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We realized white light-emitting diodes with high color rendering index (85 – 96) and widely variable color temperatures 

(2805 – 7786 K) by combining three phosphors based on carbon dots and polymer dots, whose solid-state 

photoluminescence self-quenching was efficiently suppressed within a polyvinyl pyrrolidone matrix.All three phosphors 

exhibited dominant absorption in UV spectral region, which ensured the weak reabsorption and no energy transfer 

crosstalk. The WLEDs showed excellent color stability against the increasing current because the similar response of the 

tricolor phosphors to the UV light variation. 

1.Introduction 

Solid-state white light-emitting diodes (WLEDs) are promising 

illumination sources to replace traditional incandescent bulbs, 

owing to their projected long working life time, low power 

consumption, fast response time, and compact size.1-5 

Currently, one common production route towards WLEDs is to 

combine blue-emitting LED chips with broadband yellow-

emitting color converter phosphors, such as YAG:Ce3+,6 

Ba3SiO5:Eu2+,7 and Sr3SiO5.
8,9 However, this type of WLEDs 

typically has relatively weak emission in the red spectral 

region.10 In addition, the electroluminescence (EL) intensity of 

the blue light from LED chip increases much faster than that of 

the yellow band from the phosphors at higher currents, and the 

spectral position of the blue band may also change with 

working current. These issues result in high correlated color 

temperature (CCT) and low color rendering index (CRI) for 

these blue-yellow LEDs.11 It is therefore highly desirable to 

acquire the white-light emission independent of the input 

power, especially when the WLEDs are used as the backlight 

for displays.12,13 In the attempt to solve this issue, WLEDs 

employing ultraviolet (UV) LED chips as the excitation source 

have been explored, due to the prospects of chromatic 

flexibility, stability and high efficiency.14-17 The UV chips emit 

light with the wavelength shorter than 400 nm, which itself has 

little effect on the chromaticity coordinates of the WLEDs.11,14 

Thus, the use of single or multicolor phosphors excited by UV 

chips has been regarded as a promising design for WLED 

fabrication.18 Although single phosphors combined with UV 

LEDs can be fabricated easily, their CCT cannot be readily 

varied while maintaining the high CRI.19,20 Coating UV LEDs 

with multicolor phosphors can maintain high CRI through 

changing the ratio of the phosphors.21 However, small Stokes 

shift among these phosphors often results in a strong 

reabsorption of emitted light, which may cause both color 

instability and the decrease of the luminous efficiency.18,22,23 

Thus, combinations of phosphors which absorb only UV light 

but emit different colors of the visible light are highly desirable 

to achieve stable and efficient WLEDs. 

Recently, carbon dots (CDs) have been identified as an 

attractive class of phosphors.24 They show strong absorption in 

the near UV spectral region and the efficient blue light emission 

(up to 80% quantum yield (QY) for solution-based particles25-

27), and are considered to be low toxic materials,28-32 which 

make them suitable as a blue-emitting component for 

WLEDs.21,33-36 However, the solid-state PL performance of 

CDs is still not satisfactory, largely because of the 

luminescence quenching due to the aggregation of CDs.26,37 

The aggregation issue could be avoided by dispersing CDs in 

silicone,10,34 PMMA21 or other inert matrices. Shen’s group37 

integrated water soluble CDs with starch, while Wang et al.38 

embedded CDs into oligomeric silsesquioxane based solid-state 

matrix and combined them with NaCl protected CdTe quantum 

dots (QDs) to realize white-light solid state emitters. However, 

II-VI QDs have intrinsically small Stokes shifts, thus suffering 

from the emission self-quenching in solid state.22 

To overcome these drawbacks, we have combined blue-

emitting CDs with green- and red-emitting polymer dots (PDs) 

with large Stokes shifts. By dispersing the CDs and PDs in a 

highly transparent polyvinyl pyrrolidone (PVP) matrix, solid 

state downconversion WLEDs excited by UV chips were 

fabricated. They possessed high CRI and adjustable CCT, and 
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exhibited excellent color stability against the working current 

because the tricolor phosphors exhibited nearly the same 

response to the UV excitation and showed no saturation 

towards UV light. 

 

2.Experimental Section 

2.1Materials 

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-1-

thiadiazole)] (PF10BT, Mw = 15 000–200 000) was purchased 

from ADS Dyes (Quebec, Canada). Poly[(9,9-dioctylfluorene)-

co-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)] (PFTBT, Mw ≈ 

37 500) was synthesized according to the previous reports.39,40 

Poly(styrene-co-maleic anhydride) (PSMA, Mw ≈ 1700, 

styrene content 68%), anhydrous tetrahydrofuran (THF, 99.9%) 

and ethylenediamine were purchased from Sigma-Aldrich. 

Citric acid monohydrate and polyvinyl pyrrolidone K30 (PVP, 

Mw ≈ 40 000) were purchased from Beijing Chemical Reagent 

Company. Polydimethylsiloxane (PDMS) was purchased from 

Dow Corning. All chemicals were used directly without further 

purification. 

2.2Preparation of CDs 

CDs were prepared according to the previous report26 with 

minor modifications. In a typical synthesis, citric acid 

monohydrate (1.0507 g), ethylenediamine (335 µL) and 

deionized water (10 mL) were sealed into a Teflon-lined 

autoclave (30 mL) and heated at 200 ºC for 5 h. After the 

reaction, the autoclave was cooled to room temperature, and the 

solution was filtered using a 0.22 µm filter to remove large 

aggregates. The product was purified by dialysis against 

double-distilled water using a dialysis membrane (1000 Da, 

molecular weight cut-off) for 24 h. Finally, a clear 

yellow−brown aqueous dispersion containing CDs was 

obtained. 

2.3 Preparation of PDs 

PDs were prepared by a modified precipitation method.40,41 In a 

typical synthesis, a THF solution (5 mL) of PFTBT or PF10BT 

(500 ppm) and PSMA (10 ppm) was sonicated to form a 

homogeneous mixture. The solution was injected quickly into 

deionized water (10 mL) in a bath sonicator. The THF was 

removed and the solution was concentrated under a stream of 

nitrogen gas on a 90°C hotplate. The solution was cooled to 

room temperature, and filtered through a 0.22 µm filter to 

remove large aggregates. 

2.4 Preparation of CD/PVP and PD/PVP phosphors 

CDs (0.156 mg/mL, 6 mL) or PDs (PF10BT, 0.028 mg/mL, or 

PFTBT, 0.06 mg/mL) and PVP (0.7g) were mixed in water 

under ultrasonic treatment for 2 h and the mixtures were dried 

in an oven at 80°C for 12 h. Dried blocks were subjected to 

grinding in agate mortar and screening out by mesh sieve to 

obtain finely dispersed CD/PVP and PD/PVP powders. 

2.5 Fabrication of WLEDs 

UV LED chips (LUMEX-SSL-LXTO46UV1C) with the peak 

emission wavelength centered at 385 nm were used for the 

fabrication of WLEDs. A certain amount of CD/PVP and 

PD/PVP were dispersed in hexane and 1 mL of silicone was 

added into the mixture. The mixture was vibrated for 20 min, 

subjected to vacuum for 1 h, coated onto the UV LED chips 

and cured at 80°C for 2 h. 

2.6 Characterization 

The nanoparticle size was estimated by dynamic light scattering 

(DLS, ZS90, Malvern). Fluorescence spectroscopy was 

performed with an Edinburgh Instrument FLS920P 

fluorescence spectrometer. The absolute PL QYs were 

measured by the same spectrometer using an integrating sphere 

with its inner face coated with BENFLEC®. UV-Vis absorption 

spectra were measured on a Shimadzu 3600 UV-Vis 

spectrophotometer. Time-resolved PL lifetime measurements 

were performed using a time-correlated single-photon counting 

(TCSPC) lifetime spectroscopy system with a picosecond 

pulsed diode laser (EPL-405 nm) as the single wavelength 

excitation light source. Transmission electron microscope 

(TEM) TECNAI F20 was employed to obtain images for the 

investigation of the morphology of the CDs and PDs. The 

emission spectra of the WLEDs were determined by a Zolix 

Omni-λ300 Monochromator/Spectrograph. 

3.Results and discussion 

The blue luminescent CDs were prepared following the 

established process with the starting materials of citric acid and 

ethylenediamine (Fig. S1a). The size of CDs was determined by 

DLS (Fig. 1a), and their average diameter was estimated as 0.9 

nm. The size of CDs was also estimated by high-resolution 

transmission electron microscopy (HRTEM, Fig. S2), which 

showed that the particle size ranged from 0.8 to 2.2 nm. The 

absorption spectrum of CDs, presented in Fig. 1d, shows the 

main bands centered at 240 nm and 344 nm, with a tail 

extending to 500 nm. According to previous studies,26 the peak 

at 344 nm with a tail extending to 500 nm corresponds to 

surface states, while the peak at 240 nm – to the carbonic core. 

Under the excitation of 380 nm, these CDs emitted strong blue 

light centered at 470 nm (full width at half maximum (FWHM) 

of 100 nm) with solution PL QY of 60%, as shown in Figs. 1e 

and 1f. 
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FIG. 1. Particle size histograms of CDs (a), PF10BT PDs (b) and 

PFTBT PDs (c) determined by DLS; (d) UV–Vis absorption 

spectra of CDs, PDs, and PVP; (e) PL spectra of CDs and PDs; (f) 

photographs of CD and PD solutions under UV light. 

 

The PL was significantly quenched when CDs were densely 

deposited on glass or plastic substrates, which is attributed to 

the re-absorption of emitted light. In order to prevent the PL 

quenching, we embedded these water-soluble CDs within a 

highly transparent polymer matrix of PVP to produce solid-

state CD-based blue phosphors. The blue-emitting CD/PVP 

phosphors showed a strong PL QY of 45% in the solid state 

(Fig. 2a), where the shade of blue color could be varied by 

controlling CD loading concentration. The UV absorption 

spectrum of the PVP is shown in Fig. 1d. The PVP powder has 

almost no absorption between 340 and 600 nm where the major 

absorption and emission bands of CDs are located, so that the 

PVP matrix absorbs neither excitation light for CDs nor the 

emission from CDs. Water-soluble CDs have both hydroxyl 

and amide groups on the surface,26 which can form hydrogen 

bonds with the lactam groups on PVP molecules (Fig. S5), 

which ensures dispersion of CDs within the PVP network, thus 

preventing their agglomeration and PL quenching. The 

absorption and PL emission spectra of the CD/PVP film are 

shown in Fig. S6. The peak positions were nearly the same as 

for the CD solution (Fig. 1d), which demonstrated that there 

was no change of chemical structure as a result of interaction 

between CDs and PVP molecules. Compared to the PL 

emission peak of the CD solution, no obvious shift has been 

observed for the CD/PVP film, while the FWHM of the 

CD/PVP film was 7 nm narrower than that of CD solution, 

which may be attributed to the influence of PVP molecules.38,42 

 

FIG. 2. (a) Photographs of CD/PVP powder phosphors with 

different CD concentration under daylight and UV light; (b) 

photographs of CD/PVP, PF10BT/PVP and PFTBT/PVP powder 

phosphors under daylight and UV light; (c) photographs of 

monochrome downconversion LEDs fabricated from CD/PVP, 

PF10BT/PVP and PFTBT/PVP phosphors deposited on UV chips. 

 

In order to produce WLEDs with high color stability, green- 

and red-emitting conjugated PF10BT and PFTBT PDs with 

enlarged Stokes shift were chosen as other non-toxic light-

emitting components. The enlarged Stokes shift is caused by 

the energy transfer from the fluorine segment to 1,4-benzo-1-

thiadiazole (BT) or 4,7-di-2-thienyl-2,1,3-benzothiadiazole 

(DTBT), which is of great benefit to eliminate the self-

absorption between these light-emitting species.39 As presented 

in Figs. 1b and 1c, the average particle sizes of PF10BT and 

PFTBT PDs were 23 and 33 nm, respectively. The size of both 

kind of PDs were also characterized by TEM (Fig. S3 and S4), 
which demonstrated that the PDs exhibited spherical shape with 

uniform dispersion. As TEM shows, the average particle sizes 

of PF10BT and PFTBT PDs were 22 and 32 nm, respectively, 

which is consistent with the DLS data. Both of them exhibited 

the dominant UV absorption band at 375 nm corresponding to 

fluorene segments, with negligible tails at 450 nm and 520 nm 

representing the BT and DTBT segments incorporated into the 

polyfluorene main chain,39 so that both PDs can be 

simultaneously excited by UV light. As Fig. 1e and 1f show, 

PF10BT and PFTBT PDs emitted green and red light with PL 

centered at 541 nm and 645 nm, respectively. The FWHM of 

PDs was broad (78 nm for PF10BT and 92 nm for PFTBT), 

which was beneficial for the fabrication of high CRI WLEDs. 

The solution PL QYs of these green and red emitting PDs were 

66% and 33%, respectively. Solid state PD/PVP phosphors 

were fabricated using the similar procedure as for CD/PVP (Fig. 

S5), and showed strong emission with the PL QYs of 60% and 

30% under UV light excitation, respectively (Fig. 2b). The 

absorption and PL emission spectra of the PD/PVP films are 

shown in Fig. S6. Compared to the absorption and the PL 
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emission peak of the respective PD solutions, no shifts were 

observed for the PD/PVP films. We then fabricated 

monochrome blue, green and red downconversion LEDs by 

depositing CD/PVP and PD/PVP phosphors on UV chips (Fig. 

2c). 

To fabricate the WLEDs, a mixture of the blue-emitting 

CD/PVP and the green- and red-emitting PD/PVP were 

uniformly dispersed in silicone and deposited on UV chips (Fig. 

S5). All these tricolor phosphors exhibited broader FWHM than 

traditional rare-earth phosphors and semiconductor QDs, 

leading to substantial spectra overlap among their emission, 

which is beneficial for high CRI and high efficiency when 

fabricating WLEDs.16,38 By varying the mass ratio of these 

three solid-state phosphors, the EL emission spectra of WLEDs 

could be adjusted towards the intensity ratio of three major 

peaks, as shown in Fig. 3a and Table 1. In order to distinguish 

component contributions into the broad EL emission spectra, 

we performed Gaussian fits of the experimental data as shown 

in Fig. S7. The simulated EL spectra showed three distinct 

emission peaks which were almost identical to those of CDs 

and PDs in solution (dashed lines in Fig. S7). For all the six 

fabricated WLED devices A-F, the amount of the green 

component was constant, and the emission spectra could be 

tuned by adjusting the amounts of the blue and red components. 

The white emission became colder with the increasing of blue 

component and decreasing of red component, and turned 

warmer if otherwise. 

Table 1 shows the characteristics of the six fabricated WLED 

devices A-F, including CCT, Commission Internationale de 

l’Eclairage (CIE) coordinate, and CRI. For WLEDs based on 

the three phosphors with CIE color coordinates of (0.29-0.41, 

0.33-0.36) in the white light region (Fig 3b), CRI values ranged 

from 85 to 96. These devices exhibited tunable CCT along the 

Planckian locus from 2805 K to 7786 K (Fig. 3b, c). 

Photographs of devices A-F demonstrate their gradual color 

change from warm white to cold white (Fig. 3c). The luminous 

efficiencies of WLED devices are shown in Fig. S8. The 

highest luminous efficiency of WLEDs is as high as 4.9 lm/W. 

These prototype devices need to be further optimized to 

improve the luminous efficiencies, including the QY of CDs 

and PDs, the chip efficiency, and the light-extraction efficiency 

through the improved device geometry. 

The spectral overlap between the absorption of PFTBT PDs 

and the PL emission spectrum of PF10BT PDs was negligible, 

while there was a small spectral overlap between the absorption 

of PF10BT PDs and the PL emission spectrum of CDs (Fig.1d, 

e). Therefore, a weak energy transfer might happen between 

them, which would cause a shortening of the PL lifetime of CD 

donors and increase of the PL lifetime of PD acceptors. PL 

decay curves of both CD/PVP powder and mixed tri-phosphor 

powder were measured by TCSPC with the excitation of 405 

nm and detecting wavelength of 475 nm to analyze the PL 

lifetime of CDs. The average PL lifetimes of CDs were almost 

the same, 9.3 ns and 9.2 ns for the CD/PVP powder and the 

mixed tri-phosphor powder, respectively (Fig. S9a). 

Subsequently, the PL decay curves of PF10BT/PVP, 

PFTBT/PVP and the mixed tri-phosphor powder probed at 540 

nm and 660 nm were recorded to analyze the PL lifetimes of 

PF10BT and PFTBT, respectively (Fig. S9b). The PL decay 

time of PF10BT increased from 2.5 ns in the PF10BT/PVP 

powder to 5.0 ns in the mixed tri-phosphor powder, which was 

mainly because both CDs and PF10BT PDs contributed to the 

emission at 540 nm in the mixed powder (Fig. S9b). In a similar 

way, the PL lifetime of PFTBT PDs increased from 1.9 ns in 

the PFTBT/PVP powder to 2.5 ns in the mixed tri-phosphor 

powder. This relatively little change was due to the weak red 

emission of CDs. We conclude that the energy transfer between 

CDs and PDs was negligible in their respective powders, and 

their optical properties were well preserved in the fabricated 

WLEDs. 

 

FIG. 3. (a) EL spectra of UV LED chips coated with a mixture of 

CD/PVP, PF10BT/PVP and PFTBT/PVP solid state phosphors 

with various mass ratios; (b) CIE color coordinates of WLED 

devices A-F (see Table 1 for details, the black line is the 

Planckian locus); (c) true-color photographs of WLED devices 

A-F. 

 

TABLE 1. CCT, CIE coordinates (x, y), CRI and mass ratios (CD : 

PF10BT : PFTBT) of WLED devices A-F. 

Device CCT CIE (x,y) CRI Mass ratio 

A 2805 K (0.41,0.34) 85 0.3:0.8:1.6 

B 3200 K (0.40,0.35) 88 0.7:0.8:1.7 

C 4500 K (0.36,0.36) 91 0.9:0.8:1.35 

D 5821 K (0.33,0.34) 96 1: 0.8:1.2 

E 6704 K (0.30,0.33) 91 1.3: 0.8:1 

F 7789 K (0.29,0.33) 94 1.5: 0.8:0.8 
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The CCT, CRI and the color coordinates of the WLED 

device D were recorded at different working currents to 

examine its optical stability. As shown in Fig. 4a, the EL bands 

of both CDs and PDs increased with the forward current, 

indicating that these solid state phosphors exhibited no 

saturation towards UV light. As the forward current increased 

from 10 to 50 mA, the color coordinates changed from (0.324, 

0.344) to (0.326, 0.343) around the black body locus as shown 

in Fig. 4b, and they remained very close to the ideal CIE 

chromaticity coordinates for pure white emission (0.33, 0.33). 

The color coordinates of WLED shifted slightly with increased 

forward current, which in turn led to the slight variation of CCT 

from 5843 K at 10 mA to 5750 K at 50 mA, indicating its color 

stability. Although the UV emission intensity of the device 

increased faster than the phosphor’s emission (Fig. 4a), it had 

little influence on the CCT and CRI, and the stable performance 

of the device was favored by little absorption between the three 

color phosphors. 

 

FIG. 4. (a) EL spectra of the WLED device D as a function of 

working current. Inset shows the corresponding CCT change; 

(b) CIE color coordinates of the WLED deviceD as a function of 

current from 10 to 50 mA (Tc = CCT). 

 

In order to further evaluate the color stability of the devices, 

the blue, green and red monochromatic LEDs such as shown in 

Fig.2c were fabricated with the same amount of single-color 

phosphor corresponding to WLED device D, with the PVP 

powder replacing the omitted phosphor powder. Fig. S10 a, b 

and c show the emission spectra of the blue, green and red 

monochromatic LEDs under different working currents. The 

corresponding integrated intensity of each monochromatic LED 

versus working current is plotted in Fig. S10 d, e and f. The 

intensities of single-color components in the EL spectra of the 

WLED device D were estimated for different working currents 

by the Gaussian fitting, and are also presented in Fig. S10 d, e 

and f. The comparison indicated the similar variation of the 

intensities of blue, green and red color components in the 

WLED device as compared to the respective monochromatic 

LEDs. This further confirms that WLEDs based on the 

combination of CDs and PDs do not suffer from reabsorption 

effects, and show excellent color stability against the increasing 

current. 

4.Conclusions 

In summary, strongly emitting, environmentally friendly 

phosphors based on the blue-emitting CDs and the green- and 

red-emitting PDs embedded in a transparent PVP matrix were 

designed to prevent solid-state PL quenching between the 

constituting fluorophores. The FWHMs of CDs and PDs were 

sufficiently broad, which was beneficial for the fabrication of 

high CRI WLEDs. All three phosphors exhibited dominant 

absorption in UV spectral region, which ensured the weak 

reabsorption and no energy transfer crosstalk, which was 

beneficial to tune the resulting white emission. The WLEDs 

showed excellent color stability against the increasing current 

because the tricolor phosphors responded nearly the same to the 

UV variation and showed no saturation to the UV light within 

the wide range of working currents. 
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