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A B S T R A C T 

Reduction of symmetry in plasmonic nanostructures may lead to great 

opportunities in controlling their photophysics of extinction, local 

field, light response, and plasmonic interactions. With their strong 

light scattering and unique modulation of field distribution, plasmonic 

nanocups hold great potential for applications in random laser, three-

dimensional optical nanoantenna, and optical coherence tomography 

imaging. Here we demonstrate a novel and robust solution-phase syn-

thesis approach to gold nanocups, which combines templating and 

seeded growth techniques to precisely control the size, morphology, 

and composition of the nanocups. Ripening is the key strategy in this 

wet-chemistry process to ensure primary anisotropic growth of gold 

within the cup-shaped space provided by each template, consisting of 

a silica nanosphere and a flexible resorcinol-formaldehyde resin shell. 

The resulting plasmonic nanocups possess three types of plasmon res-

onance modes, including axial, transverse S, and transverse P modes, 

determined by the polarization of the incident light. This robust and 

scalable synthesis allows the production of gold nanocups with high 

quality and efficiency, opening the door to unique photophysical prop-

erties and many potential applications, as demonstrated by their ex-

cellent performance in plasmonic quantum dot random lasing. 

1. Introduction 

Controlling the shape, size, and composition of 

metal nanostructures allows for tailoring the wave-

length of their localized surface plasmon resonance 

(LSPR), local field distribution, absorption and 

scattering properties [1]. Particularly shaped metal 

nanoparticles or those with spatial arrangements 

may exhibit a variety of unique optical properties, 
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enabling many applications such as light bending 

[2], directional light scattering [3-5], negative re-

fraction [6, 7] ,superlens [8] , metalens [9] , optical 

cloaking [10], zero refraction [11], and magnetic 

plasmon resonance [12-14]. Compared with nano-

spheres, anisotropic metal nanoparticles such as 

gold nanorods show unique plasmonic properties, 

which are tunable by controlling the aspect ratio, 

orientation, shape, and composition [15-17]. Simi-

larly, plasmonic nanocups (also known as sem-

ishells) with unique plasmon resonance modes 

have rich photophysical properties that may enable 

numerous attractive optical devices. For example, 



 

 

gold (Au) nanocups can redirect incident light to 

the opening direction owing to the magnetic dipole 

plasmon resonance, which has been used for three-

dimensional optical nanoantennae [2, 3, 4, 18]. 

Their strong light scattering and high chemical sta-

bility also make them efficient contrast agents for 

enhancing optical coherence tomography (OCT) 

imaging in biological tissues [19]. By simply con-

trolling their thickness, one can optimize their ther-

mal conversion efficiency and light scattering char-

acteristics for highly efficient cancer multimodal 

imaging and photothermal therapy [20]. The trans-

verse P resonance mode can generate strong elec-

tric fields localized around the nanocup edges to 

benefit surface-enhanced Raman scattering (SERS) 

[21, 22] and allow three-dimensional, high-effi-

ciency generation of second harmonic light [23, 

24]. 

These compelling applications and photophysi-

cal investigations require precise control over the 

morphology and spectral response of the metal 

nanocups. Reliable fabrication approaches are 

therefore highly desirable, which include physical 

and wet-chemistry routes [25]. The physical prepa-

ration method can produce plasmonic nanocups 

with various compositions or collective orienta-

tions [2, 22, 25-29]. However, their obvious disad-

vantages, including low yield, complicated prepa-

ration process and high cost, hinder their practical 

applications in biomedicine and optical devices. 

Wet-chemistry methods have been reported using 

PdS and SiO2 as the templates to synthesize gold 

nanocups [19, 21]. By performing vertex-initiated 

selective overgrowth of Au on PbS octahedral na-

noparticles, it is possible to produce gold nanocups 

with different opening sizes. This method is diffi-

cult to achieve hemispherical shell-type gold 

nanocups with uniform thickness, limiting their op-

tical applications such as optical nanoantenna. In 

another method, we used template-assisted high-

temperature calcination to obtain Au nanocups with 

excellent morphology, which, however, involves 

multi-step liquid-phase reaction and solid-state 

processing [19]. Here, we demonstrate a new wet-

chemistry synthesis method to prepare high-quality 

gold nanocups with precisely tunable opening, size, 

and plasmonic properties. Three types of plasmon 

resonance modes (axial, transverse S, and trans-

verse P modes) are found in gold nanocups of dif-

ferent sizes, which are further confirmed by simu-

lation of their extinction spectra, electric field, and 

charge distribution. By taking advantage of the 

nanocups’ strong scattering properties, we further 

develop a quantum dot random laser by simply 

mixing CdSe quantum dots with gold nanocups, 

demonstrating excellent optical feedback of Au 

nanocups with the full width at half maxima 

(FWHM) of 4 nm. This unique space-confined 

seeded growth method has compelling advantages 

of large-scale production, easy morphology con-

trol, and high reproducibility. It can be extended to 

producing nanocups of different chemical compo-

nents by simply changing metal precursors, setting 

the stage for fully exploiting their attractive optical 

properties and emerging practical applications. 

2. Experimental Section 

2.1. Synthesis of SiO2 nanospheres 

A modified Stöber method was used to prepare 

colloidal silica nanospheres [30, 31]. For 290-nm 



 

 

silica nanospheres, 24.75-mL water, 26.25-mL eth-

anol, and 9-mL aqueous ammonia (28%) were 

firstly mixed. Then, 4.5 mL of tetraethyl orthosili-

cate (TEOS) and 35.5 mL of ethanol were mixed 

for 30 seconds and then added into the first solu-

tion. After stirring for 2 hours at room temperature, 

the silica nanospheres were collected by centrifu-

gation and washed with ethanol (2 times) and water 

(1 time), which was re-dispersed in 20 mL of water. 

For silica nanosphere around 110 nm, 98 mL of eth-

anol, 10 mL of water, 1.25 mL of aqueous ammonia 

(28%) and 5 mL TEOS were mixed under stirring 

for 16 hours at room temperature. The product was 

then collected by centrifugation and washed by eth-

anol (2 times) and water (1 time), finally dispersed 

in 20 mL of water. For silica nanosphere around 

200 nm, 23 mL of ethanol, 4 mL of water, 0.86 mL 

of TEOS were mixed first under stirring for 3 mins. 

Then, 0.65 mL of aqueous ammonia (28%) was 

added, and the reaction was stirred for 4 hours. The 

silica spheres were washed by ethanol and water, 

and then dispersed in 20 mL of water. 

2.2. Modified silica nanospheres with APTES 

The SiO2 nanoparticles are further modified by 

3-aminopropyltriethoxysilane (APTES) to enable 

the attachment of Au seeds. Typically, 5 mL of sil-

ica sphere aqueous solution was washed three times 

with ethanol and was dispersed in 20 mL of etha-

nol. Then 3 mL of APTES was added to the solu-

tion under ultrasonication. The solution was then 

heated at 78 °C for 3 hours and stirred at room tem-

perature for 24 hours to ensure sufficient modifica-

tion of APTES to the silica nanoparticle surface. 

After the reaction, the mixture was washed with 

ethanol three times and water two times, and the fi-

nal product was dispersed in 20 mL of water. 

2.3. Synthesis of THPC-capped gold seeds 

An aqueous solution was prepared by mixing 95.5 

mL of water, 315 L of NaOH (2M), 126 L of  

tetrakis(hydroxymethyl)phosphonium chloride 

(THPC) (20 %). With stirring at 800 rpm, 290 L 

of 0.25 M HAuCl4 was added to the mixed solution. 

After stirring 5 minutes, the solution was placed in 

the refrigerator and aged for 2 weeks at 4 ℃. 

2.4. Synthesis of SiO2@Au Nanospheres 

6 mL of gold seed solution and 3 mL of 

APTES-modified silica nanoparticles were added 

into a 50-mL plastic tube and then sonicated for 

half an hour. Excess Au seeds were removed by 

washing the mixture one time using deionized (DI) 

water and further dispersed in 10 mL of DI water. 

In facilitating coating resorcinol-formaldehyde 

(RF) resin, 3 mL of PVP aqueous solution (mass 

ratio of 5%) was added into the above seed solu-

tion, and the mixture was magnetically stirred for 

6-8 hours. And excess PVP was removed by wash-

ing one time. The PVP-modified nanoparticles 

were dispersed in 20 mL of DI water. 

2.5. Synthesis of SiO2@Au@RF Nanospheres 

A solution was prepared by mixing 5 mL of the 

above silica@gold nanosphere solution and 23 mL 

of water, to which 22.5 ml of formaldehyde (F), 

31.5 mg of resorcinol (R), and 50 μL of ammonia 

solution (2.8%) were added in sequence. The reac-

tion was kept at 50 °C for 2 hours and then at 100 

°C for a few hours. During the later high-tempera-



 

 

ture condensation, the RF nanoshells became sta-

ble. Another interesting effect of this process is the 

slight etching of silica nanosphere surfaces, leading 

to a small gap between the core and the RF shell. 

The RF thickness is approximately 30 nm. 

2.6. Synthesis of Au nanocups 

To grow 290-nm Au nanocups in a controllable 

manner, 200 L of 5 wt% PVP aqueous solution, 

290 L of 0.2 M potassium iodide (KI) aqueous so-

lution, 290 L of 0.1 M ascorbic acid (AA) solu-

tion, 45 L of 0.25 M HAuCl4 solution, and 20 L 

of SiO2@Au@RF solution were added into 2 mL 

of milli-Q water in sequence. After 20 minutes, the 

final products were washed three times by water 

and dispersed in 1mL of water.  

For 200-nm Au nanocups, 200 L of 5 wt% 

PVP aqueous solution, 120 L of 0.2 M KI solu-

tion, 120 L of 0.1 M AA solution, 18 L of 0.25 

M HAuCl4 solution, and 7.5 L of SiO2@Au@RF 

seed solution were added into 2 mL of Milli-Q wa-

ter. After 20 minutes, the mixture was washed 3 

times with deionized water and dispersed in 1 mL 

of water to obtain SiO2@Au nanocup@RF nano-

spheres.  

2.7. Etching SiO2 and RF to release Au 

nanocups 

To remove the SiO2 and RF, we added 15 mL 

of 2M NaOH solution into the SiO2@Au@RF nan-

osphere solution, stirred for 12 hours at 60 C. The 

gold nanocups were obtained after being washed 

twice with deionized water. 

2.8. Simulation 

All optical spectra and near-field distribution 

were performed using FDTD Solutions 2020a (Lu-

merical Solutions). During simulation, total-field 

scattered-field (TFSF) was selected as the light 

source with a range of 400-2000 nm to illuminate 

the gold nanocup under different incident direc-

tions and polarization modes, and the amplitude is 

set to 1. The surrounding refractive index of the 

gold nanocup is set to 1.33 for water, which is con-

sistent with the experiment. The size of the gold 

nanocup in the simulation is consistent with the 

SEM and TEM images in the experiment. Johnson 

and Christy's optical constants were used for gold. 

The mesh of nanocup and its surrounding is divided 

into 1 nm in size.  

2.9. Fabrication of quantum dot random laser 

The gold nanocup is synthesized in the water 

phase and needs to be transferred to the oil phase to 

mix with the quantum dot solution. 2 mL of oc-

tanethiol was added to 10 mL of absolute ethanol, 

which was sonicated for 4 minutes to form a mixed 

solution. The gold nanocup aqueous solution was 

centrifuged to remove water. The obtained Au 

nanocups were dried and then dispersed in a 1.5 mL 

mixture of ethanol and octanethiol. The mixture 

was shaken for 8 hours and dried in a fume hood. 

Then, xylene was added into a centrifuge tube, and 

the gold nanocup solution was prepared with a con-

centration of 3 mg/mL. The quantum dots were dis-

persed in xylene under different concentrations. 

The gold nanocup solutions and the quantum dot 

solutions were mixed and spin-coated on a quartz 

substrate to obtain laser devices. 

2.10. Measuring quantum dot random laser 



 

 

A femtosecond pulse laser with 400-nm wave-

length, pulse duration of 200 fs, repetition rate of 1 

kHz was used to vertically excite the sample. The 

diameter of the pulsed laser spot is about 3 mm. The 

receiving fiber was at an angle of approximately 45 

degrees to the excitation light. A spectrometer 

(Maya 2000 Pro, Ocean Optics, Dunedin, FL, 

USA) with a spectral resolution of 0.4 nm was used 

to measure the laser emission spectra. 

3. Results and Discussion 

3.1. Design and fabrication of the plasmonic Au 

nanocups 

The wet-chemistry synthesis method uses tem-

plated strategy to directly synthesize Au nanocups 

with highly tunable structures and plasmonic prop-

erties. Its key step is to introduce a proper space in 

which the seeded growth of Au produces comple-

mentary nanocups to the initial confined spaces. As 

outlined in Figure 1a, our synthetic approach uses 

SiO2/Au@RF as colloidal templates. It involves the 

attachment of Au seeds on monodisperse silica nan-

ospheres of any chosen sizes through electrostatic 

interactions and surface coating of permeable and 

deformable resorcinol-formaldehyde (RF) resin. 

The following etching of the silica surface in an al-

kaline solution is important because it provides 

empty spaces between silica and RF, facilitating the 

ripening of small seeds during the growth. The de-

formable RF shells offer enough space for the con-

tinuous deposition of Au atoms and, more im-

portantly, regulate the particle growth into exquis-

ite nanocups. Finally, gold nanocups are obtained 

by removing the templates through chemical etch-

ing. This seeded growth approach is simple but pro-

vides elegant control over the nanocup diameter, 

thickness, and opening size. While the silica nano-

spheres determine the diameter of the nanocups, the 

gap size and the RF thickness control the nanocup 

thickness. Besides, the opening size of Au 

nanocups can be readily tuned during the seeded 

growth process.  

 

Fig. 1 (a) Schematic illustration of the space-confined seeded growth of gold nanocups. TEM images of (b) SiO2 nanospheres,(c) SiO2/Au 

seeds nanospheres, (d) SiO2/Au@RF nanospheres, (e) SiO2@Au nanocup@RF nanospheres. The diameter of silica nanospheres is about 290 

nm. 

A modified sol-gel process is used to prepare 

monodisperse silica nanospheres of 290 nm (Fig. 

1b) [31]. Then APTES is used to modify silica 

nanospheres so that they are positively charged 



 

 

due to the presence of amino groups on the parti-

cle surface. Negatively charged Au seeds of ~2 

nm can be absorbed through electrostatic interac-

tions [32]. The TEM images in Figure 1c demon-

strate the uniform attachment of Au seeds across 

the particle surfaces. Then RF coating was per-

formed using a sol-gel method, which occurred at 

50 °C for 2 hours [32, 33]. The obtained 

SiO2/Au@RF nanospheres feature homogeneous 

Au seeds, on which the deposition of reduced Au 

atoms produces uniform Au shells due to the fu-

sion of neighboring Au domains. This growth 

mode produces conformal Au coating on nano-

particles instead of defined nanocups. Therefore, 

introducing Ostwald ripening is essential for the 

growth of Au nanocups, which involves the oxi-

dative dissolution of small Au seeds and reductive 

deposition on large ones. A remarkable conse-

quence of the Ostwald ripening is the deposition 

of Au atoms on one seed within each template and 

the controllable growth of the particle into 

nanocups. To facilitate this chemical process, the 

SiO2/Au@RF nanospheres are further treated at 

100 °C for more than 1 hour to slightly etch the 

silica cores. It produces well-defined gaps at the 

interfaces where the exposed Au seeds will be 

susceptible to chemical etching. In addition, the 

gap size can be easily controlled by the reaction 

time, with long etching time leading to large gaps 

and thick Au nanocups. Meanwhile, the high tem-

perature will further condense RF shells, making 

them mechanically flexible and chemically stable 

to confine the seeded growth of Au nanocups. The 

thickness of RF coating is ~30 nm as shown in 

Figure 1d. The formation of Au nanocups during 

the seeded growth could be monitored by UV–

Visible-NIR extinction spectra. As the seeded 

growth occurs, the gold seeds first ripen to single 

Au nanoparticle and then gradually grow into 

nanocups as the extinction peak has a gradual red-

shift and multiple plasmon modes appear (Fig.S1, 

Supporting Information). Notably, the continuous 

redshift of the plasmonic peaks implies the grad-

ual growth of Au nanocups instead of nanoshells 

because the seeded growth of Au nanoshells fea-

tures a slight blueshift when complete Au 

nanoshells form [34]. For the gold nanocups syn-

thesized by templating against 290-nm silica and 

30-nm RF shells, the nanocup thickness is about 

50 nm (Fig.1e). The silica spheres and RF layers 

can be removed by NaOH solution (2M) at 60 °C 

for 12 hours, thus releasing the Au nanocups from 

the templates. As the gold nanoparticles grow, the 

RF is gradually stretched and thinned because of 

the seeded growth-induced volume expansion, 

which is interestingly evidenced by the thickness 

difference between RF layers on Au and layers on 

silica. In previous work, the RF was only used as 

a sacrificial layer [19]. Our interesting results 

demonstrate the critical role of RF shells in regu-

lating the seeded growth of Au nanocups. While 

its high permeability allows dexterous confined 

growth, its deformability in response to Au depo-

sition leads to well-defined nanocups. From Fig-

ure 1e, we can see that the gold nanocups have a 

uniform shape and smooth surface. The Janus 

nanostructures are evidenced by the clear contrast 

in nanocups with interesting lateral orientation. 

The success of this fabrication method should be 

attributed to two key steps. The first one is the 



 

 

condensation process, which produces tunable 

gaps and the deformable RF confining layers. The 

second one is the Ostwald ripening, which is cru-

cial for obtaining nanocups. 

3.2. Tunability of the plasmonic Au nanocups 

This synthesis method can produce a set of Au 

nanostructures with different shapes by simply 

tuning the ratio between growth solution and seed 

solution. Specifically, tuning the ratio allows to 

precisely and systematically control the opening 

size, height, and thickness of the Au nanocups. As 

shown in Figures 2 (a)-(f), the shape of the nano-

particles gradually changed from nanocup to 

nanoshell if a seed solution of 35 l, 30 l, 25 l, 

20 l, 10 l, and 5 l was used, with a constant 

volume of growth solution. In Figure 2a, the 

seeded growth on a large amount of Au seeds 

yields small Au nanostructures with an interesting 

cap-like shape. While the seeded growth of Au 

prefers spherical shapes as regulated by surface 

energy, the confinement of deformable RF shells 

limits its free growth along radial directions. This 

sequence of events creates shallow Au nanocups 

with their thickness gradually increasing from the 

cup edge to the center. This observation is also 

true for nanocups with different openings and di-

ameters. As the seed concentration decreases in 

the growth solution, the final Au nanostructures 

become large due to more Au atom deposition on 

each template. It produces thick Au nanocups 

with a first increase (from Fig.2b to Fig.2d) and 

then decrease (from Fig.2d to Fig.2e) in the open-

ing. These phenomena indicate simultaneous Au 

deposition along the cup radius and template edge 

spaces, which is favored by the surface energy of 

Au colloids and the confinement effect of RF 

shells, respectively. This competing effect pro-

duces thick nanocups, whose continuous growth 

along the silica-RF interfaces leads to the interest-

ing dependence of nanocup openings on seed con-

centration. If seed concentration is further re-

duced, the overgrowth of Au nanocups yields 

compact Au nanoshells (Fig.2f). These observa-

tions imply that the Au nanoshells are eccentric 

due to the templating effect of silica cores. This 

simple method allows convenient control over the 

size and morphology of Au nanocups and, there-

fore, greatly facilitates a systematic study of their 

optical properties. 

During the synthesis process, the size of the 

gap and the thickness of the RF layer significantly 

affect the morphology of the prepared gold nano-

particles. Figures S2(a-c) show the TEM images 

of gold nanoparticles prepared by etching silica in 

different duration. The diameter of initial silica 

nanospheres is about 233 nm, which is reduced to 

224 nm, 219 nm, and 208 nm after being etched 

for 1 h, 2 h, and 3 h, respectively. From Figures 

S2(a-c), it can be concluded that Au nanocups 

with different sizes and thicknesses can be pro-

duced by using these templates. The thickness of 

the Au nanocups increases from 15 nm to 20 nm 

when prolonging the etching time from 2 hours to 

3 hours. The thickness of the RF layer is another 

important factor in the successful growth of uni-

form Au nanocups. Figure S2(d-e) shows the 

TEM images of the gold nanoparticles obtained 

from 12-nm, 17.7-nm, and 29-nm RF shells. 

When the thickness of the RF layer is 12 nm, the 

fast diffusion of Au precursors through the thin 



 

 

shells leads to a quick reduction and Au deposi-

tion, which is expected to suppress the ripening 

process. One consequence of these events is the 

high likelihood that the seeded growth of Au oc-

curs on multiple seeds inside the gap, leading to 

irregular shapes and large morphological varia-

tion among individual nanostructures (Fig.S2d). 

When the RF shells increase to 17.7 nm, we ob-

served regular and uniform Au nanocups 

(Fig.S2e), suggesting an optimal condition for 

balancing ripening and growth kinetics. Further 

increasing RF shells to 29 nm, however, yields 

large free Au nanoparticles without noticeable 

seeded growth at the silica-RF interfaces largely 

because of the considerably slow diffuse and 

strong confinement of thick RF shells (Fig.S2f). 

It is worth noting that the prepared gold 

nanocups are not perfect hemispherical shells, 

which instead have an increasing thickness from 

the nanocup edge to the bottom. This is because 

RF is flexible, and there is a competition between 

RF confinement and seeded growth, especially in 

the early growth stage. Although the radius 

growth is confined, continuous Au deposition is 

still possible via deforming RF shells, leading to 

thick Au nanocups, while the deposition at the gap 

edge produces large nanocups. Our experimental 

results demonstrate that the successful production 

of high-quality Au nanocups requires delicate 

control over the ripening and reduction kinetics, 

which can be readily tuned by changing RF thick-

ness, gap size enabled by this unique synthetic 

method.

Fig. 2 TEM (left panels) and SEM (right panels) images of the Au nanoparticles prepared by gradually decreasing the amount of seed solution. 

(a-f) The amount of the seed solution is 35 l, 30 l, 25 l, 20 l, 10 l, and 5 l, respectively. All scale bars are 100 nm in the TEM images 

and 200 nm in the SEM images. 



 

3.3. Photophysical properties of plasmonic 

nanocups 

We experimentally and theoretically studied the 

photophysical properties of gold nanocups with dif-

ferent sizes in various incident light modes. The 

three-dimensional FDTD method was used to sim-

ulate the absorption, scattering, extinction spectra, 

map electric field distribution and charge distribu-

tion. The experimental and simulated results indi-

cate that the gold nanocups have three types of plas-

mon resonance modes, which are denoted as axial, 

transverse S and transverse P modes and are de-

fined according to the polarization of incident light. 

When the direction of the electric field is parallel 

and perpendicular to the axis of symmetry, the 

modes are defined as axial and transverse modes, 

respectively. To further clarify the transverse 

modes, the plane made of incident beam direction 

and the symmetry axis of Au nanocups is intro-

duced as the incident plane. The transverse modes 

are further divided into transverse P and transverse 

S modes when the polarization of the incident light 

is parallel and perpendicular to the incident plane, 

respectively. All calculations use water as the ex-

ternal dielectric medium to be consistent with ac-

tual measurements. 

Figure 3a shows the measured extinction spec-

tra and the simulated spectra of Au nanocups with 

95-nm inner radius, 130-nm outer radius, and 130-

nm height, corresponding to the sample in Figure 

S2e. The experimental spectra of gold nanocup pre-

sent three distinct extinction peaks at 1064 nm, 709 

nm, and 601 nm. To confirm the plasmon reso-

nance modes, we used the FDTD method to simu-

late the spectra, charge and electric field distribu-

tion. As shown in Figure 3a, the simulated extinc-

tion spectrum is in good agreement with the meas-

ured spectrum, which shows three resonance peaks, 

1064 nm, 721 nm, and 612 nm. Obviously, the ex-

tinction mainly comes from scattering because 

scattering intensity is much higher than absorption. 

In Figure 3b, the axial mode has an extinction peak 

at 593 nm. In Figure 3c, the positive and negative 

charges are distributed axially along the gold 

nanocups. Correspondingly, strong electric fields 

are generated at the nanocup edges and bottoms. 

The transverse S mode has three extinction 

peaks located at 619 nm, 721 nm, and1081 nm 

(Fig.3d). In this excitation mode, we can treat the 

plasmon modes of the gold nanocup as the plasmon 

coupling between a gold hemisphere and a hemi-

cavity. The charge distribution is similar to sym-

metric and asymmetric plasmon resonance modes 

of gold nanoshells [35]. The surface charge and 

electric field distribution in Figure 3e suggest dipo-

lar, quadrupolar, and hexapolar resonance for 

LSPR peaks at 1081, 721 and 619 nm, respectively. 

Clearly, the electric fields at 1081, 721 and 619 nm 

exhibit asymmetrical distribution because of the 

mixing of the dipolar component and the multipolar 

component [36]. The LSPR exhibits narrower lin-

ewidth at 721 nm and 619 nm, with FWHM of ~60 

nm and ~15 nm, respectively, and high quality fac-

tors (Q = λ/Δλ, Q=12 for the peak at 721 nm, Q=41 

for the peak at 619 nm), which represents the subra-

diant mode (dark mode). The extinction profile at 

1081 nm is broad (FWHM 280 nm, Q=4), indicat-

ing a superradiant mode (bright mode). The high-

order plasmon resonance for transverse S mode and 



 

 

transverse P mode becomes more obvious as the 

size of the nanocup increases. 

The transverse P modes in Figure 3f present two 

extinction peaks at about 1064 nm and 578 nm. Un-

der 1064 nm excitation, the charge flows along the 

nanocup curve, and the inner and outer walls of the 

nanocup show the same charge distribution 

(Fig.3g). The nanocup edge produces a strong elec-

tric field distribution corresponding to the magnetic 

resonance mode. It has been widely demonstrated 

that the strong electric fields at the nanocup edge 

have excellent SERS performance[21,22]. Under 

578-nm light excitation, the charge of the outer in-

terface edge is opposite to the inner interface, and 

the electric field distribution exhibits quadrupolar-

like resonance mode. The scattering is much 

stronger than the absorption for all the resonance 

modes of Au nanocups, demonstrating the scatter-

ing-dominated optical properties.

Fig. 3 Plasmonic properties of the Au nanocups with the inner radius of 95 nm and outer radius of 130 nm. (a) The experimental and the 

simulated spectra. (b) The simulated spectra of Au nanocups under axial mode. (c) The corresponding charge (top panel) and electric field 

distribution (bottom panel) at the resonant wavelength. (d) The simulated spectra under transverse S mode. (e) The corresponding charge (top 

panels) and electric field distribution (bottom panels) at different resonant wavelengths. (f) The simulated spectra under transverse P mode. (g) 

The corresponding charge (left panels) and electric field distribution (right panels) at different resonant wavelengths.  



 

The size of the nanocup strongly influences its 

LSPR properties. In experiments, the size of pre-

pared gold nanocups can be easily tuned from tens 

of nanometers to several micrometers by tuning the 

diameter of the silica nanospheres. Figures 4a-c 

show the TEM images of Au nanocups prepared by 

using silica nanospheres with diameters of 105 nm, 

190 nm, and 290 nm, respectively. All the gold 

nanocups possess excellent morphology, which 

again proves the success of this method in produc-

ing different nanocups. Interestingly, as the initial 

silica nanospheres become large, the deformable 

RF shells can provide more space for the growth of 

thick nanocups, although the condense time is the 

same. As shown in Figures 4a-c, the thickness of 

the Au nanocups increases from 20 nm to 30 nm 

and 50 nm with the silica diameter largely because 

of the geometric curvature effect of the initial tem-

plates. Small silica nanospheres produce large cur-

vature on the conformal RF layers, which experi-

ence large mechanical stress under a similar degree 

of deformation. The relatively small curvature on 

large templates instead is easy to deform, thus sus-

taining the confined growth of thick nanocups.

 

Fig. 4 (a-c) TEM images of SiO2/Au nanocup@RF with different sizes: (a) r1 = 34 nm, r2 = 74 nm; (b) r1 = 89 nm, r2 = 120 nm; (c) r1 = 141 

nm, r2 = 290 nm. (d-f) The corresponding experimental and simulated extinction spectra of the Au nanocups; (g-i) Absorption, scattering and 



 

 

extinction spectra of gold nanocup with r1 = 141 nm, r2 = 290 nm in three resonance modes. The insets show the schematic diagram of charge 

distribution at each resonance peak. 

Figures 4d-f show the experimental and sim-

ulated extinction spectra of Au nanocups corre-

sponding to the products in Figures 4a-c. The in-

ner and outer radius of the gold nanocups are de-

noted as r1 and r2, respectively. For r1=34, r2=74 

nm in Figure 4d, the measured extinction spec-

trum of Au nanocups have two peaks at 723 nm 

and 583 nm, which are consistent with the two 

peaks at 723 nm and 596 nm in simulated spectra. 

Figure S3a demonstrates the dipolar resonance 

mode at 723 nm under transverse P excitation. 

The resonance peak at 561 nm corresponds to the 

axial mode (Fig.S3b). The transverse S mode has 

two peaks at 725 nm and 595 nm (Fig.S3c), cor-

responding to the dipolar and quadrupolar reso-

nance modes, respectively. Notably, the dipolar S 

mode and dipolar transverse P mode contribute 

simultaneously to the extinction at 723 nm.  

As the size of gold nanocups increases, more 

plasmon resonance modes and resonance peaks 

appear. Figure 4e shows the experimental and the 

simulated spectra for r1=89 nm, r2=120 nm. Since 

the size of these nanocups is close to the nanocups 

in Figure 3, they have similar resonance modes as 

described above. Compared with small gold 

nanocups, the spectra of all the resonance modes 

have noticeable redshifts and become broader. 

For example, the resonance peaks of small cups 

(r1=34 nm, r2=74 nm) at 723 nm and 583 nm shift 

to 1023 nm and 707 nm, respectively, for large 

nanocups shown in Figure 4e. The new peak at 

587 nm in Figure 4e is ascribed to the superposi-

tion of quadrupolar transverse P mode at 573 nm, 

hexapolar transverse S mode at 616 nm, and axial 

mode at 586 nm (Fig.S4). Interestingly, as the size 

of the nanocup increases, the difference between 

the dipolar transverse S mode and the dipolar 

transverse P mode gradually increases, making it 

easier to distinguish them. 

Figure 4f shows the extinction spectra of gold 

nanocups with the diameter r1=141 nm, r2=190 

nm. The simulated extinction spectra have four 

peaks at 1386, 874, 687, and 611 nm. Figures 4g-

4i present the calculated spectra of transverse P 

mode, transverse S mode, and axial mode, respec-

tively, with their charge distribution showing in 

the insets. The detailed electric field and charge 

field simulation results are shown in Figure S5. 

The resonance wavelengths in transverse mode at 

1382 and 560 correspond to the dipolar and hex-

apolar resonance modes. For transverse S mode, 

the four prominent peaks at 1434, 875, 688, and 

613 nm are the dipolar, quadrupolar, hexapolar 

and octupolar resonance modes, respectively 

(Fig.4h). The dipolar resonance at 1434 nm is the 

symmetric (bonding) plasmon mode, and the 

other three modes show antisymmetric (antibond-

ing) plasmon modes. The axial resonance mode is 

similar to that of the nanocup with r1=95, r2=130, 

located at 607 nm (Fig.4i). 

It is worth noting that the plasmon response of 

the gold nanocups in transverse S modes can be 

regarded as the interaction of plasmon resonance 

between the gold nanosphere and the gold 

nanocavity, which strongly depends on the thick-

ness and the size of the nanocups (Table S1). This 



 

 

interaction produces two types of plasmon reso-

nance: symmetrical plasmon and asymmetrical 

plasmon. In Figure 3 and Figure 4, for r1=34 nm, 

r2=74 nm; r1=89 nm, r2=120 nm, the plasmon res-

onance in the transverse S modes exhibits sym-

metric plasmon. When r1=141 nm, r2=190 nm, the 

dipolar resonance in transverse S mode exhibits 

symmetrical plasmon, while the quadrupolar, 

hexapolar and octupolar exhibit antisymmetric 

plasmon. Table S2 shows the resonance wave-

lengths and modes of the gold nanocups with dif-

ferent sizes in transverse and axial mode. The di-

polar modes of both transverse P resonance and 

the transverse S resonance have the characteris-

tics of strong broadband scattering from visible to 

near-infrared, which holds great promise in vari-

ous applications like plasmonic random lasing 

and optical coherence tomography imaging. 

3.4. Plasmonic quantum dot random laser 

Random lasers exhibit unique advantages of 

simple fabrication processes, low fabrication 

costs, widely tunable emission wavelength, an-

gle-free emission, small size, flexible shape and 

substrate compatibility [37], which have been ex-

tensively investigated in the fields of high-bright-

ness illumination, full-field imaging [38], full-

color display, visible-color communications, 

medical biosensing [39] and integrated devices 

[40]. Compared with traditional lighting sources, 

random lasers have two main advantages: laser-

level intensity and broad-angular emissions, 

which show great potential in next-generation il-

lumination. For imaging, random lasers with high 

photon degeneracy and low spatial coherence 

show many advantages like high-quality illumi-

nation, directional emission, easy integration, and 

free of speckles, which are the best in the image 

quality tests among diverse light sources [38]. 

However, the output performance of random la-

sers needs to be further optimized to achieve a low 

threshold or white light output. The lasing thresh-

old can be affected by scattering characteristics 

and the concentration of the scatters, the dye con-

centration, etc. In order to obtain random lasers 

with superior performance and specific emission 

wavelength, various gain medium and scattering 

media have been developed. General gain materi-

als include semiconductor, rare earth-doped ac-

tive powders, laser dyes, quantum dots, etc. In all 

types of gain materials, quantum dots have the ad-

vantages of size-dependent tunable emission 

wavelength in broadband spectral region and nar-

row linewidths, which are an excellent candidate 

for random lasering. Benefitting from the ad-

vantage of the multi-wavelength narrowband 

emission, quantum dot-based spectrometers have 

been developed and used in water quality testing 

[41]. The scatters of random lasers mainly include 

dielectric scatters and metal nanoparticles. Com-

pared with dielectric scatters, metal nanoparticles 

of a similar size have a larger scattering cross-sec-

tion and simultaneous higher gain for light local-

ization from surface plasmon resonance (SPR), 

which is very beneficial for the preparation of 

high-performance random lasers with a low 

threshold. The gold nanocups have strong scatter-

ing based on their plasmon resonance. More im-

portantly, the unique multiple plasmon resonance 



 

 

modes of gold nanocups provide strong broad-

band scattering and large electric field enhance-

ment from the visible to near-infrared spectra re-

gion, making it possible to reduce the emission 

threshold and enhance the feedback loop. Gold 

nanocups with these properties provide an excel-

lent potential to achieving high-performance plas-

monic random laser with low threshold, high effi-

ciency, high Q factor, and multicolor output. 

Meanwhile, the gold nanocup can realize the 

change of the incident light from different direc-

tions into a single direction, and therefore it is ex-

pected to achieve a directional emission plasmon 

random laser. 

To demonstrate the superior optical properties of 

Au nanocups, we developed a random laser using 

Au nanocups as an efficient light scatter. Figure 5 

(a) schematically illustrates the experimental 

setup of the plasmonic random laser. The selected 

Au nanocups have a diameter of ~140 nm and two 

extinction peaks at 662 nm and 557 nm in water 

(extinction spectra shown in the inset of Figure 5b 

and an SEM image shown in Figure S6). CdSe 

quantum dots with the emission peak at 650 nm, 

purchased from Beijing Beida Jubang Science & 

Technology Co., Ltd, were selected as the laser 

medium. In the experiment, the solution of quan-

tum dots in xylene with different concentrations 

(30 mg/ml, 40 mg/ml, 50 mg/ml, 60 mg/ml, 70 

mg/ml) and the solution of gold nanocups (3 

mg/ml) in xylene were mixed at a volume ratio of 

5:1, which was then spin-coated into a film on a 

quartz substrate to make laser device. Figure S7(a) 

and S7(b) show the SEM images of the surfaces 

of the films prepared using CdSe solutions with 

concentrations of 30 mg/ml and 60 mg/ml. We 

studied the random laser characteristics of quan-

tum dots with concentrations of 30, 40, 50, 60, 

and 70 mg/ml. As shown in the emission spectra 

in Figure S10, the concentration strongly affects 

the threshold and linewidth. An optimal concen-

tration was determined at 60 mg/ml after consid-

ering both threshold and linewidth. We mixed 

CdSe quantum dots (60 mg/ml) and gold 

nanocups to form a film for preparing random la-

sers. Figure 5b shows the extinction spectra of 

thin films of pure quantum dots and quantum dots 

doped with gold nanocups. Pure quantum dots 

film has strong absorption when the wavelength 

less than 520 nm. For quantum dots doped with 

gold nanocups, the extinction spectrum shows 

broadband features centered at 630 nm. The ran-

dom laser device was pumped by a femtosecond 

pulse laser with an excitation wavelength of 400 

nm, pulse duration of 200 fs, and repetition rate of 

1 kHz. Figure 5c shows the photoluminescence 

(PL) spectrum of pure quantum dots film and the 

emission spectra of the random laser at different 

pump energy densities. The PL peak of the CdSe 

film is located at about 656 nm with an FWHM of 

about 35 nm. Because the photoluminescence 

spectrum of CdSe overlaps with the LSPR of Au 

nanocups, the coupling between PL and plasmon 

resonance causes Au nanocups to scatter light 

more effectively, and the radiation from CdSe 

quantum dots is multiply scattered and amplified 

by Au nanocups. Meanwhile, the local field en-

hancement caused by plasmon resonance excita-

tion increases the emission cross section of the 

quantum dots. For CdSe-doped Au nanocups, at a 



 

 

low pump energy density of 27 J/cm2, the emis-

sion spectrum exhibited typical broadband emis-

sion characteristics with the FWHM of ~35 nm. 

When the pump energy density increases to 35 

J/cm2, the emission centers at ~ 646 nm and fea-

tures an FWHM of 3.5 nm. 

 

Fig. 5 (a) Schematic of the plasmonic random laser and the laser experimental setup. (b) Extinction spectra of CdSe quantum dot film and 

CdSe-doped gold nanocup film at a volume ratio of 1 to 5. Inset: the extinction spectrum of gold nanocups in water. (c) Measured PL spectrum 

of pure quantum dots film and laser emission spectra at different pump energy densities. (d) Output intensity and linewidth of the laser device 

as a function of the pump energy density. 

Figure 5d presents the linewidth and the inten-

sity of the laser spectra as a function of pump en-

ergy density, indicating the threshold of the ran-

dom laser is about 35 J/cm2. When the pump en-

ergy density reaches the emission threshold, the 

spectral linewidth dramatically narrowed from 32 

to 3.5 nm, demonstrating that laser emission oc-

curred. As the pump energy density increases, the 

laser emission intensity gradually increases. In or-

der to intuitively illustrate the excellent character-

istics of gold nanocups, we compared the perfor-

mance of quantum dot random lasers of silver 

nanospheres, gold nanorods, and gold nanostars 

[42-44], by considering the scatterer, quantum 

dots, pump source, threshold, and linewidth as 

shown in Table S3. Gold nanocups result in the 

lowest threshold (35 J/cm2), again proving their 

strong scattering characteristics and unique elec-

tric field enhancement characteristics. Gold 

nanocups have strong broadband scattering from 

their multi-mode plasmon resonance. Meanwhile, 

most quantum dots can be excited by a single 400-

nm pump light. It is highly possible to achieve 



 

 

multi-wavelength random lasers or white light la-

sers if the gold nanocups are mixed with multiple 

quantum dots. This proposed approach is ex-

pected to overcome existing challenges in prepar-

ing wideband or multi-wavelength random lasers. 

It is worth noting that gold nanocup can redirect 

incident light or intracavity emission light in the 

direction of cup opening that exhibits unidirec-

tional light output[3,4,16], which offers the possi-

bility to realize nanoscale unidirectional random 

lasing. 

4. Conclusions 

In summary, we have developed a versatile 

confined growth method for preparing gold 

nanocups with controllable morphology and tun-

able optical properties. It is a simple and ingen-

ious preparation method that uses silica spheres 

and phenolic shells as deformable templates. This 

seeded growth method allows the large-scale pro-

duction of nanocups with various sizes and chem-

ical components. Our experimental studies and 

numerical simulations confirm that gold 

nanocups exhibit scattering-dominated optical 

properties under three typical plasmon excitation 

modes. Specifically, the transverse S mode has 

multiple resonance modes, such as dipolar, quad-

rupolar, and hexapolar, depending on nanocup 

sizes. Using the strong scattering of the unique Au 

nanocups, plasmonic quantum dot random laser 

has been achieved by simply mixing gold 

nanocups with CdSe quantum dots, which 

demonstrates high fluorescence feedback and am-

plification. The fabrication technology and highly 

tunable LSPR of Au nanocups may have broad 

applications in the fields of optical nanoantennas, 

OCT imaging, photoacoustic imaging, and ran-

dom lasing. 
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