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Abstract 

Nonlinear optical response is a fingerprint of various physicochemical properties of materials 

related to symmetry, including crystallography, interfacial status, and carrier dynamics. However, 

the intrinsically weak nonlinear optical susceptibility and the diffraction limit of far-field optics 

restrict probing deep-subwavelength scale nonlinear optics with measurable signal-to-noise ratio. 

Here, we propose an alternative approach toward efficient second harmonic generation (SHG) 

nanoscopy for SHG-active sample (zinc oxide nanowire (ZnO NW)) using an SHG-active 

plasmonic nanotip. Our full-wave simulation suggests that the experimentally observed high near-

field SHG contrast is possible when the nonlinear response of ZnO NW is enhanced and/or that of 

the tip is suppressed. This result suggests possible evidence of quantum mechanical nonlinear 

energy transfer (NET) between the tip and the sample, modifying the nonlinear optical 

susceptibility. Further, this process probes the nanoscale corrosion of ZnO NW, demonstrating 

potential use in studying various physicochemical phenomena in nanoscale resolution.  

 

Keywords: Nonlinear optics, Second harmonic generation (SHG), Near-field optics, Zinc oxide 

nanowire 
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Introduction    

Symmetry in the material structures, e.g., crystal structures and surface/interface, and the induced 

electromagnetic fields determines optical nonlinearity of the material. For example, SHG, one of 

the second-order nonlinear optical responses, typically occurs when the material of interest and/or 

induced electromagnetic field distribution lacks inversion symmetry1-8. This characteristic of SHG 

offers a powerful pathway to studying crystallography2, interfacial status3, 4, optical resonance5-7, 

and carrier dynamics8 of various material systems. However, intrinsically weak nonlinear optical 

signals and limited resolution by far-field optical configuration require additional strategy to 

accomplish nanoscale detection at a measurable signal-to-noise ratio.  

A nanoimaging of nonlinear optical properties was firstly demonstrated by introducing nano-

aperture that physically confines region for photon collection9-13. Meanwhile, apertureless type 

plasmonic nanoscopic tip has been introduced by virtue of its strong near-field amplification with 

relatively free of constraints on polarization and geometric configuration14-19. For example, 

plasmonic grooved tips17, 18, and tip tilting19 have been introduced to improve the nonlinear optical 

contrast by improving light coupling efficiency at the tip apex. Meanwhile, the plasmonic 

enhancement at the metallic tip apex inevitably generates tip-induced local SH photons15, 18-21, 

which are often deemed undesirable in SHG studies as it can degrade the signal-to-noise ratio. In 

such plasmonic tip-based near-field SHG techniques, it is ambiguous whether the measured signals 

track the sample SHG responses since both the sample and the tip contribute simultaneously. Also, 

quantum mechanical effects may modify the SH susceptibility of the sample and/or the tip22-24, 

making the interpretation of near-field SHG data complicated. These imply that new pathways in 

nanoscale amplification and probing of nonlinear optical properties of materials can be possible, 

expanding applications of the tip enhanced SHG nanoscopy. 
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Here, we demonstrate nanoscale imaging of near-field SHG using a SHG-active plasmonic gold 

(Au) nanotip. The Au tip not only provides the plasmonic field enhancement demonstrated in 

previous reports15, 16, 19, but also has its own SHG response that boosts the SHG signals of the 

target sample. ZnO NW is chosen as the SHG-active target sample because of their low refractive 

index contrast compared to the substrate, which allows us to exclude other linear optical effects in 

our SHG nanoscopy imaging. We suggest that our observed high signal contrast can be possible 

through quantum mechanical NET between the Au tip and the sample. We achieved clear near-

field contrast with nanoscale resolution (<13 nm) from ZnO NW at the SH frequency. Further, we 

apply our method to nanoscale characterization of local corrosion of ZnO NW. Our work offers a 

promising way to future study of various physicochemical phenomena in nanoscale resolution. 

 

Results and Discussion 

- Experimental observation of near-field SHG contrast from ZnO NW 

Fig. 1a schematically shows the tip-enhanced near-field SHG nanoimaging. We utilize an Au-

coated Si tip (apex radius of ~30 nm) as an optical probe. Although the Au-coated tip itself is SHG-

active even in free space, here we utilize the SHG response of the Au-coated tip to spatially map 

the near-field SHG response of the sample with strong contrast via NET between the tip and the 

sample, a mechanism that will be discussed later in detail. To induce SHG response of the tip 

during the near-field mapping, we illuminate a femtosecond laser beam (λ0~810 nm, f~80 MHz, 

pulse duration~100 fs) on the tip apex (Fig. 1a). Since the tip points in the direction normal to the 

substrate, p-polarized illumination can induce strong SHG signals from the tip-apex. This can be 

shown in the SHG intensity mapping image of the tip apex (inset image of Fig. 1b) obtained by 
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scanning the laser around the tip while collecting the SHG photons by a photon counter 

(Supporting Note 1).  

We test our approach for the near-field SHG mapping using Wurtzite ZnO NWs, drop-casted on a 

SiO2 (300 nm)/Si substrate. We choose ZnO NW as its broken inversion symmetry produces 

distinct SHG signals25, 26, while having small contrast of refractive index (nZnO=1.60) compared to 

the substrate (nSiO2=1.45) both at the fundamental frequency (λ0=810 nm) and at the SH frequency 

(λSHG=405 nm). This small dielectric contrast of the ZnO NW sample makes us possible to exclude 

the linear effect on the measured near-field SHG imaging. ZnO NW is also one of the most studied 

nanomaterials owing to its rich electrochemical properties, biocompatibility, and intrinsically 

stable oxide stoichiometries27, 28. High-resolution transmission electron microscopy (HRTEM) 

(Fig. 1f), combined with selected area electron diffraction (SAED) pattern analysis (Fig. 1e) 

confirms these are single crystal ZnO NWs in a Wurtzite crystal structure29. The polarization 

resolved far-field SHG pattern shows two-lobed shape, confirming its 6mm point group with the 

non-zero SH susceptibilities25, 26 (Supporting Note 3).  

We first spatially image the tip-enhanced near-field SHG response from ZnO NW (Fig. 2b) by 

collecting the SH photons while scanning the tip. During the scanning, the average distance 

between the tip apex and the sample is maintained at 2 nm (Supporting Note 1). We observe clear 

near-field SHG contrast (≡ (𝐼𝑆𝐻𝐺,𝑍𝑛𝑂 − 𝐼𝑆𝐻𝐺,𝑠𝑢𝑏𝑠)/𝐼𝑆𝐻𝐺,𝑠𝑢𝑏𝑠 ) of 0.7-2.5, from ZnO NW with 

various thicknesses (90-170 nm) (Fig. 2c). The near-field SHG signal follows well the topography 

with nanoscale resolution ~13 nm (~(𝐹𝑊𝐻𝑀𝑇𝑜𝑝𝑜𝑔𝑟𝑎𝑝ℎ𝑦-𝐹𝑊𝐻𝑀𝑆𝐻𝐺)/2)  (Supporting Note 4).  

The experimentally observed near-field SHG contrast implies complicated physics beyond 

classical understanding. As we mentioned, it is not likely that the small refractive index contrast 
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between the sample (nZnO=1.60) and the substrate (nSiO2=1.45) can induce the observed high near-

field SHG contrast in Fig. 2b. To investigate the origin of the strong contrast further, we also study 

the tip-height dependence of the SHG intensity signals from the ZnO NW and the SiO2/Si substrate 

that exhibit different trends (Fig. 2d). As we lift the tip from the sample, the measured SHG 

intensity from the ZnO NW monotonically decreases and appears to saturate after ~50 nm of tip-

sample distance, whereas if the tip probes the SiO2/Si substrate, the SHG intensity gradually 

increases up to ~100 nm of tip-sample distance. The trend of the SHG intensity on the bare 

substrate (blue dots in Fig. 2d) is straightforward to understand; the SiO2 layer of the substrate is 

SHG-inactive, and thus the SHG intensity is proportional to the field intensity at the tip position 

at the fundamental frequency. Since the light reflected back by the SiO2/Si substrate interferes with 

the incident light of the wavelength 810 nm and the incident angle 60°, the interference pattern of 

the field intensity follows the trend of sin2(k0,z z) with the normal component of the wave vector at 

the fundamental frequency, k0,z=(2π/λ0)sin(60°) as shown in the simulated electromagnetic field 

distribution in Fig. S6. On SHG-active ZnO NW, however, the SHG intensity on the ZnO NW 

sample shows significantly different trend compared to that on the bare substrate (Fig. 2d). We 

hypothesize that the tip-sample interaction is mediated by the evanescent field. Note that 

exponentially decaying interaction scaling with respect to the distance can be found in other 

interactions mediated by the evanescent fields, e.g. Au NP-fluorescent molecule interaction30, the 

fluorescence resonant energy transfer (FRET)31, and plasmonic molecular rulers32. We fit the 

experimentally measured SHG intensity on the ZnO NW sample using exp(-4πz/dint), yielding the 

interaction constant dint=405 nm (Fig. 2d), which is the same as the wavelength of the SH 

frequency. This coincidence may suggest that the tip-sample interaction is mediated by the 

evanescent near-field at the SH frequency.  
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- Theoretical interpretation of the observed near-field SHG enhancement from ZnO NW 

To understand our experimental observation of the near-field SHG mapping, we investigated three 

possible explanations theoretically; (i) The Au-coated tip induces strong near-field in its vicinity 

because Au supports surface plasmons at λ0=810 nm. Classically, this strong near-field 

enhancement at the fundamental frequency becomes source at the SH frequency, yielding the 

strong near-field SHG of the ZnO NW. (ii) It has been known that the Purcell effect, a resonator-

induced modification of spontaneous decay rate of an emitter, can perturb the nonlinear 

susceptibility of materials22-24. (iii) We also conjecture that the quantum mechanical NET can 

modify the nonlinear susceptibilities of Au and/or ZnO if two materials are coupled strongly. 

To examine the first explanation offered, we numerically solve the Maxwell’s equations, which 

describe classical electrodynamics phenomena, at the fundamental and the SH frequencies in a 

self-consistent manner using the reported nonlinear susceptibilities25, 33 (Supporting Note 5). Based 

on the simulated electromagnetic fields ( ) ( ) ( ) ( ) 2 2
,

 
E r H r  at the SH frequency, we define SH-

cross section (SH-CS), the surface-integration of the outgoing Poynting vector normal to an 

arbitrary surface enclosing the tip and the sample, i.e. 𝐶𝑠𝑐𝑎
(2𝜔) ≡ −𝑅𝑒∯(𝑬(2𝜔) ×𝑯(2𝜔)) ⋅ 𝑑𝒂 /

(2𝐼0
(𝜔)), where 

( )
0I


 is the intensity of the incident wave at ω. Most strikingly, our numerical 

simulation shows the tip SHG intensity dominates the sample SHG intensity of ZnO NW 

(Supporting Note 6). The SH-CS on ZnO NW (𝐶𝑠𝑐𝑎,𝑍𝑛𝑂
(2𝜔)

) exhibits an interference pattern (Fig. S7a), 

contrasting with our experimental observation in Fig. 2d. In addition, the near-field SHG contrast 

(≡ (𝐶𝑠𝑐𝑎,𝑍𝑛𝑂
(2𝜔) − 𝐶𝑠𝑐𝑎,𝑠𝑢𝑏𝑠

(2𝜔) )/𝐶𝑠𝑐𝑎,𝑠𝑢𝑏𝑠
(2𝜔)

) is 0.18, when the tip approaches the ZnO NW surface at a 

distance of 5 nm (Fig. S7b), which is much smaller than the experimentally observed near-field 



8 
 

SHG contrast (0.7-2.5). Therefore, we can exclude the classical effect for explaining our 

experimental findings. 

Second, we consider the Purcell effect-modification of the nonlinear susceptibilities of the Au-

coated tip and the ZnO NW. SHG is a three-level process where a transition from the highest 

virtual state to the ground state causes SHG at the SH frequency, while the transitions from the 

first excited state to the ground state describe the linear response at the fundamental frequency1. If 

an optical resonator possesses a small local density of states (LDOS), i.e., a Purcell factor lower 

than unity, the transitions at the first excited state are suppressed22-24. This would induce more 

transitions from the highest virtual state at the SH frequency, hence enhancing the nonlinear SH 

susceptibility. However, our Au-coated tip has large LDOS due to strong plasmonic response at 

λ0=810 nm (Supporting Note 7). In this electromagnetic configuration, nonlinear susceptibilities 

of both Au and ZnO are suppressed, contrasting with our experimental findings. 

As we have seen, the first two well-known scenarios (i.e., classical plasmonic field enhancement 

and the Purcell effect-induced nonlinear susceptibility modification) fail to explain our 

experimental findings. Then, we hypothesize that energy transfer between Au and ZnO occurs in 

SHG process as shown in Figs. 3a&b. This is analogous to FRET between two fluorescent 

systems34. In a FRET system, fluorescence of one emitter can be enhanced while that of another 

emitter is suppressed while providing energy to the enhanced emitter. If a similar energy transfer 

can occur in the coupled SHG-active system (Fig. 3b), the nonlinear susceptibility of the Au-coated 

tip can be enhanced while that of the ZnO NW is suppressed, or vice versa. We coin the term, 

nonlinear energy transfer (NET), for this effect. Although ultrafast nonlinear spectroscopy to 

confirm NET exclusively is beyond our scope, we find possible evidence of NET from dependence 

of SHG intensity on the tip-sample distance. We perform the numerical simulations with 
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artificially controlled nonlinear SH polarizations; the SH polarization of ZnO 𝑷𝑍𝑛𝑂
(2𝜔)

 (Au, surface 

and bulk components 𝑷𝐴𝑢,𝑏𝑢𝑙𝑘
(2𝜔)

 and 𝑷𝐴𝑢,𝑠𝑢𝑟𝑓
(2𝜔)

) is modified by a factor fZnO (fAu) compared to the 

uncoupled SH polarization 𝑷𝑍𝑛𝑂,0
(2𝜔)

 ( 𝑷𝐴𝑢,𝑏𝑢𝑙𝑘,0
(2𝜔)

 and 𝑷𝐴𝑢,𝑠𝑢𝑟𝑓,0
(2𝜔)

), i.e. 𝑷𝑍𝑛𝑂
(2𝜔) = 𝑓𝑍𝑛𝑂𝑷𝑍𝑛𝑂,0

(2𝜔)
 

(𝑷𝐴𝑢,𝑏𝑢𝑙𝑘
(2𝜔) = 𝑓𝐴𝑢𝑷𝐴𝑢,𝑏𝑢𝑙𝑘,0

(2𝜔)
 and 𝑷𝐴𝑢,𝑠𝑢𝑟𝑓

(2𝜔) = 𝑓𝐴𝑢𝑷𝐴𝑢,𝑠𝑢𝑟𝑓,0
(2𝜔)

).  

In Fig. 3c, we increase fZnO from 1 to 100, while fAu is fixed to the unity and plot the normalized 

SH-CS of the Au tip according to the tip-sample distance. This represents the enhancement of 

ZnO-SHG while Au-SHG remains the same. As also shown in Fig. 3d, the tip-sample distance 

dependence becomes significantly different. For fZnO=1, SH-CS is dominated by Au-SHG, 

increasing with the tip-sample distance, which indicates interference pattern while ZnO-SHG 

cannot be resolved. However, as fZnO increases, ZnO-SHG starts to dominate, and the case when 

fZnO is much higher than fAu (i.e., fZnO=100) shows an identical SH-CS trend to the case when only 

ZnO-SHG is considered (i.e., fAu=0). In both cases, SH-CS becomes flat for large tip-sample 

distance (>30 nm), which is consistent with our experimental finding in Fig. 2d, indicating that the 

enhancement of ZnO-SHG can reproduce our experimental result. We also test the opposite 

scenario, i.e. the quenching of Au-SHG with the fixed ZnO-SHG (decreasing fAu with the fixed 

fZnO=1), and the result reproduces the experimental observation when fAu is much smaller than fZnO. 

We conclude that our nonlinear near-field mapping experiment could originate from the 

combination of the enhanced 𝑷𝑍𝑛𝑂
(2𝜔)

 and/or the quenched 𝑷𝐴𝑢
(2𝜔)

. To complement, we also calculate 

a nonlinear susceptibility of coupled anharmonic oscillators (Supporting Note 8), and it shows the 

modification of 𝑷𝑍𝑛𝑂
(2𝜔)

 and quenched 𝑷𝐴𝑢
(2𝜔)

 is possible even for weak coupling constant g.   

- Nanoscale corrosion imaging of ZnO NW  
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Our experimental and theoretical studies suggest that the tip-enhanced near-field SHG nanoscopy 

can sensitively probe the local nonlinear susceptibility of ZnO NW crystals with nanoscale 

resolution. We explore the potential use of this technique in nanoimaging of the corrosion process 

of ZnO NW. Although ZnO NW has been considered as a chemically stable material, previous 

studies revealed that it can degrade by exposure to ambient molecules such as H2O and CO2
35-38.  

We induce corrosion in ZnO NW by exposure to high relative humidity (RH at 90%) environment 

for two days. Prominent corrosion is manifested by bubbled structure with etched pits (Fig. 4a). 

HRTEM image obtained from the bubble shows that it is comprised of nanocrystals (Fig. 4c), and 

the ring pattern observed in SAED (Fig. 4d) confirms the polycrystalline nature with d-spacings 

that are consistent with Wurtzite ZnO. Energy-dispersive x-ray spectroscopy (EDS) shows that the 

elemental ratios of O to Zn (O/Zn) from the bubble structure and ZnO NW backbone are in similar 

range, 1.3 and 1.2, respectively (Supporting Note 10). This ratio is close to the stoichiometry of 

ZnO, while the slight increase in oxygen can be attributed to residues from hydroxyl groups from 

the water as well as adsorbed and deposited organic contaminants from air. We attribute this 

corrosion process to water induced etching and recrystallization, preferentially initiated at oxygen 

vacancy sites37, 39 (Supporting Note 11).  

The tip-enhanced near-field SHG microscopy can effectively probe the observed corrosion process 

with nanoscale resolution. We performed near-field SHG imaging of the ZnO NW after the 

corrosion process (Figs. 4e&f). The corroded ZnO NW shows dramatically different topography 

and near-field SHG distribution compared to the pristine ZnO NW (Figs. 2a&b). The local near-

field SHG intensity is stronger at the thinner area, while decreased intensity is measured in the 

thicker area. As previously discussed, the observed signal contrast may be attributed to the distance 

sensitive near-field SHG process by NET we suggested. The vertical growth of polycrystalline 
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ZnO in the bubbled region increases the distance between the tip and the pristine ZnO NW 

backbone. This minimizes the tip-crystalline ZnO NW interaction, whereas SHG emission from 

polycrystalline ZnO is minimal due to the random crystal orientation of each particle. In contrast, 

the tip apex can access the pristine ZnO NW core in thinner and uncorroded regions where stronger 

SHG intensity can be induced. In heavily degraded ZnO NW (Figs. 4g&h), the near-field SHG 

signal diminishes due to the thick corroded by-product. In contrast, the far-field SHG is also 

captured as a uniform tail-like interference pattern outside ZnO NW (Fig. 4h). This far-field SHG 

indicates the existence of unaffected ZnO crystals in the deep core area inside the corroded region; 

the incident plane wave excites the core crystalline ZnO NW, and then the far-field SHG are 

captured by the Au tip, which is away from ZnO NW. Thus, this result shows that our method can 

sensitively monitor the progress of non-uniform surface status of nanomaterials in nanoscale 

resolution.  

 

Conclusion 

In summary, we demonstrate nanoscale tip-enhanced near-field SHG probing of ZnO NWs. We 

experimentally observe near-field SHG signal from ZnO NW with high signal-to-noise ratio at 

high resolution (<13 nm). We propose that the strong SHG response of Au tips can be used as an 

optical probe for acquiring SHG signals from nonlinear samples. In the system examined, this 

possibly originates from a NET between the tip and the ZnO NW in a nonlinear process, while 

neither the plasmonic field enhancement nor the Purcell effect can explain the experimentally 

observed SHG enhancement. We further show that near-field SHG can be applied to probe the 

corrosion process of ZnO NWs. We believe that the proposed approach by NET promotes future 
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study of nanoscale nonlinear optical properties of various material systems, enabling promising 

applications in electrochemistry and optoelectronics.   

 

Experimental Methods 

- Tip enhanced near-field SHG nanoscopy system:  

Details are described in Supporting Note 1. 

- ZnO NW sample preparation and corrosion process:  

CVD grown ZnO NW is purchased from Novarials, USA. The NWs are suspended in isopropyl 

alcohol (IPA) and drop casted on SiO2 (300 nm)/Si wafer. The corrosion process is performed by 

placing ZnO NW under the high relative humidity (>90%) for two days.  

- TEM analysis:  

HRTEM, SAED, and EDS are performed on an FEI TitanX using 300 kV beam voltage. ZnO NWs 

are drop cast on commercially available holey silicon nitride membrane windows for TEM 

(Norcada). A TEM chip with deposited NWs is included with the wafer being corroded to 

experience the same conditions. NWs with less than 100 nm width and regions that extend over 

holes in the membrane are chosen for analysis to reduce thickness effects and avoid contributions 

from the silicon nitride. EDS quantification is performed using the Bruker ESPRIT software 

package.  

- Numerical simulations and development of theoretical models 
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Details are described in Supporting Notes 5-8. 
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Figure 1:  a) Schematics of tip-enhanced near-field SHG imaging of ZnO NW with Au coated tip. 

b) SEM image of the tip and the SHG intensity (ISHG) mapping image of the tip (inset) obtained 

by scanning the femtosecond laser around the tip while collecting SHG photons by a photon 

counter. The scale bars indicate 1 μm. c) Optical microscope image of pristine ZnO NW. The scale 

bar indicates 5 μm. d-f) Transmission electron microscopy (TEM) analysis of pristine ZnO NW 

observed along [1 -1 0]: d) low-resolution TEM image, e) selected area electron diffraction 

(SAED) pattern, and f) high resolution (HR)TEM image showing Wurtzite crystal structure grown 

along the c-axis with c lattice parameter equal to 5.2 nm. The white arrow in panel f) indicates c-

axis crystal orientation of ZnO NW. The scale bars in panels d), e) and f) are 100 nm, 10 1/nm and 

2 nm, respectively.   
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Figure 2: Experimental results on tip-enhanced near-field SHG nanoscopy of ZnO NW. a) 

Topography and b) near-field SHG image of pristine ZnO NW. The scale bars are 1 μm. c) Line 

profiles of topography and near-field SHG of ZnO NW obtained from the white dashed lines in 

panels a) and b). d) Normalized SHG intensity versus tip-sample distance curves obtained from 

on ZnO NW and on SiO2/Si substrate, which are schematically depicted in panels e) and f), 

respectively.  
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Figure 3:  a) Schematic illustration of NET process between SHG-active Au coated tip and ZnO 

NW, showing near-field resonant energy transfer coefficient (𝑔𝑍𝑛𝑂↔𝑡𝑖𝑝). b) Three level energy 

transition structures of Au tip and ZnO NW, and Au- and ZnO-SHG enhancement factors, fAu and 

fZnO with 𝑔 . The red (blue) arrows indicate excitation or relaxation of photon energies by 

fundamental frequency, ω (SH frequency, 2ω). c) Simulated SH-CS of the Au tip according to 

different tip-sample distance (from 5 nm to 100 nm), and fZnO (from 1 to 100), while fAu is fixed 

to unity. The SH-CS values are normalized to the value at 5 nm of tip-sample distance at each 

fZnO. d) Line profiles of normalized SH-CS according to tip-sample distance of the Au tip, showing 

the cases when fZnO is 1, 10, 20, and 100, while fAu fixed to unity (extracted from panel c)), and 

the case when fAu=0, indicating only the SHG property of ZnO NW (
( )2

ZnO


P ) is considered (purple).  
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Figure 4: TEM analysis obtained from corroded ZnO NW: a) low magnification TEM image of 

overall corroded ZnO NW, b) HRTEM images of bubbled structure, c) magnified image, and d) 

SAED pattern. Panels c) and d) were taken from the square area in panel b), indicating 

polycrystalline nanostructure. The scale bars in panels a-d) indicate 200 nm, 20 nm, 2 nm, and 10 

1/nm, respectively. e-h) Topography and near-field SHG images of moderately corroded (panels 

e) and f)) and heavily corroded (panels g) and h)) ZnO NWs. The scale bars are 1 μm.  
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