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Carbonized polymer dots (CPDs) are versatile nanomaterials with remarkable optical properties 

that enable their use in a wide range of photonics applications. CPDs exhibit excitation-

wavelength-dependent tunable emissions that span the visible to near-infrared (NIR) spectrum. 

In this study, whispering-gallery-mode (WGM) emission achieved using CPDs-coated 

monodisperse polystyrene (CPDs@PS) microbeads is used to develop wavelength-adaptable 

photonic barcodes by leveraging the excitation-dependent photoluminescence of CPDs. Each 

resonant emission peak acts as a unique fingerprint of photonics barcodes related to the 

corresponding microresonator caused by WGM emission. These photonic barcodes can be 

easily disguised and then decoded by varying the excitation wavelength. WGM-based barcodes 

can exhibit a large number of encoding capacities by adjusting the resonator diameter. 

Monodisperse CPDs@PS microbeads (3, 4.5, and 6 μm) are used to demonstrate adaptable 

photonic barcodes, which can improve the readability and reproducibility of spectral patterns 

for the reliable tagging and identification of commodities. Unlike traditional semiconductor 

quantum dots or dye-doped microresonators, this adaptive resonant emission does not require 

structural or chemical modifications, making it an ideal candidate for multiplexed assays, cell 

tagging and tracking, anti-counterfeiting, and for ensuring the integrity and authenticity of 

products in various high-value sectors. 
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1. Introduction

Counterfeiting poses a major threat to various industries, including those dealing with high-

value products, such as pharmaceuticals, electronics, luxury goods, and currencies. [1] The 

global economic impact of counterfeit goods is staggering, with annual losses amounting to 

hundreds of billions of dollars.[2] Besides financial losses, counterfeit products also compromise 

safety, erode brand trust, and undermine regulatory frameworks;[3] therefore, developing 

advanced anti-counterfeiting technologies is critical for ensuring product integrity, consumer 

safety, and brand protection. To this end, one promising approach is utilizing advanced 

microresonator-based photonic materials, which can promote the development of spectrally 

encrypted codes and tags.[4] Thus far, different types of microcavities and microlasers have been 

employed for spectroscopic coding applications.[5] Among these, whispering-gallery-mode 

(WGM) microcavities, which are shaped as microspheres or microdisks, are most frequently 

utilized for spectral barcoding.[6] A WGM-based microcavity is a micro-object with a circular 

cross-section, such as a microsphere, microdisk, or microring.[7] These micro-objects require 

smooth surfaces and a higher refractive index than their surrounding material to confine light. 

Light is guided along the perimeter via total internal reflection at the microcavity surface, 

resulting in either transverse electric (TE) or transverse magnetic (TM) modes.[8] Small 

variations in the microcavity size, even below the diffraction limit, can cause detectable spectral 

shifts. In microspheres, fluorescent dyes,[9] semiconductor quantum dots,[10] semiconductors,[11] 

carbonized polymer microspheres,[12] upconverting nanoparticles,[13] or dye-doped solid 

spheres fabricated from organic or semiconducting materials are typically used as the gain 

material, [14] and these non-deformable beads are often used for barcoding.[15] In microcavity 

barcodes, information is encoded through the properties of the emitted light based on the size, 

shape, and gain material of the microcavity.[16] These microcavity barcodes can be randomly 

sized because of the inherent variability in microcavity properties, or they can be predefined for 

encoding specific information.[17] Most experimentally demonstrated random-sized 

microcavity-based barcodes lack predefined information and rely on the natural randomness of 

manufacturing, such as size polydispersity. This randomness is advantageous for creating 

complex and difficult-to-replicate barcodes with useful applications in anti-counterfeiting and 

tagging numerous entities.[6b, 12, 18] Encoding specific information in macroscopic barcodes 

requires precise manufacturing control, and some cases of predefined microcavity barcodes 

have been demonstrated. 
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Carbon dots (CDs) have emerged as ideal candidates for bioimaging, sensing, and 

optoelectronics applications because they are rare-earth and metal-free nanomaterials that offer 

high photoluminescence (PL), tunable emission, and excellent stability.[19] Carbonized 

polymer dots (CPDs) are a type of carbon dots characterized by a hybrid structure that 

incorporates both polymeric and carbon-based complex structures. CPDs are typically 

synthesized via dehydration, polymerization, and carbonization during the solvothermal 

process. These CPDs are rich in nitrogen and oxygen and have a large number of 

surface functional groups. Furthermore, CPDs have gained attention for use in anti-

counterfeiting applications because of their ability to emit light of multiple colors in the visible 

to near-infrared (NIR) wavelengths, which serve as dynamic optical markers and secret inks.

[20] Despite the potential of CPDs in anti-counterfeiting, their application in generating solid-

state fluorescence (SSF) materials for realizing spectrally adaptable photonic barcodes is yet to 

be explored.  

This study demonstrates the use of CPDs in the development of advanced SSF materials that 

can function as fluorescent photonic barcodes. We investigate the integration of CPDs into 

predefined spherical microresonators to harness their photonic properties across the visible to 

NIR spectrum. Distinct spectroscopic codes generated by WGM emission are closely linked to 

the diameter of the microbeads; however, random variation in microbead diameters hinders the 

replication of their spectral barcodes, making tagging unreliable. We employed monodisperse 

polystyrene (PS) microbeads with predefined diameters (3, 4.5, and 6 μm) and low coefficient 

of variation (CV < 3%) to ensure accurate and readable photonic barcodes for tagging 

commodities. This approach improves the consistency and readability of the spectral patterns, 

leading to more reliable tagging and identification. The use of CPDs in microresonators 

presents several advantages over traditional semiconductor quantum dots or dye-doped 

microresonators: (1) CPDs provide excitation-dependent emission without the need for 

structural or chemical modifications, offering a more powerful and versatile approach for 

creating photonic barcodes with high security. (2) The intrinsic properties of CPDs, such as 

their high stability and tunable emission, render them ideal candidates for long-lasting and 

reliable anti-counterfeiting tags. The development of CPDs-based SSF materials with adaptive 

photonic barcodes represents a major advancement in the security features, offering a robust 

and scalable solution to combat counterfeiting and protect valuable products.  
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2. Results and Discussion

Figure 1. (a) Protocol for surface coating micro-polystyrene (µ-PS) beads with carbon 

dots (CPDs). (b) Scanning electron microscopy image of 3 µm of PS beads. (c) Schematic 

of the spectrally tunable whispering-gallery-mode (WGM) emission from the 

microresonator by simply varying the excitation light source. (d) WGM emission from the 

3µ-CPDs@Ps beads via changing the excitation source from 470 nm to 532 nm, and 

schematic representation of corresponding color adaptable photonic barcodes for 

anticounterfeit tagging applications.   

Multicolor emissive CPDs were synthesized using citric acid (CA) and urea in a 

formamide solution via the solvothermal method and exhibited excitation wavelength-
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dependent emission spectra. The high temperature and pressure during the solvothermal 

reaction promoted efficient condensation, polymerization, and carbonization through reactions 

between CA and urea. These conditions facilitate the incorporation of heteroatoms such as 

nitrogen and oxygen into the carbon framework. Additionally, the presence of specific 

functional groups in the precursors and cross-linked polymerization structures enhances the 

abundant surface functionalization of CPDs, including amines, carboxylic acids, hydroxyls, and 

amides. The surface-coating process involved incorporating CPDs into commercially available 

polystyrene (PS) microbeads of various diameters (3, 4.5, and 6 µm) by infusing them in an 

ethanol-acetone mixture (Figure 1a). Acetone causes swelling of the near-surface region of PS 

and generates nanopores, into which CPDs can diffuse together with the solution and trapped 

at the surface of the PS microbeads. The high number of surface functional groups of the CPDs 

facilitates their adsorption onto the PS surface and may promote diffusion from the solution 

phase and coat the microbeads uniformly. After coating, the microspheres are separated from 

excess CPDs and dried, yielding coated PS beads for further applications. The scanning electron 

microscope (SEM) image shows examples of monodispersed PS beads with a diameter of 3 µm 

(Figure 1b). The image highlights the uniform size and smooth surface of PS beads, which are 

crucial for achieving consistent WGM emission performance. This schematic illustrates the 

principle of spectrally adaptable WGM emission from a microreactor by varying the excitation 

light source (Figure 1c). This tuning capability is essential for applications that require precise 

control for predefined readable coding. For example a barcode comprises a series of black bars 

of varying widths, with each bar representing a different digit.[21] In contrast, WGM emission-

based barcodes are defined differently; each solid bar corresponds to the wavelength position 

of a resonant mode in the PL spectrum (black line in Figure 1d). The width of each bar is 

determined from the relative fluorescence intensity at the same wavelength as that in the TM 

or TE resonance mode. Figure 1d shows the generation of spectrally reconfigurable WGM 

emission-assisted photonics barcode from an identical  m CPDs-coated monodisperse 

polystyrene (CPDs@PS) beads when the excitation source is changed from 470 to 532 nm. The 

WGM-emission-assisted spectral characteristics vary with the excitation wavelength (spectrally 

tunable greenish and red barcodes at 470 and 532 nm excitation, respectively), wich indicates 

the capability of applying this phenomenon to the doubly protected barcoding. The 

corresponding microphotoluminescence (μ-PL) image of a microsphere with predefined size 

confirms the successful integration of photonic resonance and  CPDs’ luminescent 

functionalities within the PS beads. The ability to vary the excitation source and changing the 
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resulting WGM emission spectra is critical for spectrally reconfiguring and doubly predefined 

barcode tagging applications. 

 

 

 

 

 

 

 

 

 

 

Figure 2. (a and b) XRD pattern and Raman spectra of CPDs X-ray photoelectron spectroscopy 

(XPS) survey spectra. (c) XPS survey spectra. (d –f) Deconvoluted high-resolution XPS spectra 

of C-1s, N-1s, and O-1s of CPDs. (g and h) low and high magnified TEM images of CPDs.   

 

The structural and chemical characteristics of the CPDs were investigated using various 

techniques. The X-ray diffraction (XRD) patterns (Figure 2a) reveal a broad peak intensity at 

a 2θ value of 21–26°, indicating small particle sizes and a d value of 0.336 nm, which 

corresponds to amorphous structures and the (002) plane of graphitic lattice structures.[22] 

Raman spectroscopy (Figure 2b) shows D and G band peaks at 1360 and 1580 cm⁻¹, 

100 nm 50 nm

(g) (h) 
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respectively, with an ID/IG ratio of ~0.94, suggesting a high number of defects and disordered 

(sp³) structures within the graphitic (sp²) framework.[23]  

 

Figure 3. (a) Emission spectra of the CPDs in EtOH solution excited at 340−540 nm in 20 nm 

increments. The inset shows corresponding normalized emission spectra. (b) UV-visible and 

PL and corresponding excitation spectra of colloidal CPD solution. (c) Digital photographs of 

the colloidal CPDs solution captured under daylight (left) and under different excitation 

wavelengths from 350 to 550 nm.  

 

The X-ray photoelectron spectroscopy (XPS) analysis (Figure 2c) confirms the presence of C, 

O, and N with atomic percentages of 57.7, 24.4, and 17.9%, respectively. High-resolution XPS 

(HRXPS) spectra for C 1s (Figure 2d) indicate various chemical bonds, including C-C/C=C, 

C-O/C-N, and COOH/CONH, which point to the presence of diverse functional groups.[24] 

HRXPS spectra for N 1s (Figure 2e) show four peaks at binding energies of 398.4, 399.3, 400, 

and 401.2 eV, which correspond to pyridinic, pyrrolic, amide, and graphitic N-doping sites, 

respectively, with amide and pyrrolic peaks being the most prominent during CD formation.[25] 
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Deconvoluted O 1s spectra (Figure 2f) further confirm three types of C-O bonds in CPDs. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy shows peaks 

corresponding to the hydroxyl, amide, carbonyl, acid, and amine groups (Figure S1).[24, 25b] 

Overall, these analyses demonstrate the presence of various functional groups and N-doping 

sites in CPDs, influencing their absorption and emission properties. The TEM images of CPDs 

display nearly spherical particles (Figures 2g and h) with sizes ranging from ~7–10 nm. 

Although the resolution of these images is not very high, they do not show recognizable lattice 

fringes, suggesting that the carbogenic core is nearly amorphous and has a high level of surface 

functionalization.[26] Figure 3a shows the emission spectra of colloidal CPDs in ethanol at 

various excitation wavelengths. The spectra display the relative intensities, whereas the inset 

shows the corresponding spectra on a normalized scale. The results reveal a clear dependence 

of the emission on the excitation wavelength. As the excitation wavelength increases, the 

fluorescence band maximum shifts to longer wavelengths, accompanied by a gradual narrowing 

of the emission bandwidth and a decrease in the emission intensity. Figure 3a and the 3D 

excitation fluorescence spectra of CPDs under various excitation wavelengths, ranging from 

340–560 nm, demonstrate the full-color emission capability in the entire visible spectra of CPDs 

produced via a solvothermal reaction in formamide (Figure S2). Figure 3b illustrates the UV-

Vis absorption spectra of the CD solution, indicating a strong absorption at 200 nm and a broad 

peak at 340 nm, corresponding to π-π* and n-π* transitions of C=C bonds C=O and C-N bonds 

corresponding to the surface states and conjugated  structures. Broad absorption bands at lower 

energies (approximately 450 nm and 550 nm) are typical for CPDs emitting in the red range, 

which indicates a narrowed electronic band gap.[24b, 27]  The direct and indirect electronic 

transitions of carbonized polymer dots (CPDs) are evaluated to be 3.2 eV and 1.81 eV, 

respectively, as determined using the Tauc equation (Figure S3). The band gap energies of the 

direct transitions are higher than those of the indirect transitions for CPDs. Photoluminescence 

excitation (PLE) spectra provide insight into electronic absorption characteristics. The PLE 

spectra corresponding to blue, green, and red emissions reveal distinct wavelength-dependent 

electronic excitations of the CPDs, correlated with the multiple peaks in the absorption spectra 

(Figure 3b). Functional groups, such as -COOH and graphitic N centers in CPDs, create states 

(O and N) that cause green and red emissions.[25b, 28] These groups and doping centers introduce 

mid-gap states into the HOMO-LUMO gap of CPDs, resulting in red-shifted absorption and 

low-energy fluorescence in the visible spectrum. These transitions arising from sub-bandgap 

states contribute to the emissions of CPDs, which vary with the excitation intensity. Figure 3c 

shows photographs of the colloidal CPDs solutions demonstrating their full-color emission 
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across the entire visible wavelength. Both the emission spectrum and accompanying digital 

photographs clearly reveal the excitation-dependent fluorescence exhibited by the CPDs 

(Figures 3b and 3c).  

 

Figure 4. (a) -PL spectra of the CPDs@PVP film at 470 and 532 nm excitation. (b) WGM 

mode emission of CPDs@PS in three microbeads with different diameters and their 

corresponding -PL images under 470 nm excitation. (c) Relationship between λ2/Δλ and the 

diameter of microbeads. The red line represents a linear fit to the function λ2/Δλ = nπd. (d) The 

WGM mode emission of CPDs@PS microbeads in three different diameter microbeads and 

their corresponding -PL images under a 532 nm excitation. (e) WGM emission from multiple 

3 m-CPDs@PS microbeads under a 532 nm excitation. (f) Magnified -PL spectra and FSR. 

(g) Comparison of FSR values from multiple microbeads at the red wavelength range.  
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Figure 4a shows the -PL spectrum of the CPDs@PVP film under 470 and 532 nm 

laser excitation, revealing greenish-yellow and red emissions corresponding to the excitation 

wavelength-dependent properties of CPDs in solid-state. Adaptable multilevel photonic 

barcoding applications have been successfully demonstrated by leveraging the emission color 

variations with changing excitation wavelengths. Monodisperse CPDs@PS microbeads with 

predefined diameters (3, 4.5, and 6 μm) have been utilized for generating precise and easily 

readable photonic codes applicable for commodity tagging (Figure S4). A μ-PL system utilized 

470 and 532 nm lasers as pump sources to explore the cavity effect of CPDs@PS microbeads. 

Sharp peaks superimposed on a broad emission spectrum were observed at the edges of the 

microbeads with three different diameters (Figure 4b) under 470 nm laser excitation. These 

spectra exhibit two distinct peaks arising from the breakdown of degeneracy in the TE and TM 

modes within the WGM resonator (Figure 4b). In addition, the μ-PL image reveals a prominent 

green ring-shaped pattern at the microbead perimeters (Figure 4b, right), which can be 

attributed to the WGM resonant cavity effect. The WGM resonator operates according to the 

equation mλ = neffπd, where m, λ, neff, and d represent an integer, resonant wavelength, effective 

refractive index of the mode, and diameter of the microbead, respectively.[6e, 17d, 29] The resonant 

wavelength  in a WGM resonator depends on the size and refractive index of the microbeads. 

Each microbead exhibits unique spectral patterns, which serve as its specific fingerprint, and 

they are used as an optical barcode. The mode spacing (Δλ) of the WGM emission, also known 

as the free spectral range (FSR), decreases significantly from 21, 15, and 11 nm at ~550 nm as 

the diameter increases from 3 to 4.5 to 6 μm, respectively (Figure S5). According to the WGM 

theory, the mode spacing Δλ  and diameter d are related by λ2/Δλ = neffπd, where λ represents 

the wavelength of the guided light, and neff represents the effective refractive index.[30] Figure 

4c illustrates the relationship between λ2/Δλ and d. The linear fitting of the data shows a slope 

of 4.9 for neffπ. Given that π is a constant (~3.14), neff is calculated to be 1.49, which is closer 

to the refractive index of bare PS (Figure 4c). This implies that the surface functionalized CPDs 

layer on the PS microbead does not alter the refractive index of PS. The microresonator exhibits 

red-NIR wavelength range WGM emission when excited by a 532 nm light source; this is 

observed in the 3, 4.5, and 6 µm microresonators, as shown in the corresponding μ-PL spectra 

and images (Figure 4d). The FSR in the red wavelength region gradually decreases from 31 

nm to 22 nm and to 16 nm as the microresonator diameter increases from 3 µm to 4.5 µm and 

6 µm, respectively (Figure S6). The relationship between the WGM resonance and the diameter 

of the microbeads plays a key role in generating distinct spectroscopic barcodes. The uniformity 
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of monodisperse PS microbeads, with predefined diameters and a low coefficient of variation 

(CV < 3%), results in nearly identical WGM emissions from multiple microbeads, as shown in 

Figure 4e for the 3-µm CPDs@PS microbeads under a 532 nm excitation. Identical WGM 

emission can be achieved from multiple 3 µm CPDs@PS microbeads using a 470 nm excitation 

(Figure S7). The FSR of multiple microbeads is nearly identical (~ 30.5 nm) in the red 

wavelength region (Figures 4f and g). Similarly, the WGM emission and FSR observed for 

multiple 6 µm CPDs@PS microbeads display nearly identical characteristics, indicating a 

consistent response across the sample set (Figure S8). This method enhances the readability 

and reproducibility of the spectral patterns, enabling more reliable tagging and identification.  
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Figure 5. (a and b) Experimental and simulated PL spectra of a 3-m CPDs@PS resonator 

excited at 470 and 532 nm. (c) Comparison of wavelength-adaptable photonic barcodes for 

experiment (upper) and simulation (lower). (d) Electromagnetic field distributions of TE (left) 

and TM (right) resonances in the red wavelength region. 

The experimental PL spectra across the two distinct spectral regions, along with the field 

profiles, were simulated using the finite-difference time-domain (FDTD) method. The 

simulated WGM resonances in the greenish-yellow and red wavelength regions, combined with 

background emissions from the 3-µm CPDs@PS microbeads, closely aligned with the 

experimental spectra obtained under 470 nm and 532 nm laser excitation (Figures 5a and 5b). 
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These emission spectra indicate contributions from both TE and TM modes within the 

microbeads. The differences in the optical paths naturally lead to variations in the mode 

separation for each WGM type, resulting in non-uniform spectral separation of the resonant 

peaks. We selected microbeads with specific diameters to examine the readouts for tagging 

purpose. Figure 5c presents both the simulated and experimental WGM emission patterns, 

demonstrating the construction of photonic barcodes in the greenish-yellow and red-NIR 

wavelength ranges by altering the excitation wavelength from 470 nm to 532 nm. In addition, 

Figure 5d shows mode profiles at WGM resonance peaks near 680 and 666 nm, with the Hz 

profile for the TE mode and the Ez profile for the TM mode, respectively, highlighting the 

characteristics of the fundamental TE and TM modes with a radial mode number of 1. In 

addition, based on an automated numerical simulation, the CD-coated layer radius and 

refractive index (nCD) were evaluated (detailed in the Experimental Section). Based on the 

optimized spectra, the CPDs layer thickness is ~ 29 nm, and the nCD is ~1.55, which is consistent 

with previously reported values.[31]  
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Figure 6. (a and b) Schematic of the WGM emission-based photonics barcodes from 3 m 

Rh6G@PS micro-resonator by varying the excitation wavelength by 470 and 532 nm and their 

corresponding -PL spectra and image. (c and d) Schematic of the spectrally tunable WGM 

emission from greenish-yellow to red-NIR wavelength by altering the excitation wavelength by 

470 and 532 nm and their corresponding -PL spectra and image. (e) Color adaptable two 

barcodes from the same microresonator for the doubly protected authentication/tagging strategy. 

(f) Proof-of-concept demonstration of a color-adaptable CPDs@PS-based photonic barcode 

tagging on two different medicine packs by varying the excitation wavelength for drug 

identification (and also anti-counterfeiting). (g and h) WGM-based spectrally tunable barcodes 

tagging from 3 μm and 6 μm CPDs@PS microbeads on the marked region from two different 

drug packages.     
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Spectrally adaptable barcodes based on CPDs offer stronger authentication than traditional dye-

doped microresonators owing to their wavelength-dependent excitation properties. Figure 6a 

illustrates the non-tunable WGM emission of dye-doped microresonators, which can only 

generate a single barcode by varying the excitation wavelength. For example, Rhodamine 6G-

coated 3-µm polystyrene microbeads (3-µm Rh6G@PS) can produce similar spectral patterns 

when the excitation wavelength is changed, posing a remaining risk of counterfeiting (Figure 

6b). A single CPDs@PS microresonator can produce spectrally tunable barcodes by simply 

adjusting the excitation wavelength, as depicted in Figure 6c. Figure 6d shows the spectrally 

tunable WGM emission and the corresponding -PL image obtained by changing the excitation 

wavelength, which generates two distinct barcodes. Figure 6e shows a schematic of the 

application of secure barcodes for authentication. Two different barcodes can be generated by 

simply altering the excitation source, thereby enabling product authentication with higher 

accuracy. If a microbead-based generated barcode is tunable, it can confirm the authenticity of 

a product; otherwise, the product is counterfeit. As a proof-of-concept, 3 and 6 µm CPDs@PS 

microbeads were applied as “security tags” on two different drug packages. The -PL spectrum 

and images were recorded by varying the excitation wavelength from blue to green (Figure 6f). 

Drug packages 1 and 2 are tagged with 3 μm and 6 μm CPDs@PS microbeads for authentication 

purposes. The 3 µm CPDs@PS microbeads demonstrated color-adaptable photonic barcodes, 

as evidenced by the WGM emission shown in Figure 6g. The corresponding -PL image shows 

greenish-yellow and red emissions from the microbeads. Similarly, Figure 6h shows the 

wavelength-tunable WGM emission and generated two different barcodes and associated -PL 

images, which range from greenish-yellow to red from a 6 m CPDs@PS microresonator. 

These readable photonic barcodes can be easily disguised and decoded on the corresponding 

tagged drug package by simply changing the excitation wavelength. The barcoding capacity 

can be enhanced by increasing the number of sharp lines in WGM-based emission spectra. This 

can be achieved by increasing the diameter of the resonator, which indicates a larger light 

confinement volume. This reduces the FSR (free spectral range; the separation between the 

peaks of the TM and TE modes), allowing more peaks to be observed within a given spectral 

range. Because the CPDs are uniformly coated on the surface of the PS and diffused deep into 

the subsurface region, ethanol washing of the microresonator does not significantly affect the 

WGM emission. (Figure S9). These microbeads are stable under atmospheric conditions and 

exhibit WGM emission even after 6 months of storage under ambient conditions (Figure S10). 

These wavelength-tunable barcodes generated from the CPDs@PS microresonator offer 
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enhanced security with potential applications in other systems, such as identity documents, 

electronics, and banknotes. In this study, the tunable excitation wavelength and simplified 

reading process of the covert photonic barcodes contribute to improved security features. 

3. Conclusion

This study highlighted the successful integration of CPDs into spherical microresonators for 

the development of advanced SSF materials that can function as fluorescent spectral barcodes. 

We addressed the challenges associated with the readability of spectral barcodes by using 

monodisperse PS microbeads with predefined diameters. This approach ensures more 

consistent and reliable photonic barcodes, significantly enhancing the accuracy and readability 

required for effective tagging and identification. The inherent advantages of CPDs, including 

their excitation-dependent emission, high stability, and variable emission properties, render 

them superior to traditional semiconductor quantum dots or dye-doped microresonators for anti-

counterfeiting applications. The development of CPDs-based SSF materials not only represents 

a breakthrough in security features but also provides a scalable and robust solution to combat 

counterfeiting, protecting valuable products in the marketplace. Integrating CPDs into spherical 

microresonators paves the way for next-generation anti-counterfeiting technologies that 

combine nanophotonics and materials chemistry to develop advanced SSF materials with 

adaptive photonic barcodes with multilevel encoding. 

4. Experimental Section

Synthesis of CPDs: Citric acid monohydrate (CA, 25 mg/mL), urea (25 mg/mL), and formamide 

solution (20 mL) were mixed for 10 min by sonication. The solution was then transferred to a 

50 mL Teflon container and placed in an autoclave crucible for a solvothermal reaction. The 

solution was heated at 180 °C for 6 h to synthesize CPDs and cooled to room temperature after 

the reaction. A dark reddish-brown solution was obtained from the initial transparent solution. 

The dark solution was centrifuged at 8000 rpm for 5 min and passed through a 0.2-μm syringe 

filter to remove larger particles. Unreacted or fragmented CA and small molecular impurities 

were removed by dialysis using DI water and an osmosis membrane (molecular weight cut-off 

= 3.5 kDa) for 24 h. Then, the solution was passed through a 20 nm filter to collect the final 

colloidal CPDs. The collected CPDs were dispersed in EtOH, mixed with a 

polyvinylpyrrolidone (PVP) matrix, and dried at 60 °C for further characterization and PL 

measurements. 
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Surface Coating of CPDs and Rh6G onto PS Microbeads: CPDs were first dispersed in an 

ethanol solution. A 0.1 wt.% CPDs solution was then injected into the PS microbeads with 

diameters of 3, 4.5, and 6 µm, which were commercially sourced from Polyscience, Inc. 

Acetone (10 μl) was added to facilitate the incubation of the CPDs on the surface of the PS 

microbeads, and the mixture was allowed to incubate overnight. After incubation, the 

CPDs@PS microbeads were dispersed in ethanol and drop-cast onto a glass substrate for 

measurement. Similarly, a 0.1 mM Rh6G ethanolic solution was incubated with 3 µm PS 

microbeads to achieve dye functionalization. For drug tagging applications, 3 and 6 µm 

CPDs@PS microbeads were dispersed in an aqueous solution, drop-cast onto the two different 

drug packages, and dried at room temperature. 

Characterization: The CPDs were analyzed using X-ray diffraction (XRD) with a RINT-Ultima 

III system from Rigaku Corporation, utilizing Cu Kα radiation (λ = 1.5406 Å). The composition 

and chemical bonding states of the CPDs were examined via X-ray photoelectron spectroscopy 

(XPS) with a PHI Quantera SXM instrument (ULVAC-PHI, Inc.), using Al Kα as the X-ray 

source. The chemical structure was further investigated using attenuated total reflectance 

Fourier-transform infrared (ATR-FTIR) spectroscopy, employing a Nicolet iS50 FTIR 

instrument (Thermo Fisher Scientific Inc.). The absorbance spectra of the colloidal dispersions 

were obtained using a V-570 UV-Vis-NIR spectrometer (JASCO Corp.), whereas the 

fluorescence spectra were measured using an FP-8650 NIR Spectrofluorometer (JASCO 

Corporation). 

μ-PL Measurements: The study of WGM emission and -Pl imaging was conducted using a 

WITec µ-PL system (WITec alpha300 confocal microscope) equipped with a Princeton 

Instruments Acton SP2300 monochromator (300 grooves/mm grating) and an Andor iDus DU-

401A BR-DD-352 CCD camera. A 100x objective lens (NA = 0.9, MPLFLN100x, OLYMPUS) 

was used in the optical microscope to identify individual microspheres and capture WGM 

emission data along with µ-PL imaging. Photoexcitation was achieved using a 470-nm pulsed-

diode laser and a 532-nm laser under ambient conditions.  

Numerical Simulation: The WGM resonance spectra and electromagnetic field profiles were 

simulated using a commercial finite-difference time-domain solver (Ansys Lumerical). The 

emissions from the CPDs were modeled as a dipole source positioned near the PS particle (n = 

1.59), and the optical power was monitored using a transmission box enclosing the dipole. 
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Perfectly matched layers were set in the x and y directions. The unknown CD-coated layer 

thickness (tCD) and refractive index (nCD) were predetermined using Lumerical’s built-in 

particle swarm optimization algorithm to maximize the cross-correlation between the 

experimental and simulated spectra, yielding tCD ~ 29 nm and nCD ~1.55. 
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 This study explores spectrally tunable photonics barcodes using carbonized polymer dots 

(CPDs) based on whispering gallery mode (WGM) photoluminescence. CPDs offer 

wavelength-dependent emission from visible to near-infrared (NIR), thereby enabling variable 

WGM emissions. These barcodes are easily decoded via excitation wavelength changes, 

providing a high encoding capacity without structural modifications ideal for applications in 

multiplexed assays, anti-counterfeiting, and product authentication.  
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