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Abstract: The ability to manipulate light-matter interaction in semiconducting nanostructures is 

fascinating for implementing novel functionalities in advanced optoelectronic devices. Here, we report 

the tailoring of radiative emissions in a ZnTe/ZnTe:O/ZnO core-shell single nanowire coupled with 

one-dimensional aluminum bowtie antenna array. The plasmonic antenna enables remarkable changes 

in the excitation and emission processes, leading to an obvious enhancement of near band edge 

emission (2.2 eV) and sub-gap excitonic emission (1.7 eV) bound to intermediate band states in 

ZnTe/ZnTe:O/ZnO core-shell nanowire as well as surface-enhanced Raman scattering at room 

temperature. The increase of emission decay rate in the nanowire/antenna system, probed by time-

resolved photoluminescence spectroscopy, yields an observable enhancement of quantum efficiency 

induced by local surface plasmon resonance. Electromagnetic simulations agree well with the 

experimental observations, revealing a combined effect of enhanced electric near-field intensity and 

the improvement of quantum efficiency in ZnTe/ZnTe:O/ZnO nanowire/antenna system. The 

capability of tailoring light-matter interaction in low-efficient emitters may open up a new strategy for 

designing novel optoelectronic and sensing devices with precisely controlled response. 
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The understanding and manipulation of light-matter interaction in polar semiconductors is of great 

importance for various promising applications in linear and nonlinear optoelectronic devices.1-3 

Localized surface plasmon resonance (LSPR) occurring in metallic nanostructures produces collective 

charge oscillations upon interaction with light and introduces strong resonant fields in their vicinity. It 

offers a powerful platform for near-field enhancement and confinement at the subwavelength scale.4,5 

To date, great efforts have been devoted to realize active manipulation of light emissions and even 

lasing by utilizing plasmon-induced hot carrier transfer under the excitation of LSPR.6-9 In particular, 

plasmon-coupled exciton emissions with amplified intensities has been demonstrated in II-VI polar 

semiconducting nanostructures (such as ZnO, CdS and CdTe) due to the strong coupling of excitons 

to LO phonons and/or external plasmonic polariton via long-range Frohlich interaction, which leads to 

a much faster carrier radiative rate than the nonpolar semiconductors. 10 

Among the II-VI semiconductor family, ZnTe material has unique advantages of being 

intrinsically p-type with a direct bandgap of 2.26 eV, which is regarded as one of the most promising 

material for optoelectronic and energy-harvesting devices in the green spectral region.10 In particular, 

ZnTe:O material by oxygen isoelectronic alloying exhibits a broad sub-bandgap absorption and a 

strong excitonic emission around 1.8 eV.11 It has many promising applications such as green light 

emitting diodes, phosphors, intermediate band solar cells, and bright scintillator for high resolution X-

ray imaging.12-15 Recently, to harvest a wide portion of sunlight, optical engineering to tune the 

bandgap by using nanostructures and integrating metallic plasmonic structures has been demonstrated 

with enhanced sub-bandgap absorption and photoanodic response.13,16 Despite of the efforts in energy-

harvesting applications, little dedication has been made in the manipulation of excitonic emission in 

ZnTe material. Strong exciton-phonon coupling in ZnTe nanobelts was demonstrated to significantly 

enhance the exciton radiative decay rates.10 However, as compared to other II-VI high efficient 

emitting materials, the quantum yield of ZnTe nanostructures is lower with a recorded value up to 

60%.17-19 The excitonic emission bound to the intermediate band states is also still below the demand 
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for the practical application due to its low density of states and low quantum efficiency.17 To solve this 

problem, plasmonic coupling with metallic nanostructures is an alternative way for transferring energy 

and manipulating optical properties of low-efficient emitters.20 “Bowtie” antennas, a sort of dimer 

nanoantennas with strong geometric resonances, have been proven to achieve high quantum efficiency 

while keeping nonradiative absorption weaker and large local field enhancement in the narrow gap 

between two coupled metallic nanostructures.21-22 These lithographically fabricated plasmonic 

resonators are controllable and amenable to integration. In this manner, light-matter interaction can be 

tuned to significantly enhance the quantum yield of low-efficiency emitters and enable a whole new 

suite of optoelectronic applications with precisely tailored responses.5,23 

Here, we demonstrate the manipulation of radiative emission from a ZnTe/ZnTe:O/ZnO core-shell 

single nanowire integrated with an aluminum (Al) plasmonic bowtie antenna array. Through coupling 

with the local surface plasmons (LSPs), both excitation and emission processes are modified in 

ZnTe/ZnTe:O/ZnO nanowire/antenna system with observations of surface-enhanced 

photoluminescence and surface-enhanced Raman scattering. With careful design and precisely 

controlled dimension of the hybrid nanowire/antenna structure, both near-band-edge (NBE) emission 

and excitonic emissions bound to oxygen-related intermediate band states are simultaneously 

amplified as result of the energy matching between radiative emissions and dielectric/plasmonic 

resonances. Electromagnetic simulations are consistent with the experimental observations, 

confirming that strong LSPR modes formed in the bowtie antenna enhances the electric near-field 

intensity and strengthens exciton-plasmon coupling within nanowires. 

 Fig.1 (a) shows that ZnTe nanowires with large length/diameter ratios were grown along (111) 

direction by chemical vapor transport technique on GaSb substrate, which has been described in details 

in the Methods section. ZnTe nanowires were mechanically transferred onto a SiO2/Si substrate and 

the single one with an optimal diameter of 180 nm was selected for integration with an Al bowtie 

antenna (Fig.1 (b)). The bright and discrete spots in the selective-area-electron-diffraction pattern 
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shown in the inset of Fig.1 (b) indicates the ZnTe nanowire exhibits relatively high crystalline quality 

but containing stacking faults. Particular care was taken to control the oxidization of the transferred 

ZnTe nanowire, forming a p-i-n ZnTe/ZnTe:O/ZnO heterojunction perpendicular to the growth 

direction. The band structure schematic of p-ZnTe/i-ZnTe:O/n-ZnO is shown in Fig.1 (c). Owing to 

the diffusion process, oxygen composition in the ZnTe:O section is graded and thus the corresponding 

band structure has a potential gradient from n-ZnO shell (10 nm in thickness) to the un-reacted p-ZnTe 

core. Subsequently, one dimensional Al bowtie antenna arrays consisting of multiple pairs of two 

opposing tip-to-tip triangles (width w, height h) were designed and fabricated surrounding the single 

core-shell nanowire (ZnTe:O diameter d1, ZnTe:O/ZnO diameter d2=d1+20 nm, length L). The bowtie 

antenna array is placed with a 90º-apex angle with a gap of about 200-nm as defined in Fig. 1(e). It 

was reported that the patterning of bowties into a periodic array leads to narrower LSPR linewidths 

with an enhanced light focusing capability.24-26 Fig. 1 (d) shows the nanowire-antennas hybrid 

structures was achieved with ZnTe/ZnTe:O/ZnO core-shell nanowire located within the gap of Al 

bowtie antenna arrays. 

Polarization and power dependent photoluminescence (PL) characterizations are used to 

investigate the manipulation of optical properties of ZnTe/ZnTe:O/ZnO core-shell nanowire by antenna 

coupling.  All PL measurements were carried out at room temperature on a long ZnTe/ZnTe:O/ZnO 

core-shell nanowire with a uniform diameter of 180 nm, half of which was sandwiched by the Al 

bowtie antenna array whilst another half located outside the antenna. The polarized photoluminescence 

characteristics are shown in Supplementary Information Fig. S1. Because of the particular geometry 

of the nanowire, the near band emission around 550 nm of the bare nanowire exhibits a high 

polarization anisotropy with a large polarization ratio over 0.8. In high aspect ratio NWs, the 

longitudinal polarization is always more efficient than the transverse polarization in establishing the 

internal electric field. Furthermore, for smaller diameter nanowires anisotropy in the absorption 

behavior becomes more prominent. 27 The bowtie antenna strongly concentrate incident light with 
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transverse polarization and significantly alter their polarization sensitive optical behavior. 23 As a result, 

the emission polarization anisotropy in the nanowire/antenna structure is suppressed, as shown in Fig. 

S1 (c). It demonstrates that the designed metallic nanostructures offer us the possibility to tailor the 

electromagnetic coupling regime between nanowires and nanoantennas.  

To further probe the plasmonic coupling efficiency of bowtie antenna with the nanowire, the power 

dependent photoluminescence characteristics under the transverse-polarized light excitation are shown 

in Fig. 2 (a). Besides the NBE emission at 2.26 eV (550 nm), a broad red emission of 1.72 eV (720 

nm) are observed, which is ascribed to the radiative recombination from oxygen induced intermediate 

band (IB) states to VB.17 A schematic of the optical transitions are shown in the band diagram (Fig. 1 

(c)). For the bare nanowire, a dominant broad deep level emission at 1.6 eV with a weak NBE emission 

was observed under low-power excitation. It indicates the intrinsic quantum efficiency is rather low 

due to the presence of stacking fault defects in ZnTe/ZnTe:O/ZnO core-shell nanowire.10,17 With 

increasing of the excitation power, the deep level emission transits to an IB related emission with a 

clear blue shift and increased intensity. The dependence of the integrated PL intensity on incident 

excitation power can be described by a power law fit ( m

PL
I aP  ), where the exponent m varies 

according to radiative transition channels.28 For the bare nanowire, the exponent (m) of 

 log log( )I P  are 1.34 and 0.99 for the NBE and IB emissions, respectively, verifying their 

respective intrinsic natures of free exciton transitions and free-to-bound excitonic transitions. At high 

excitation condition, the intensity of IB emission is saturated and dropped due to the limited density 

of states of the intermediate band, while NBE emissions increase continuously in intensity.17 In 

comparison, both NBE and IB emissions of the nanowire/antenna structure are enhanced, which has 

been normally regarded as the surface enhanced fluorescence (SEF) 29. However, the enhancement 

magnitude from nanowire/antenna structure exhibits a strong dependence on excitation power. Under 

a low excitation power of 0.24 mW, both NBE and IB emissions of nanowire/antenna hybrid structure 

yield a dramatic enhancement about one order of magnitude in intensity as compared to the identical 
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nanowire without antenna, consistent with the polarized photoluminescence data shown in Fig. S1. As 

the excitation power is increased, the emission enhancement ratio of 
0

I I  decreases from 11.8 (3.43) 

to 2.27 (1.25) for the NBE (IB) emissions (Fig. 2 (b)). The sublinear dependence of intensity on the 

excitation power was observed for both NBE and IB emissions with reduced exponent factors (m) of 

0.62 and 0.25, respectively. It suggests that the magnitude of plasmonic enhanced fluorescence is not 

only determined by the modification of the radiative and nonradiative decay rates but also exhibits 

strong correlation with the intrinsic quantum yield of the nanowire emitter .5, 30-33 

For a spectrally modified SEF, given the excitation power is far below saturation, the emission 

enhancement is normally determined through the expression 

2

0 0 0 0 0

0

em exc loc

em exc loc

I

I

   

   
    

E

E
, where 

the superscript ‘0’ is corresponding to the bare nanowire, I is the fluorescence intensity, and the 

fluorescence rate 
em

  is the product of excitation rate 
exc

  and quantum efficiency  .32, 34-35 As the 

excitation and emission processes are not coherent, it is reasonable to treat these two processes 

independently.34 Below saturation, the excitation rate (or absorption rate) is proportional to the 

absorption cross section or the square of near-field intensity at the excitation frequency. Thus the 

enhancement ratio of excitation rate is given by 
220 0 0

exc exc abs abs loc locq q   = E E , where  0

abs abs
q q  

represents the absorption efficiency of nanowire with and without coupling to the antenna. 31 Fig. 3 (a) 

shows the absorption efficiency spectra for the nanowire with and without coupling to the bowtie 

antenna, calculated by three-dimensional finite-difference time-domain (3D-FDTD) simulation using 

a total-field-scattered-field (TFSF) source with polarization perpendicular to the nanowire axis.32 

Overall, the absorption efficiency is enhanced in the presence of antenna. In particular, the absorption 

peaks at 550 and 690 nm is a consequence of strong interplay of dielectric and plasmonic resonances 

supported by the TM31/TE21 and TM21/TE11 degenerated leaky resonance modes as denoted in Fig. 3 

(a), which exactly match the energy levels of VB-CB and VB-IB transitions, respectively.16 The 

simulated electric field distribution indicates that the dimer antennas can strongly concentrate incident 
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light in the nanowire by the localized surface plasmon (LSP) resonances with transverse polarization16. 

Under excitation with a transverse-polarized 514nm incident laser, the enhancement ratio of excitation 

rate is calculated to be 0 1 42
exc exc
   .  by integrating the electric field energy

2
E . For longitudinal 

polarization, the plasmonic bowtie antenna is only weakly coupled to the nanowire as “hot spots” of 

field intensity induced by LSP resonances located around the side corners of bowtie antenna far away 

from the nanowire. 

The contribution of excitation rate enhancement can be experimentally evaluated by Raman 

scattering spectroscopy. 36-38 Fig.3 (b) shows the Raman scattering spectra under excitation of Ar+ laser 

(514nm) with transverse polarization. As the excitation photon energy is larger than the bandgap of 

ZnTe:O, the photon-generated excitons are efficiently coupled to the LO phonons via the long-range 

Frohlich interaction, leading to the profound resonance features with nth-order LO phonon modes 

dominating the spectra, while TO modes induced by deformation potential are insensitive and not 

observed.29 When the nanowire/antenna structured is optically excited, an obvious increase in intensity 

is observed with an enhancement ratio (
R

f ) of 1.72 and 1.98 for 1LO and 2LO phonons, respectively. 

The polarized Raman spectra shown in Supplementary Information Fig. S2 indicate that the plasmonic 

antenna has a more profound modification on the LO phonon intensity in the case of transverse 

polarization. The enhanced Raman scattering feature in the vicinity of plasmonic nanostructures is 

typically regarded as surface enhanced Raman scattering (SERS), 39-40 in which, the Raman 

enhancement factor is proportional to the fourth power of local electric field  4

locE . 39-40 In this 

regard, given the same excitation condition, the Raman intensity enhancement factor (
R

f  ) of 

nanowire/hybrid structure to the bare nanowire is proportional to 
44 0

loc locE E or  
2

0

exc exc  . Based 

on the calculated absorption efficiency enhancement, a calculated Raman intensity enhancement ratio 

of 21 42 2.02
R

f  .  can be yielded, which is consistent with the above experimental enhancement 

factors for the LO phonon peaks. 
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Another dominant mechanism driving the observed emission enhancement could be an increased 

spontaneous emission rate via the the Purcell effect 41. To probe the contribution of spontaneous 

emission rate on the quantum efficiency enhancement, we performed the time-resolved 

photoluminescence spectroscopic (TRPL) characterization. Fig. 4 (a) shows integrated TRPL spectra 

of nanowire with and without antenna, respectively, under excitation of a 375 nm pulsed laser with 

transverse polarization. Possibly, due to different penetration depths and excitation power of incident 

laser, the PL spectrum is somewhat different to that in Fig.2 excited by a 514 nm Ar+ continuous-wave 

laser. Nevertheless, the main features of PL emission enhancement are consistent, confirming the 

essential role of plasmonic coupling in enhancing the quantum efficiency of NBE and IB emissions. 

Fig. 4 (b) shows the TRPL spectra monitored at the NBE emission position of 550 nm, which can be 

reproduced by a two-component exponential function of    ( ) exp / exp /
f f s s

I t A t A t     , where 

 f s
   and  f s

A A  represent lifetime and weight factor of the fast (slow) decay processes. Both the 

fast decay rates  1
f

   and slow decay rates  1
s
   increase from 1/392 to 1/305 ps-1 and from 

1/3.35 to 1/2.86 ns-1, respectively. The average spontaneous decay rate  0    obtained from the 

relationship of      2 21
f f s s f f s s

A A A A           is calculated to be 0.34 and 0.39 ns-1, 

respectively, for bare nanowire and nanowire/antenna hybrid structure. This finding strongly indicates 

that plasmonic coupling to the antenna contributes to the enhanced spontaneous emission decay rate 

and thus accelerates photon radiation by increasing the optical density of states and strengthening the 

plasmon-exciton coupling in the nanowire emitter via the Purcell effect. 42,43 

  The potential for Purcell enhancement due to the coupling of nanowire to the strongly localized 

electric field inside the bowtie gap can be investigated by detailed numerical FDTD simulations. For 

simplicity, a harmonic dipole source with transverse polarization is placed in the antenna gap where 

the maximum electric field is located. We note that the pair numbers of bowtie structure and the 

mesoscopic size of nanowire might lead to a modified light-matter interaction in strongly confined 
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plasmonic fields, resulting in slight changes of calculated radiative decay rates and quantum efficiency, 

as shown in Supplementary Information Fig. S4. Nevertheless, this point-dipole approximation using 

periodic boundary conditions yields proper indications of the radiative coupling between the nanowire 

and plasmonic antenna. The intrinsic quantum efficiency of ZnTe:O material is defined as 

 0 0 0 0

r r nr
      and the modified quantum efficiency in the configuration of nanowire or hybrid 

nanowire/antenna structures as  0

r r r nr nr
           , where 0

r
   and 0

nr
   are the intrinsic 

radiative decay rate and intrinsic non-radiative decay rate, and an additional non-radiative rate 
nr

  is 

accounted for the loss due to bowtie antenna absorption. As shown in Supplementary Information Fig. 

S3, by calculating the total optical power of a dipole source ( P ) and the power emitted in the far field 

(
far

P ), and assuming the intrinsic quantum efficiency 
0 =1 , the modified quantum efficiency in the 

presence of bowtie antenna can be simplified as 
far

P P   .32-33 Based on this assumption, the 

radiative decay rates, non-radiative decay rates and the corresponding quantum efficiency in a bare 

nanowire and in a hybrid nanowire/antenna structure have been calculated by FDTD simulations. The 

radiative decay rate of the bare nanowire with an optimal diameter of 180 nm exhibits two clear 

resonance bands at 550 and 680 nm corresponding to TM31/TE21 and TM21/TE11 degenerated leaky 

modes, respectively (Fig.5 (a)). In the presence of the bowtie antenna, the interaction between LSPR 

and dielectric resonances strengthens the exciton-plasmon coupling and result in an enhancement of 

radiative decay rates for NBE and IB emissions, respectively, while keeping the nonradiative 

absorption weaker in a wide spectral range to avoid emission quenching. This is consistent with the 

changes of emission decay rate observed in TRPL spectra. It strongly indicates that this hybrid 

nanowire/antenna system is capable of sustaining multiple resonance modes that can modify the 

quantum efficiency by increasing the optical density of states via Purcell effect. The enhancement 

ratios of quantum efficiency for the spectral bands corresponding to NBE and IB emissions are 

calculated to be 1.15 and 1.52, respectively. Fig. 5 (b) and (c) shows the distribution of electric near-



11 
 

fields with and without the metallic bowtie antenna. For the bare nanowire, the electric fields monitored 

at 550 nm is mostly confined within the nanowire in the form of the standing waves due to the 

longitudinal F-P resonance along the nanowire, while the spatial distribution of electric field monitored 

at 720 nm expands out of the nanowire with a standing-wave pattern surrounding the nanowire. In 

comparison, when the nanowire is coupled to the antenna, “hot spots” with maximum intensity of 

electric near-field for the wavelength of 550 nm can be observed in the nanowire close to the metal 

tips. The localized surface plasmons formed at the metal tips extend into the dielectric nanowires and 

enhance the near-field intensity within the gap of the bowtie antenna. The field enhancement within 

the gap is more distinguished for the spectral band centered at the wavelength of 720 nm, which 

matches the lower-order TM21/TE11 degenerated leaky resonance modes. Therefore, it may interpret 

the larger enhancement of radiative decay rates and quantum efficiency in the long wavelength region 

in Fig. 5 (a) and more profoundly enhanced IB emission in Fig. 4 (a). 

Taking the enhancement of excitation rates ( 0 1 42
exc exc
   . ) and quantum efficiency into account, 

the product of these two calculated terms leads to small enhancement ratios of 1.63 and 2.15 for NBE 

and IB emissions, respectively. It is consistent with the experimental results for high-power excitation 

case, but cannot interpret the power-dependent enhancement features in Fig. 2. In fact, ZnTe 

nanostructures have a relatively low quantum efficiency of up to 60% 18-19, and therefore the intrinsic 

non-radiative recombination of ZnTe:O cannot be ignored. The non-radiative decay rates, normalized 

as  0 0

nr nr nr
   , exhibits a strong dependence on the intrinsic quantum yield of the emitter 

0  as 

expressed by the relationship of 
 0

0 0 0

1

1

far farnr nr

nr

P P P

P

  

  


 


  and the modified quantum 

efficiency can be rewritten as 

0
0

0
1

far
P

P

 
 

 


     

 
. 31 Thus, for an emitter with high 

0 , the 

margin for improvement of quantum efficiency is minimal. Conversely, when 
0   is low, the 

enhancement of radiative decay rate has more profound impact on the quantum efficiency enhancement.  
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With this knowledge, under low excitation condition, the bare ZnTe nanowire exhibits weak 

emission due to rather low intrinsic quantum efficiency, i.e. 
0 0 1.  .17 The plasmonic bowtie antennas 

with strong geometric resonances have more profound effect on the modification of radiative decay 

rates due to local field enhancement. The enhanced ratio of quantum efficiency (
0  ) becomes large, 

resulting in amplified emissions about one order of magnitude (Fig.2 (b)). As excitation power 

increases, the non-radiative channel is saturated by increasing excess photo-excited carriers and the 

radiative decay becomes dominant, resulting in the increased 
0 . In this case, the addition of antenna 

has a diminished effect on the modification of radiative and non-radiative rates as well as the quantum 

efficiency. As 
0  reaches 50%, only a limited enhancement in quantum efficiency can be obtained.31 

For an extreme case, as 
0 1   , the modified quantum efficiency coupled to nano-antenna is 

decreased to 1
far

P P   . The changes of quantum efficiency is in good agreement with the 

experimental observation in Fig. 2. Therefore, an efficient design of plasmonic nanoatenna can 

significantly enhance the quantum yield of low-efficiency emitters. 

In summary, distinct modification of the emission properties of ZnTe/ZnTe:O/ZnO core-shell 

nanowire was demonstrated by coupling it to a one-dimensional Al bowtie antenna array. The 

combination of enhanced near-field intensity from LSPRs and strong exciton-plasmon coupling in 

nanowire-antenna system gives rise to an increased excitation rate and quantum efficiency, resulting 

in enhanced Raman scattering and photoluminescence emissions. This work demonstrates that 

tailoring light-mater interaction in such nanowire-antenna hybrid system is able to yield a broadband 

absorption and strong light harvesting effect, which holds great promise for high performance optical 

devices with applications ranging from improved light sources, photovoltaics and smart sensors. 

 

Methods. 

Nanowire growth and fabrication. For nanowire growth, a 3 nm-thick Au layer was deposited on 
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GaSb (100) wafer by using an electron beam evaporation system (PVD75, Kurt J. Lesker Company) 

after removing the native oxide using dilute hydrofluoric (HF) acid. The wafer was then annealed in 

Ar ambient at 380 0C for 10 min to produce Au nanoparticles as the growth catalysts. ZnTe nanowires 

were then grown via the vapor-liquid-solid (VLS) growth mechanism at a substrate temperature of 470 

0C in a horizontal quartz tube furnace by using a homemade chemical vapor transport system. The 

nanowires were mechanically transferred onto the SiO2/Si substrates and controlled oxidization 

processes were performed at 2500C in another horizontal quartz tube furnace under oxygen ambient at 

atmospheric pressure for four hours. Oxygen diffusion leads to the formation of a p-i-n 

ZnTe/ZnTe:O/ZnO heterojunction perpendicular to the growth direction. Then one-dimensional Al 

bowtie antenna arrays (50 nm Al in thickness) surrounding the nanowire were fabricated by electron 

beam lithography (Raith, EBPG5150), electron-beam evaporation (PVD75, Kurt J. Lesker Company) 

and liftoff. Then the core-shell nanowires were mechanically transferred onto the templates with pre-

patterned Al bowtie antennas. 

 

Characterization. The morphology was characterized by field emission scanning electron microscopy 

(FESEM, Zeiss) operating at 5 kV. Raman scattering and photoluminescence spectroscopy 

measurements were performed at room temperature using a Micro-Raman spectrometer system 

(Horiba JY T64000) in a backscattering configuration with a 514 nm Ar+ laser as the excitation source. 

The laser was focused using a 100× objective for a spot size of ∼2 μm in diameter and the excitation 

power was ranged from 0.02 to 2.44 mW. Time-resolved photoluminescence (TRPL) measurement 

was carried out at room temperature in a micro-PL system equipped with an excitation source of a 375 

nm pulsed diode laser in conjunction with an Intensified Charge Coupled Device (ICCD) and a time-

correlated single photon counting analyzer. The pulsed laser has a pulse width of 50 ps and an average 

power of 0.15 mW. 
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Numerical calculations. Three-dimensional FDTD simulations were performed using a commercial 

software package (Lumerical FDTD Solutions software). Throughout this paper, the permittivity of Al 

follows the Lorentz-Drude model at all operating wavelengths, and the wavelength dependent 

absorption coefficient, refractive index of ZnTe and ZnO materials are obtained from previous 

reports.44-45 In the simulation of the absorption process, a vertically incident broadband plane-wave 

source with transverse polarization is used. The absorption efficiency was calculated by integrating the 

square of electric field amplitude of detected light with respect to that of incident light within NW. For 

the simulation of radiative and non-radiative decay rates, and quantum efficiencies, we set a harmonic 

dipole source located at the middle of the antenna gap which has a broadband emission and a 

polarization perpendicular to the nanowire axis. The specific dimensions of nanowire and antennas 

was obtained from the SEM images. Periodic boundary conditions are used to mimic more accurately 

the real nanowire system.  
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Figures and Captions 

 

 

 

 

 

 

Figure 1. (a) SEM image of as-grown ZnTe nanowires on a GaSb (100) substrate; (b) single ZnTe/ZnTe:O/ZnO core-

shell nanowire transferred on a Si substrate and the inset showing the SAED from TEM measurement; (c) cross-

sectional schematic of the core-shell nanowire and its corresponding bandgap diagram with possible absorption and 

recombination transitions; (d) SEM image of a 180-nm-diameter ZnTe/ZnTe:O/ZnO core-shell nanowire located 

within an Al bowtie antenna array fabricated by EBL and metal lift-off processes; (e) Top-view schematic of the 

nanowire located within an Al bowtie antenna array depicting the various dimensions. 
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Figure 2. (a) Micro-PL from a bare nanowire and nanowire-antennas system with different excitation powers, the 

inserts are the SEM iamges of a nanowire with and without Al bowtie antenna array; (b) Integrated PL intensity and 

the corresponding Purcell enhancement factor as a function of incident laser power density. 
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Figure 3. (a) The absorption efficiency spectra of ZnTe/ZnTe:O/ZnO core-shell nanowire without antenna and 

with different paired antenna calculated by FDTD using normal incident light with transverse 

polarization and (b) Resonance Raman scattering spectra from the bare nanowire and nanowire-

antenna system. 
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Figure 4. (a) TRPL spectra and (b) TRPL decay curves of the nanowire with and without Al bowtie antenna array 

under the same pump power at room temperature. In (a), the sharp peaks at 750 nm correspond to the half-harmonic 

generation (HHG) of the 375 nm excitation laser. 

  



24 
 

 

 

 

 

 

 

 

 

Figure 5. (a) The calculated radiative decay rates, non-radiative decay rates and quantum efficiency of ZnTe:O/ZnO 

nanowires with and without the coupled Al bowtie antennas. (b) Electric near-field intensity distribution in 

ZnTe:O/ZnO nanowire with and without the coupled Al bowtie antennas at the wavelength of (b) 550nm and (c) 

720nm, which corresponding to the NBE and IB emissions. 
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