kerr frequency combs [35]. It is es-42

tablished that microcavity dispersion can be manipulated via43

microcavity size control to convert anomalous dispersion to nor-44

mal dispersion [36]. However, there is relatively little work on45

dispersion management in quartz microspheres, and the current46

main method for generating DWs frequency combs in quartz47

microspheres is by adding coatings to the surface of the micro-48

spheres.49

In this paper, we have studied the dispersion characteris-50

tics of them with different sizes by preparing the microsphere51

resonators and have successfully generated broadband DWs52

frequency combs [37]. Meanwhile, we have also demonstrated53

Raman lasers and Raman-Kerr frequency combs in a 130 µm54

diameter microsphere with normal dispersion. This work pro-55

vides a valuable reference for the development of broadband56
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Fig. 1. Preparation and characterization of microsphere res-
onator. (a) A schematic of the experimental setup. AFG: arbi-
trary function generator, EDFA: Erbium-doped fiber amplifier,
OSC: oscilloscope, ESA: electrical spectrum analyzer, OSA:
Optical spectrum analyzer. (b) Preparation of microsphere res-
onators with diameters of 100 µm, 180 µm, 200 µm, 220 µm and
260 µm. (c) The measured transmitted power trace of one reso-
nance of a 200 µm diameter microsphere resonator,and fitting
with Lorentz linear function. (d) Assessment of the ideality
of the resonant modes in the microsphere resonator. (e) Dis-
persion coefficient d2 of microsphere resonators with different
sizes.

and highly coherent frequency combs in quartz microspheres.57

First, we used the arc discharge method, in which high-58

voltage discharges were generated at the position of the fiber end59

face using a fusion splicer, and a short-pulsed arc rapidly melted60

it. Under the effect of surface tension, a quartz microsphere61

resonator was formed at the fiber end face. So we prepared62

microsphere resonators with diameters ranging from 100-26063

µm, as shown in Fig. 1(b). We then utilized the experimental64

system (Fig. 1(a)) to measure the transmission of a 200 µm di-65

ameter microsphere resonance by scanning the cw diode laser66

over it. Using Lorentz linear fitting, the results showed that the67

Q value in the microcavity was approximately 2×108, and it was68

determined that the FSR is 330.52 GHz. as shown in Fig. 1(c). In69

addition, the coupling ideality with respect to selected resonant70

mode of the resonator is characterized, see 1(d), which is on a71

high-level indicating almost no loss at the coupling junction.72

Meanwhile, we used the same experimental method to test73

microsphere resonators, and the linewidth and intrinsic Q values74

are shown in Table 1.75

Another important parameter of microsphere resonator is dis-76

persion, which affects the coherence of the comb spectrum and77

the generation of spectral bandwidth. The formation of DWs78

caused by higher-order dispersion terms may result in the comb79

spectrum to enter into the normal dispersion state. The total80

dispersion of the optical microcavity is determined by both ma-81

terial dispersion and geometric dispersion, and the dispersion82

size can be controlled by adjusting the material and structure to83

Table 1. Q value of microsphere cavities with different sizes.

Diameter (μm) Linewidth (MHz) Q0 

     0.84×108100
180

260
220
200

2.30

1.86
0.95
1.19

1.40      1.38×108

     1.00×108

     1.62×108

     2.00×108

achieve an ideal dispersion distribution for the microcavity. The84

geometric dispersion of microsphere can be directly controlled85

by their size. Here, the DWs of microsphere resonators with86

diameters of 100 µm,140 µm,180 µm, 220 µm and 260 µm are87

simulated, see Fig. 1(e).88

As indicated by the simulation results, a diameter of 140 µm89

microsphere resonator exhibits normal dispersion near the 155090

nm pump, with a zero dispersion point located close to the pump91

position, offering the opportunity to cross into the anomalous92

dispersion region and generate Kerr frequency combs. In con-93

trast, a diameter of 100 µm microsphere remains in the normal94

dispersion regime even at a distance from the 1550 nm pump,95

making it difficult to generate Kerr frequency combs. The posi-96

tion of the zero dispersion point (d2=0) shifts towards shorter97

wavelengths as the diameter of the microsphere resonator in-98

creases. Before 1580 nm, the value of d2 increases as the diameter99

of microsphere increases, resulting in a less flat dint and an in-100

creasing anomalous dispersion region. Conversely, when the101

diameter of microsphere decreases, the dispersion gradually102

enters the normal dispersion region.103

By changing the dispersion curve, it can be seen that chang-104

ing the diameter of the microsphere from 100 µm to 260 µm105

gradually shifts the position of the dispersion waves to shorter106

wavelengths. This demonstrates that the size variation of the107

microsphere can lead to effective dispersion control.108

We utilized the experimental setup to realize frequency109

combs of DWs, Raman laser, and Kerr frequency combs, as well110

as Raman-Kerr frequency combs, in microspheres with diame-111

ters of 160 µm, 180 µm, and 200 µm, see Fig.1(b). We simulated112

the integrated dispersion curves (dint) generated for the three113

different-sized microspheres, while also predicting the positions114

of the DWs(the intersection points with dint=0), see Fig.2(a). As115

the diameter of the microspheres increased, significant changes116

were observed in the microsphere dispersion, with the disper-117

sion curves continually increasing in height and the positions of118

the DWs gradually moving towards shorter wavelengths. We119

next carried out experiments for DWs frequency combs gen-120

eration in a 200 µm diameter microsphere resonators. When121

the input power was approximately 280 mW and tuning the122

laser from the blue-detuned side, we observed the evolution of123

the spectrum through the primary combs, modulation instabil-124

ity (MI) combs, and DWs frequency combs via tuning, see Fig.125

2(b,c,d). Although the spectral envelope appeared smooth, there126

were still breaches, which may have been caused by the lack of127

optimal matching with the modal dispersion or the influence of128

other modes.129

In addition, we use the same experimental method to gen-130

erate broadband DWs frequency combs in 160 µm and 180 µm131

diameter microsphere resonators. Furthermore, by comparing132

the simulation and experimental results of three different sizes133

of microsphere resonators, we found that the dispersion wave134
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Fig. 2. The dint curve and DWs frequency combs spectrum
of microsphere with diameter of 160 µm, 180 µm and 200 µm.
(a) dint curve of microsphere resonator with diameter of 160
µm, 180 µm and 200 µm. (b,c) DWs frequency combs spectra of
microsphere cavities with diameters of 160 µm (Pump power
is 207 mW) and 180 µm (Pump power is 224 mW). (d,e,f) The
evolution process of the microsphere with a diameter of 200
µm from the primary comb, MI, and DWs frequency combs
(the pump power is 280 mW).

position of the experiment is in good agreement with the simu-135

lation. Meanwhile,The spectral spans exceeded 280 nm for all136

microspheres, with a maximum spectral span of 360 nm.137

Finally, we generate a broadband frequency combs with nor-138

mal dispersion in a 130 µm diameter microsphere resonator. Fig.139

3 illustrates the process of Raman laser, Raman-Kerr frequency140

combs, and DWs frequency combs generated during the long-141

wavelength tuning of the pumping light in a 130 µm diameter142

microsphere. We calculated the dispersion distribution dint of143

130 µm microsphere, and we can see that the microsphere at this144

size is in the normal dispersion region, as shown in Fig. 3(a),145

When the pumping was tuned to 1542.7 nm, a Raman laser was146

generated, and a clearly visible first-order Stokes laser with a147

frequency shift of approximately 3.755 THz, close to the center148

peak of Raman gain, was observed at 1672 nm. Furthermore, a149

second-order Stokes laser could be observed at 1826 nm, and a150

weaker anti-Stokes laser could be observed at 1431.6 nm on the151

short-wavelength side of the pumping light,see Fig. 3(b).152

This phenomenon is due to the overlap of the resonant peak153

of microsphere with the wide Raman gain, resulting in a Raman154

laser dominated by Raman oscillation. From Fig. 3(c), it can be155

observed that when the pump is tuned to 1543.9 nm, numerous156

sidebands are generated around both the Raman laser and the157

pump laser. This is due to the large energy accumulation in158
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Fig. 3. Raman laser, Raman-Kerr frequency combs and DWs
frequency combs of 130 µm diameter microsphere resonator.
(a) The dint curve of microsphere resonator at 1547.73 nm. (b)
pump is Raman laser generated at 1542.7 nm. (c) The Raman
Kerr frequency combs with local different mode families are
generated at 1543.9 nm. (d) The pump is 1546.9 nm, which pro-
duces a Raman Kerr frequency comb with Kerr effect enhance-
ment. (e) DWs frequency combs generation. (f) Simulation of
DWs frequency combs when the pump is 1547.73 nm (d2=13.5
MHz, d3=1.5 MHz).

microsphere resonator, which transfers the energy to adjacent159

resonant modes that happen to be located within the MI gain160

band, thus exciting the Kerr frequency combs. at this point, the161

local Raman-Kerr frequency combs appear on the spectrum, and162

the dominance of the Raman effect can be inferred from the163

intensity of the Raman laser. When the pump is tuned to 1546.9164

nm, Fig. 3(d) shows an overall increase in spectral intensity with165

a smoother spectral envelope, and the maximum spectral span is166

approximately 400 nm. Equally spaced comb teeth indicate that167

the frequency combs generated near the Raman laser is within168

the same mode family as the pump mode. However, the inten-169

sities at the first-order Stokes and anti-Stokes laser frequencies170

did not increase, possibly due to the MI gain band being much171

smaller than the Raman gain band, and the pump detuning172

being relatively small, making it easy for the resonant peak to173

approach the peak of the MI gain band. The Raman gain band is174

relatively wide, and the resonant peak within the gain band is175

not significantly affected by Raman gain reduction.176

Fig. 3(e) indicates that by fine-tuning the coupling position177

between the tapered fiber and the microsphere based on this178

experiment, a broadband Kerr frequency combs with almost dis-179

appeared Raman effect can be observed in the spectrum, and a180

small wavelet packet exists at 1702 nm. As it appears at the mid-181
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point between the first-order Stokes laser and the second-order182

Stokes laser, it can be inferred that this may be a long-wavelength183

DWs dominated by the Kerr effect. Moreover, it can be inferred184

from the dint curve (Fig. 3(a)) and Raman-Kerr frequency combs185

simulation (Fig. 3(f)) that the wavelength corresponding to186

dint=0 is very close to the experimental DWs wavelength of 1702187

nm, thereby confirming it as a long-wavelength DWs frequency188

combs.189

Therefore, a successful transition from Raman laser to Raman-190

Kerr frequency combs dominated by Kerr effect was achieved191

in a microsphere with a diameter of 130 µm. The final result192

was the conversion to a long-wavelength DWs frequency combs,193

which verified the competition process between Raman effect194

and Kerr effect.195

In conclusion, we have demonstrated the generation of both196

DWs frequency combs and Raman-Kerr frequency combs in197

high-Q microsphere resonators. Microsphere resonators of vary-198

ing sizes were fabricated using arc discharge, achieving Q val-199

ues of up to 108. Furthermore, dispersion management was200

achieved by controlling the size of microsphere, and frequency201

combs with broad bandwidth near the pump wavelength were202

demonstrated in microspheres of three different sizes. The re-203

lationship between the position of the DWs and microsphere204

cavity diameter was verified. Additionally, the effect of size on205

the Raman-Kerr competition was observed, with smaller micro-206

sphere cavities exhibiting stronger Raman effects and a greater207

tendency to produce Raman lasers, cascaded Raman effects, and208

Raman-Kerr frequency combs in the normal dispersion region.209

As the diameter increased, the Raman effect weakened, making210

it easier to produce broadband Kerr frequency combs. Further-211

more, dispersion can be fine-tuned by adjusting the coupling212

position between the tapered fiber and microsphere, allowing for213

the switching between Raman lasers and Kerr frequency combs.214

This work provides valuable insights for the development of215

broadband, highly coherent frequency combs in microsphere,216

laying a foundation for the integration of Kerr frequency combs217

in this cavities.218
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