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Abstract：Mid-infrared supercontinuum generation in dispersion-engineered ZnSe rib waveguides was investigat⁃
ed for the first time. Numerical results showed that the zero-dispersion wavelength can be shifted to a shorter
wavelength by adjusting structural parameters and refractive index contrast between the core and cladding layers in
the waveguide. The optical field can be well confined in the 4- and 8-µm wide waveguides with a 2-µm thick
cladding layer of Ge5As10S85 glass. The effect of waveguide parameters on the bandwidth of the supercontinuum
spectrum at a 5-cm-long waveguide was also simulated to understand the effect of the pump wavelength and struc⁃
ture parameters on the supercontinuum generation. Our results showed that supercontinuum output could vary
over a wide range depending on structural parameters of the waveguide，the pump power and wavelength. An ul⁃
trabroad supercontinuum spectrum from 3. 0 up to 12. 2 µm（> 2 octaves）was confirmed in a 4 µm-width wave⁃
guide with a peak pump power of 20 kW and a pump wavelength of 4. 5 µm，which is promising as one of the on-

chip supercontinuum light sources for many applications such as biomedical imaging，and environmental and in⁃
dustrial sensing in the mid-infrared.
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基于色散调制硒化锌脊形波导产生超连续谱
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摘要：研究了基于色散调制硒化锌脊形波导中红外超连续谱的产生，仿真表明通过调整波导中波导芯层和包

层之间的折射率差距和结构参数，零色散波长可以转移到更短的波长。用 2 µm厚的Ge5As10S85玻璃作为包

层，可以将光场限制在 4和 8 µm宽的波导中。为了解泵浦波长和结构参数对超连续谱产生的影响，模拟 5 cm
长波导在不同条件下产生的超连续谱。我们的结果表明，泵浦波长和功率以及波导参数是影响超连续谱展

宽的主要原因。研究发现，4 µm宽硒化锌波导在 4.5 µm波长 20千瓦峰值功率下可以产生 3.0∼12.2 µm（大于

2倍频程）超连续谱，这有利于片上超连续光源应用在生物医学成像、中红外环境和工业传感上。
关 键 词：ZnSe脊波导；超连续谱；孤子自频移；色散调制

Introduction
Supercontinuum（SC）generation in nonlinear mate⁃rials excited by ultrashort pulses of peak power has raisedgreat research interest，due to its wide applications in

various fields ［1］. This is especially evident in mid-infra⁃red（MIR）SC sources，which have been used in sensingand detection of gas molecules，due to most of the gasmolecules possessing intrinsic vibration absorption in the
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MIR ［2-5］. In recent years，a wide variety of numericaland experimental investigations on mid-infrared super⁃continuum generation were reported in fluoride glass［6］，GaAs crystal［7］，ZBLAN fiber［8］，SiN waveguide ［9］，chalcogenide（ChG） planar waveguides［10-11］ and fibers
［12-13］. Wide transparency，high laser damage threshold，high optical nonlinearity of the materials，and suitableengineered dispersion in the waveguide or fiber structureare key factors to achieve broad SC spectra. Generally，SC generation requires the waveguide or fiber structure tobe pumped by a laser with a wavelength near its zero-dis⁃persion wavelength（ZDW）［14］. The ZDW of the fiberand planar waveguide structure can be finely tuned viaadjusting the refractive index of the materials or structur⁃al parameters of the waveguide or optical fiber ［15-17］. Forexample， in a 10- µm core step-index As2Se3 fi ber，As2Se3 shows a material ZDW around 7 µm，which canbe tailored to ∼5 µm ［15-16］. By tapering the As2Se3 fiberdown to a diameter of 1. 28 µm，the ZDW can also befurther shifted to 1. 73 µm ［17］. Otherwise，by adjustingthe structural parameters and cladding materials ofGe11. 5As24Se64. 5 in the chalcogenide-glass channel wave⁃guides，the zero dispersion point can be also shifted todifferent wavelengths［5］.Except for the adjustable ZDW in optical fiber，pla⁃nar waveguide structures are also compatible with thewell-developed semiconductor processing，which havebetter scalability and low fabrication cost. It has beendemonstrated that supercontinuum spectra can be excitedin ChG planar waveguides using a high peak power of fewkW［18-20］. It is well known that high pump power is bene⁃ficial to broadening of supercontinuum spectrum since op⁃tical nonlinearity of the materials would be maximally ex⁃cited under the high pump power. However，due to weakmechanical property and low laser damage threshold，ChG glasses are easily damaged under high pump powerillumination，and this in turn limits the output power ofSC generation ［21-22］. ZnSe has a larger laser damagethreshold around 1 300 mJ/cm2［23］，which is nearly one ortwo orders of magnitude larger than the typical chalcogen⁃ide glasses ［22，24］. The large damage threshold indicatesthat higher peak power up to tens of kW is possible for su⁃percontinuum generation in ZnSe waveguide. ZnSe witha broad transmission range from 0. 5 to 22 µm has beenwidely used for the fabrication of mid-infrared opticalcomponents，such as optical lenses and windows ［25］.Moreover，it has a reasonable high optical nonlinearity of1.1 × 10-18 m2 /W［26］ at 1. 5 µm compared with a value of2.9 × 10-18 m2 /W for typical As2S3 glass ［27］at 1. 5µm，which is suitable for supercontinuum generation. Al⁃though SC generation from ZnSe bulk crystals has beenreported ［28-31］ the ZnSe waveguides have been used inmid-infrared sensing［32-33］，there is no reports on SC gen⁃eration from a dispersion-engineered ZnSe waveguide asfar as we know.In this paper，we used ZnSe as core materials andsimulated the dispersion，optical field distribution，thenonlinear coefficient，and effective mode area in thewaveguide consisting of bottom and cladding layers with

different thicknesses and refractive index contrast. Dif⁃ferent cladding materials and waveguide structures affectthe zero-dispersion wavelength. Furthermore，we numer⁃ically simulated SC generation in a 5-cm-long dispersion-engineered ZnSe rib waveguide pumped at different wave⁃length from 3 to 4. 5 µm and different peak power from100 W to 20 kW，and demonstrated a broadband SCspectrum from 3. 0 to 12. 2 µm in a 4-µm-width wave⁃guide.
1 Simulation and discussion

The schematic diagram of the designed ZnSe ribwaveguide is shown in Fig. 1（a）. The width‘w’of thewaveguide is 4 µm or 8 µm. H1 and H2 represents ZnSerib and ZnSe slab height，respectively. The refractive in⁃dex of ZnSe ［25］at a wavelength range from 2 to 10 µm isshown in Fig. 1（b）. The refractive index changes from2. 446 3 at 2 µm to 2. 406 5 at 10 µm gradually. Previ⁃ous experimental result has identified that Ga2As30S68 hasa refractive index of 2. 25，while Ge5As10S85 has a refrac⁃tive index of 2. 05 at 2 µm［34］. Therefore，it is much eas⁃ier to design the cladding layer to achieve a refractive in⁃dex contrast up to 0. 4. For example by tuning the compo⁃sition of S in cladding materials of GaAsS or GeAsS glass⁃es during film deposition.The Sellmeier equation used in the simulation of the

Fig. 1 (a) ZnSe waveguide structure, (b) refractive index of the
core layer ZnSe, the cladding layer Ga2As30S68 and Ge5As10S85.
图 1 (a) ZnSe 波 导 结 构 ，(b)ZnSe 芯 层 、Ga2As30S68 和
Ge5As10S85覆盖层折射率
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wavelength-dependent linear refractive index n over theentire wavelength range of ZnSe， Ga2As30S68， andGe5As10S85 glass is given by Equation（1），where λ is thewavelength in micrometers，Ai and λ2i（i = 1，2，3）arematerial related constants，listed in Table1.
n (λ) = 1 +∑i = 1

m Aiλ2

λ2 - λ2i . （1）

The waveguide structures were optimized by usingcommercial software（COMSOL）. With numerical analy⁃sis，the effective refractive index can be calculated bythe Finite Element Modeling solver. Subsequently，theeffective index was used for calculating the dispersion pa⁃rameter as well as all other higher-order dispersion pa⁃rameters.The dispersion parameter curves of the modes canbe calculated using：
D = -(λc )·( ∂

2neff
∂λ2 ) ，（2）

here λ is the wavelength in micrometers，D is the dis⁃persion parameter of the transmission mode，neff is the effective refractive index of the fundamental mode and cis the light speed in vacuum. We investigated the dis⁃persion of the waveguide，in which the top and bottomcladding layers were fixed at 2 µm，the total thicknessof ZnSe film was 3 µm，and the ratio of H1 to H2 wasvariable.Dispersion of the waveguide plays a significant rolein SC generation. Ideally，dispersion near the pumpwavelength should be anomalous as well as relativelyflat［5］. Figure 2（a）shows the dispersion of the funda⁃mental quasi- transverse electric（TE）polarization in thewaveguides with different structural parameters where thecore-cladding refractive index contrast is kept around0. 2（employing Ga2As30S68 glass for both the upper andlower claddings）. It can be seen that，with the changingratio of H1 to H2 and waveguide width，ZDW is always lo⁃cated at a longer wavelength more than 9 µm. It seemsunlikely to shift ZDW to a shorter wavelength by employ⁃ing such a lower refractive index contrast cladding materi⁃al such as Ga2As30S68 glass. To realize anomalous disper⁃sion around the pump wavelength，increasing the refrac⁃tive index contrast is essential. Figures. 2（b-c）showthe mapping of the calculated group velocity dispersionfor TE polarization as functions of wavelength and thick⁃ness of H1 in a waveguide with a width of 4 and 8 µm，re⁃spectively. In both cases，the core-cladding refractive in⁃dex contrast is kept around 0. 4（employing Ge5As10S85glass for both the upper and lower claddings），and the

ZDWs are tunable via changing parameter H1. As H1 in⁃creases，the overall dispersion gradually increases，andthe anomalous dispersion appears when H1 reaches 1 µmin Fig. 2（b）and 0. 5 µm in Fig. 2（c），respectively.Therefore，all simulations in the rest part of the pa⁃per were performed in the waveguide with a refractive in⁃dex contrast of 0. 4，since the larger refractive index con⁃trast can tune the ZDW to a shorter wavelength as shownin Figs 2（b）and（c）. Moreover，we concentrated onthe waveguides with the two typical structural parameters
（w=4 µm，H1=2 µm，H2=1 µm and w=8 µm，H1=2 µm，
H2=1 µm）. The ZDWs can be seen as the cross-pointsin the solid and dash lines in Fig. 2（b）and（c），respec⁃

Table 1 Refractive coe ffi cient of ZnSe, Ga2As30S68, and
Ge5As10S85.

表1 ZnSe、Ga2As30S68和Ge5As10S85的折射率系数
Materials
ZnSe

Ga2As30S68
Ge5As10S85

A1
4. 925 7
4. 044 5
3. 154 6

A2
3. 247 7e-5
1. 323 6e-4
-3. 007 5e-4

A3
22. 206 3
1. 282e-5
-0. 058 1

λ21
0. 051 3
0. 039 5
0. 071 9

λ22
19. 315
14. 107
15. 124

λ23
16 574
29. 575
-196. 7

Fig. 2 Calculated dispersion curves of the fundamental quasi-
TE (a) the dispersion parameter curves for the fundamental quasi-
TE mode calculated from neff for eight waveguide geometries em‐
ploying Ga2As30S68 glass for both the upper and lower claddings,
(b) and (c) Map of the dispersion parameter of w=4 and 8 μm
ZnSe rib waveguides as a function of core thickness and wave‐
length, respectively, employing Ge5As10S85 glass for both the up‐
per and lower claddings. The dash lines show the change of the
ZDWs
图 2 TE基模的色散曲线 (a)采用Ga2As30S68做包层的 8种波导
结构的有效折射率计算 TE 基模的色散，(b-c)上下包层为
Ge5As10S85 4和 8 μm宽不同结构的 ZnSe脊波导色散图，虚线表
示0色散点位置
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tively. Both of them have the first ZDW around 3. 0 µm，and the second ZDW at ~5 µm for the 4-µm-width wave⁃guide and ~ 8. 5 µm for the 8-µm-width waveguide.Figures 3（a-f）show the optical field distribution ofthe quasi-TE mode at different wavelengths in the wave⁃guide with a width of 4 µm and 8 µm，respectively. Itcan be seen that，for the 4- µm-width waveguide，thelight is well confined within the core as shown in Fig. 3
（a），slightly leaked to the cladding as shown in Fig. 3
（b），and considerably leaked out in Fig. 3（c）. For the8-µm-width waveguide，the optical field distribution ex⁃hibits a similar feature with increasing wavelength，asshown in Figs. 3（d- f），respectively. Comparing Fig. 3
（b）with（e），we can see that the light is better confinedwith increasing waveguide width since the waveguidewidth in Fig. 3（b）is less than the wavelength of 6 µm.However，in both cases，the optical field is hardly leakedinto the substrate layer even at 10 µm.The nonlinear coefficient（Kerr effect），γ，which isdetermined by the effective mode area of the waveguideand the nonlinear refractive index of the material，can becalculated using the following formula，

γ = 2π
λ

n2
Aeff

，（3）
where n2 is the nonlinear refractive index of ZnSe［26］，Aeffis the effective area of the propagating mode，given by：

Aeff = ( )∫ ∫-∞+∞ || E2 dxdy
2

( ∫ ∫-∞+∞ || E 4dxdy )
，（4）

where E is the electric field’s transverse component prop⁃agating inside the waveguide.The effective mode area and Kerr nonlinearity coeffi⁃cient were calculated and shown in Fig. 4（a-b），for thewaveguide with a width of 4 µm and 8 µm，H1=2 µm and
H2=1 µm，respectively. A general tendency is that asthe nonlinear coefficient decreases，the effective area in⁃creases with increasing wavelength. However，the non⁃linear coefficient is lower，but an effective area is largerin 8 µm-width waveguide compared with that in 4 µm-width one. This indicates that more power in the guidedmode could enter the cladding as the wavelength increas⁃es，and thus the nonlinear coefficient gradually decreas⁃es［35］，which is in agreement with the optical field distri⁃bution in Fig. 4.We performed the simulations of SC generation byusing a generalized nonlinear Schrödinger equation

（GNLSE）with a chirp-free Gaussian-shaped pump pulseas the initial condition［36-37］，

∂
∂z A (z,T) = -

α
2 A +∑k ≥ 2 i

k + 1

k! βk
∂k A
∂Tk

+ i (γ + α2
2Aeff ) (1 +

i
ω0

∂
∂T )×(A (z,T ) ∫-∞∞ R (T)| A (z, - T') |2dT')，（5）

where A is the electrical field amplitude，A（z，T）is theelectric field wave amplitude as a function of propagation
distance and time，T=t − z

vg
is the retarded time frame

moving at the group velocity vg = 1β1，α is the linear prop⁃agation loss of the waveguide including a wavelength-in⁃dependent propagation loss of 0. 6 dB/cm ［32］ for our 5-

cm-long rib waveguides，βk (ω) = d
k β
dωk

|ω = ω0 (k ≥ 2) is the
kth-order dispersion parameter. The 10-order dispersionparameters are obtained by calculating the effective modeindex with the finite-element method. And the nonlinear
coefficient is γ = n2ω0

cAeff (ω0 ) ，where n2 is the nonlinear re⁃fractive index ［26］ and c is the speed of light in vacuum，
Aeff (ω0 ) is the effective area of the mode at the pump fre⁃quency ω0，and α2 = 5. 5×10−14 m/W is the two-photon ab⁃sorption coef fi cient ［38］. Finally，the material responsefunction includes both the instantaneous electronic re⁃sponse（Kerr type）and the delayed Raman response andhas the form：

R (t) = (1 - fR) δ (t) + fRhR (t) ，（6）
where the delayed Raman contribution hR (t) is given by：

hR (t) = τ
21 + τ22
τ1τ22

exp ( - t
τ2 ) sin ( tτ1 ) . （7）

We calculated the Raman gain from the data avail⁃able，and τ1 and τ2 from the linewidth of Raman spec⁃trum of ZnSe，the response function coe ffi cient fR is0. 08，τ1 is 21. 06 fs，and τ2 is 4. 4 ps for ZnSe wave⁃guide［39］.The GNLSE for the fundamental quasi-TE mode ofthe waveguides was calculated by using commercial soft⁃ware（MATLAB）to simulate SC generation. For numeri⁃cal analysis of SC generation in a novel 5-cm-long disper⁃sion engineered ZnSe rib waveguide，sub-femtosecondpulses with 150 fs duration and a repetition rate of 1 kHzwere used as an exciting source.Figures. 5-6 summarize the simulations of SC spec⁃tra with four different pump wavelengths for the two wave⁃guides at different pump power. In Figs. 5（a）and（c），when the pump wavelength is 3. 0 µm，which is close to

Fig. 3 The optical filed distribution for quasi-TE polarization in the waveguide（a-c）for w=4 μm，and（d-f）for w=8 μm waveguide
with H1=2 μm and H2=1 μm at a wavelength of 2，6，and 10 μm，respectively
图3 （a-c）宽4 μm和（d-f）宽8 μm，H1=2 μm和H2=1 μm的波导在2、6和10 μm波长处TE光场分布
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the ZDWs of two waveguides，the change of the wave⁃guide size has almost no effect on the spectral broaden⁃ ing. The SC bandwidth below -30 dB generally has awidth from 2. 6 µm（2. 7 µm）to 3. 4 µm（3. 2 µm）in 4-

Fig. 4 Effective area and nonlinear coefficient of the fundamental mode calculated in the waveguides (a) w = 4 μm, H1=2 μm, and H2=1
μm (b) w = 8μm, H1=2 μm, and H2=1 μm. (c) Dispersion distribution of the waveguides with w = 4 and 8μm. (d) The second-order disper‐
sion of the waveguides with w = 4 and 8 μm.
图 4 计算波导基模有效面积和非线性系数(a) 宽 4 μm (b) 宽 8 μm, H1=2 μm, H2=1 μm。宽 4和 8 μm波导的(c)色散分布 (d) 二阶色
散

Fig. 5 Simulated SC spectra at a pump wavelength of (a) 3.0 µm, (b) 4.5 µm, (c) 3.0 µm and (d) 4.5 µm for the two waveguides at differ‐
ent peak power up to 20 kW, respectively.
图5 在泵浦波长为(a)3.0 μm (b)4.5 μm (c)3.0 μm和(d)4.5 μm的两个波导在不同峰值功率时的SC仿真光谱
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µm-width waveguide（in 8-µm-width waveguide）at 100W，and slightly increases to a width from 2. 3 µm（2. 3µm）to 4. 6 µm（4. 3 µm）at 20 kW. A significant dif⁃ference can be found in Figs. 5（b）and（d）where thepump wavelength is 4. 5 µm. SC spectrum generallybroadens with increasing peak power. With a peak powerof 20 kW，a bandwidth of 4. 6 µm in 8-µm-width wave⁃guide can be found compared with that of 9. 2 µm in 4-µm-width waveguide below -30 dB.For SC generation，self-phase modulation（SPM）al⁃ters the broadening rate imposed on the pulse by thegroup-velocity dispersion（GVD），and this has a correla⁃tion with the optical solitons in the abnormal dispersionregion of the waveguide. The group velocity dispersion
（β2）in Fig. 4（d）is derived from the dispersion parame⁃ter in Fig. 4（c）. From Fig. 4（d），since the value of β2 isnegative，the solitons are perturbed by high order disper⁃sion and intrapulse Raman scattering and fission，andchanged into multiple，much narrower，fundamental soli⁃tons，leading to the asymmetrical broadening of the spec⁃trum. The present simulations demonstrated that the shiftof the frequency of the solitons generated in abnormal dis⁃persion region increases with increasing pump wave⁃length，and the edge of the solitons shifts to longer wave⁃length when the pump wavelength is from 3. 0 to 4. 5 µmas shown in Figs. 6（a-d）. For sub-femtosecond pulseswith a duration of 150 fs，its spectrum width is verywide，so that the blue-shifted spectrum component of thepulse can be used as a pump to effectively amplify thered-shifted component of the same pulse through Ramangain. Such a continuous process in the waveguide results

in a constant energy transformation from the blue to thered component，as represented by the redshift of the soli⁃ton spectrum［40］.The spectral evolution corresponding to two curvesin Fig. 6（d）are shown in Fig. 7. For the 4-µm-widthwaveguide，it can be observed from Fig. 7（a）that theSC extends over 9. 2 µm covering a wavelength rangefrom 3. 0 µm to around 12. 2 µm above 2 octaves. Forthe waveguide width is 8 µm，the SC extends over 4. 6µm covering a range from 3. 1 µm to 7. 7 µm above 1. 3octaves as shown in Fig. 7（b）. For the waveguides withdifferent width of 4 µm and 8µm，the dispersion parame⁃ter D are 13. 724 ps/nm/km and 22. 863 ps/nm/km at 4. 5µm， respectively. The second-order dispersion β2 =
- Dλ22πc = -0. 1483 ps2/m and -0. 240 6 ps2/m，and this
leads to a dispersion length LD = τ2P / | β2 | = 0. 152 m and
0. 093 m where τp is the laser pulse duration. Using thewaveguide nonlinear parameter γ of 0.151W-1m-1 and0.0965W-1m-1 for these two waveguides as shown inFig. 4（a）and（b），we obtained a nonlinear length LNL at20 kW of coupled power via LNL = 1/γP，being 0. 331mm and 0. 520 mm，respectively. The soliton order nsol =
LD LNL = 21. 4 and 13. 3.
When the dispersion length is comparable to thelength of the waveguide，both GVD and SPM contributeto the formation of the solitons in the abnormal dispersionregion ［40］. When nsol exceeds 1. 5，the light pulses aretransmitted as the second or higher-order solitons，andsuch the solitons undergo a splitting process if they are

Fig. 6 Simulated SC spectra at different pump wavelengths of（a）3. 0 µm，（b）3. 5 µm，（c）4. 0 µm，and（d）4. 5 µm for the two
waveguides with a peak power of 20 kW，respectively.
图6 两个波导在20 kW峰值功率不同泵浦波长（a）3. 0 μm（b）3. 5 μm（c）4. 0 μm（d）4. 5 μm的SC光谱
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disturbed by higher-order dispersion and intrapulse Ra⁃man scattering. nsol-order solitons can produce N funda⁃mental solitons and the frequencies of all the solitons areshorter than the original input pulse，and the shortestpulse width of the soliton is 1/（2N-1）of the input pulsewidth［40］. The pulse width of the soliton is around 3. 6 fsand 6 fs，in 4 µm and 8µm-width waveguide，respective⁃ly. For an ultra-short pulse，its pulse width is opposite toits spectral width. With the assistance of Raman scatter⁃ing process， the pulse spectrum toward longer wave⁃lengths. A spectral shift can occur even in the normal-GVD regime of the waveguide where the solitons are notformed ［40］. In the normal dispersion region，the pulsebroadens rapidly while its spectrum is broadened throughSPM. In contrast，in the anomalous dispersion region，the pulse slows down because the group velocity of apulse is lower at longer wavelengths，and the SPM de⁃creases the broadening rate ［40］
. Therefore， when thepump wavelength is 4. 5 µm，the SC spectrum generatedfrom 4-µm-width waveguide is broader than that from 8-µm-width waveguide，and the solitonic traces can be ob⁃

served in the temporal density plots in Fig. 7（c-d），re⁃spectively.
2 Conclusion

We have numerically analyzed dispersion parame⁃ters， optical field distribution，nonlinear coefficient，and SC generation in ZnSe rib waveguide. It was foundthat ZDW can be shifted to shorter wavelength with in⁃creasing refractive index contrast between the core andcladding layer in the waveguide，and the optical field dis⁃tribution can be well confined in 4- and 8- µm-widthwaveguide employing Ge5As10S85 glass as both the upperand lower claddings. With increasing pump wavelengthfrom 3. 0 µm to 4. 5 µm，SC spectrum broadens，and anultrabroad SC spectrum can be obtained up to 9. 2 µm
（> 2 octaves）in a waveguide pumped by a peak power of20 kW and a wavelength of 4. 5 µm. Furthermore，thesimulations confirm that the SC generation is initiated byself-phase modulation，followed by soliton dynamics andsoliton self-frequency shift，both of which increase withincreasing pump wavelength.

Fig. 7 The spectral evolution plots and temporal density plots corresponding to two curves in Fig. 5.2 (d) at a peak power of 20 kW for
(a) the spectral evolution plot of 4 μm waveguide, (b) the spectral evolution plot of 8 μm waveguide, (c) the temporal density plot of 4 μm
waveguide, (d) the temporal density plot of 8 μm waveguide.
图 7 对应图 5.2 (d) 20千瓦峰值功率的SC光谱和时间谱,(a)4 μm波导SC光谱,(b)8 μm波导SC光谱,(c)4 μm波导时间谱,(d)8 μm波
导时间谱
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