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Abstract  

Transverse frequency conversion in the sub-bandgap spectral region is investigated in 

semiconductor nanowires and nanoribbons by using CW lasers with pump power less than 1 mW. It 

is found that the properties of the emissions are strongly dependent on the cross-sectional 

geometries and the surrounding media of nano-waveguides. The polarization is higher in nano-

waveguides under single-mode condition; and the spatial distribution is more tunable in nano-

waveguides with higher-order modes involved. Compared with birefringent approach, transverse 

frequency conversion shows lower divergence angles, higher polarization, and more tunable spatial 

distribution. 
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1. Introduction 

Nano-waveguides (N-WGs) fabricated from a variety of 

materials such as glasses, inorganic crystals and 

semiconductors, are emerging as promising building blocks for 

nonlinear optical applications due to their tight confinement and 

tailorable waveguide dispersion.1−5 Of the well-studied N-WGs, 

chemically synthesized (e.g., vapour-liquid-solid growth5,6) 

free-standing semiconductor N-WGs are attractive due to their 

favourable properties including large nonlinear susceptibilities 

for low threshold pumping, large refractive indices for tight 

confinement of guided light, and material diversity for various 

spectral ranges. Over the past few years nonlinear optical 

frequency generation in semiconductor N-WGs has been 

reported including second-harmonic generation (SHG) and 

sum-frequency generation (SFG), most of which are based on 

birefringent phase matching and the generated waves are 

guided along the length directions of N-WGs.7−9 

Due to the large refractive indices of semiconductor N-WGs, 

the endface reflectivity is usually large (e.g., over 0.110) and 

will offer a backward reflected waves. The overlap of forward- 

and backward waves will induce transverse frequency 

conversion vertically to the waveguide surface (also be called 

as surface-emitting frequency conversion),11−13 which shows 

great advantages such as high conversion efficiency and low 

pump power compared with those in birefringent 

technique.14−16 When light is guided along the N-WGs, the 

cross-sectional geometries and the surrounding media of N-

WGs have a great influence on propagation parameters such as 

propagation constant, effective index, and polarization,17−19 

which may induce different nonlinear optical phenomena from 

those in birefringent SHG. For example, supercontinuum has 

been recently realized in CdS nanoribbons but is difficult to be 

realized in CdS nanowires.5 Therefore study of the influence of 

cross-sectional geometries and substrate effects on transverse 

frequency conversion in semiconductor N-WGs is important for 

understanding the light-matter interaction as well as device 

applications. Nevertheless, such investigation of geometrical 

nonlinear effect has not yet been reported. In addition, previous 

studies mostly focused on the above-bandgap spectral region of 

semiconductors, which experience large multiphoton-

absorption induced photoluminescence and suffer from large 

absorption of generated light12−15. In this communication 

transverse frequency conversion in the sub-bandgap spectral 

region are studied in semiconductor nanowires and 

nanoribbons. Continuous-wave (CW) pump lasers are 

efficiently launched into the N-WGs using silica fiber tapers. 

The properties of the transverse SHG and SFG emissions 

including emitting direction, spatial distribution, and 

polarization are experimentally and theoretically investigated.  

2. Experimental 
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Single-crystalline semiconductor nanowires and nanoribbons 

including CdS, ZnSe, and ZnO are synthesized using a 

chemical vapor deposition process.5,6 Typical nanowires have 

hexagonal cross-sectional geometries (Fig. 1(a)) and typical 

nanoribbons have rectangular cross-sectional geometries (Fig. 

1(c)). Figs. 1(b) and (d) show two transmission electron 

microscope (TEM) images of a CdS nanowire and a CdS 

nanoribbon respectively, in which uniform and smooth 

sidewalls are observed.  

As-grown N-WGs are placed on the tips of suspended silica 

optical fiber tapers via micromanipulation and pump light is 

coupled into the N-WGs based on an evanescent wave coupling 

technique.19−21 For reference, this suspension coupling approach 

is schematically shown in Fig. 1(e), in which a fiber taper is 

placed in parallel and contact with one end of a N-WG (see 

experimental details in ref. 21). Fig. 1(f) provides an image of 

coupling a 1064-nm laser from a suspended silica fiber taper 

into a CdS nanowire. The bright light spot at the nanowire end 

indicates that pump light is efficiently coupled into the 

nanowire. To investigate the substrate effect,19 N-WGs are also 

dispersed onto a MgF2 substrate and silica optical fiber tapers 

are used to couple light into the N-WGs based on a butt 

coupling technique5. The pump sources used are CW 

monochromatic lasers. The generated emissions are collected 

using long working distance microscope objectives and directed 

to a spectrometer (QE65 Pro, Ocean Optics) and a CCD camera 

(DS-Ri1, Nikon). A short-pass emission filter (FF01-750/SP-

25, Semrock) and a polarizer are used when taking CCD 

images and spectra.  

3. Results and Discussion 

Due to the high refractive indices of semiconductor N-WGs, 

some portion of the guided light is reflected by the endfaces 

and propagates backward. Then the forward (+ω) and backward 

(-ω) waves overlap and generate second-harmonic (SH) 

emission (2ω) on both lateral sides of N-WGs. Fig. 2(a) shows 

a schematic diagram of transverse SHG in a nanoribbon. 

Compared with birefringent SHG process that both SH waves 

and fundamental waves are along the N-WG length direction 

(Fig. 2(b)), SH waves in the transverse SHG process are 

vertical to fundamental waves.11−16 In this process, wavevectors 

of fundamental waves are automatically conserved in the plane 

of the N-WG surface. In the direction normal to the surface are 

not conserved, and the mismatching is equal to the SH 

wavevector. Fig. 2(c) shows an optical micrograph of a SH 

emission from the lateral side of a 350-nm-thick ZnSe 

 
Fig. 3. Optical micrographs of a 1.24-µm-wide and 280-nm-thick CdS 

nanoribbon, which is supported by a suspended fiber taper and pumped by a 

1064-nm laser. (c) Spectrum of A and B emissions. (d) Dependence of the 

ISH as a function of Pin
2. (e) Spatial distribution of ISH of B emission along 

the nanoribbon length direction. (f) Power distributions (Poynting vectors) 

of guided 1−3 order modes at the transverse cross plane of the CdSe 

nanoribbon. (g) φ-dependent ISH of the A and B emissions. (h and i) Optical 

micrographs of the nanoribbon taken with φ = 30° and 120°, respectively. 

 
Fig. 1. Close-up SEM images of cross-sections, TEM images of as-grown 

CdS nanowires (a and b) and CdS nanoribbons (c and d), respectively. (e) 

Schematic diagram of an experimental setup for suspension coupling 

approach. (f) Optical micrograph of coupling a 1064-nm laser from a 

suspended silica fiber taper into a CdS nanowire. 

 
Fig. 2. Schematic diagrams of (a) transverse SHG and (b) birefringent SHG 

in a nanoribbon. (c) Optical micrograph of a SH emission from the lateral 

side of a 350-nm-thick ZnSe nanoribbon. (d) Spatially distributed intensity 

of the A pattern along the normal direction of the nanoribbon surface. 
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nanoribbon, which is pumped by a 1064-nm laser. It is clear 

that SH patterns are vertical to the nanoribbon surface and show 

symmetric on both sides of the nanoribbon. Fig. 2(d) shows the 

spatially distributed intensity of a typical emitting pattern 

(denoted as A) along the normal direction of the nanoribbon 

surface, which exponentially decays with an oscillation, 

suggesting that transverse SH intensity do not grow with 

propagation distance.12,13 The propagation length (1/e damping 

intensity of the SH emission) is ~2.2 µm. A roughly measured 

divergence angle of the A pattern is less than 9°, which is much 

smaller than those in birefringent SHG (~50°).22 

Fig. 3(a) shows an optical micrograph of a 1.24-µm-wide and 

280-nm-thick CdS nanoribbon, which is suspended by a fiber 

taper and pumped by a 1064-nm laser with input power (Pin) of 

300 µW. A bright green spot at the end of the nanoribbon 

(birefringent SHG, denoted as A in Fig. 3(b)) and periodical 

green patterns along the body (transverse SHG, denoted as B) 

are observed. Each pattern has an angle of ~30° with the 

nanoribbon axis (see enlarged image below). Fig. 3(c) shows 

that only 532 nm wavelength is detected, and Fig. 3(d) shows 

that the measured SH intensity (ISH) of both of the A and the B 

emissions increase linearly with the square of the pump power 

(Pin
2), corresponding to their SHG nature. The spatial 

distribution of ISH of the B emission along the nanoribbon 

length direction (Fig. 3(e)) exhibits an oscillation behavior with 

a period of ~2.2 µm and obeys the relationship of  
2cos ( )SHI zβ∝ ∆ ,13

 where β denotes the propagation constants 

and z denotes the position along the nanoribbon length 

direction. Calculation using Lumerical FDTD solution in Fig. 

3(f) shows that the B emission arises from the counter-

propagating waves of the second (β2 = 10.9 µm−1) and third 

order (β3 = 9.4 µm−1) guided modes which give a period of Λ ≈ 

π/∆β = 2.1 µm and agree well with the experimental result. The 

angle of ~30° between the patterns and the nanoribbon axis 

shown in Fig. 3(b) is also attributed to the overlap of different 

orders of guided modes. From many experimental results, it is 

found that the angles and the oscillation periods of patterns 

highly depend on the widths of the nanoribbons and the orders 

of the guided modes, as well as the refractive indices of 

surrounding media. 

The polarization angle (φ) is defined as the cross angle 

changes between the length direction and the polarizer 

direction. Fig. 3(g) gives φ-dependent ISH of the A and the B 

emissions, both of which exhibit similar oscillation behaviors 

between the maximum at φ = 30° and the almost zero at φ = 

120°. Fig. 3(h) and 3(i) provide images of the nanoribbon taken 

at φ = 30° and 120°, respectively. The green circles plotted in 

Fig. 3(g) give φ-dependent ISH of an individual pattern of the B 

emission (denoted as C), which has the same polarization 

direction as the A and the B emissions. The polarization ratio 

(ρ), defined as ρ = (Pmax − Pmin)/(Pmax ＋ Pmin),
19 of the A and C 

emissions are 0.61 and 0.83, respectively, suggesting that 

transverse SHG are more highly polarized than birefringent 

SHG. 

Fig. 4(a) shows an optical micrograph of a 860-nm-diameter 

CdS nanowire, which is supported by a suspended fiber taper 

and pumped by a 1064-nm laser with Pin of 300 µW. Fig. 4(b) 

shows that a weak spot emits at the end of the nanowire 

(denoted as A) and a line emission emits along the nanowire 

length direction (denoted as B). Calculation shows that the B 

emission arises from two counter-propagating waves with the 

same order modes, and thus induces the line patterns with a 

very large period. Fig. 4(c) gives φ-dependent ISH of the A and 

B emissions. It is noticed that the B emission exhibits an 

oscillation behavior between the maximum at φ = 0° and the 

minimum at φ = 90°, and A emission shows a different angle of 

~21° in the polarization direction between B emission, which 

may induced by higher order modes guided in the nanowire. 

The ρ of the A and B emissions are 0.67 and 0.81, respectively, 

further suggesting the higher polarization of transverse SHG. 

 
Fig. 5. (a and b) Optical micrographs of a 440-nm-diameter ZnO nanowire, 

which is supported by a MgF2 substrate and pumped by a 1064-nm laser. (c 

and d) Optical micrographs of the nanowire taken with φ = 0° and 90°, 

respectively. (e and f) Power distributions (Poynting vectors) of guided P⊥

and Pǁ modes at the transverse cross plane of the ZnO nanowire. (g) Endface 

reflectivity of P⊥ and Pǁ modes in MgF2 substrate-supported ZnO nanowires. 

(h, i, and j) Optical micrographs of SHG in a 670-nm-diameter ZnSe 

nanowire. 

 
Fig. 4. Schematic (a and b) Optical micrographs of an 860-nm-diameter CdS 

nanowire, which is supported by a suspended fiber taper and pumped by a 

1064-nm laser. (c) φ-dependent ISH of the A and B emissions. 
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Figs. 5(a) and (b) show that in a 440-nm-diameter ZnO 

nanowire supported on a MgF2 substrate and pumped by a 

1064-nm laser, a bright spot emission at the upper end (denoted 

as A) and a line emission along the nanowire length (denoted as 

B) are observed. When φ = 0° (Fig. 5(c)) the intensity of both of 

A and B emissions is maximum, and when φ = 90° only the A 

light spot is observed (Fig. 5(d)). The ρ of the A emission is 

0.36 and the ρ of the B emission is 0.92, which is higher than 

those in nanowires with larger diameters (Fig. 3) and 

nanoribbons with wider widths (Fig. 4). Calculation shows that 

in a 450-nm-diameter ZnO nanowire only lower-order mode 

can be efficiently guided, and the power of the guided lower-

order mode with polarization vertical to substrate (P⊥, Fig. 5(e)) 

suffers higher power leakage than that parallel to the substrate 

(Pǁ, Fig. 5(f)).19 In addition, calculation shows that the endface 

reflectivity of P⊥ mode is lower than that of Pǁ mode (Fig. 5(g)) 

in ZnO nanowires at single mode condition.17 Thus only Pǁ 

mode can be efficiently guided and reflected, and induces a line 

pattern along the nanowire length with much higher 

polarization of transverse SHG than those of higher-order 

modes involved transverse SHG and in birefringent SHG.  

By using large diameter nanowires, the spatial distribution of 

transverse emissions along the nanowire can be tuned. Fig. 5(h) 

shows in a 670-nm-diameter ZnSe nanowire, P⊥ mode can be 

efficiently guided and reflected, and overlaps with Pǁ mode, 

inducing patterns with a period of ~1.9 µm along the nanowire 

shown in Fig. 5(i). By varying the polarization of pump light, 

the period patterns are changed into a single line, as shown in 

Fig. 5(j). This effect is also observed in nanoribbons. 

By coupling another pump laser from the other end of 

semiconductor N-WGs transverse SFG is also demonstrated. 

Figs. 6(a) and (b) show optical micrographs of a 690-nm-

diameter ZnSe nanowire coupled with a 1064-nm laser from the 

left side and an 808-nm laser from the right side. A green line 

emission along the length and a bright green spot at the right 

end with a peak wavelength of 532 nm (Fig. 6(c)) are observed, 

corresponding to the transverse and birefringent SHG from the 

1064-nm laser, respectively. Feather-like blue emissions with 

divergence angles less than 10° along the length and with a 

peak wavelength of 459 nm are also observed, corresponding to 

the transverse SFG signal of the 1064- and 808-nm lasers. Due 

to the difference of wavevectors of the two pump lasers, the 

direction of SFG is inclining to the surface normal of the 

nanowire, suggesting the potential application of wavelength 

discriminating by using the transverse SFG technique. From the 

φ-dependent intensity of SHG and SFG emissions shown in 

Fig. 6(d), there is a difference of ~10° in the maximum 

polarization direction between the 459-nm SFG and 532-nm 

SHG. The ρ of the SFG is 0.81 and the ρ of the SHG is 0.75. 

4. Conclusion  

In summary, sub-bandgap transverse SHG and SFG 

processes in semiconductor nanowires and nanoribbons are 

investigated by using CW lasers with pump power less than 1 

mW. Compared with birefringent approach, transverse 

frequency conversion shows attractive properties including 

lower divergence angles, higher polarization, and tunable 

spatial distribution, which are observed both in nanowire and 

nanoribbons. The polarization direction is higher in N-WGs 

under single-mode condition; and the spatial distribution is 

more tunable in N-WGs with higher-order modes involved.  

Due to the weak absorption of generated light, the sub-bandgap 

approach is more general and can be easily applied to other N-

WGs such as inorganic crystals and metals,23 which may 

achieve broadband and tunable compact nanoscale sources and 

spectroscopic studies.24,25 Furthermore, the transverse 

frequency conversion takes places around the surface of N-

WGs with wavelength-scale near-field interaction volume, 

which may facilitate attractive applications such as high spatial-

resolution spectro-imaging and biomolecular sensing.  
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Fig. 6. (a and b) Optical micrographs of a MgF2-supported 690-nm-diameter 

ZnSe nanowire coupled with a 1064-nm laser and an 808-nm laser. (c) 

Spectrum of generated emissions. (d) φ-dependent intensity of transverse

532-nm SHG and 459-nm SFG emissions. 
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