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In a line with most recent trends in developing non-toxic fluorescent nanomaterials, we combined

blue emissive carbon dots with green and red emissive zinc copper indium sulfide (ZCIS) core/shell

quantum dots (QDs) to achieve white light-emitting diodes (WLEDs) with a high color rendering

index of 93. This indicates that ZCIS QDs, with their broad emission bands, can be employed to

effectively make up the emission of carbon dots in the yellow and red regions to produce WLEDs

in the wide region of color temperature by tuning the volume ratio of these constituting lumino-

phores. Their electroluminescence characteristics including color rendering index, Commission

Internationale de l’Eclairage (CIE) color coordinates, and color temperatures were evaluated as a

function of forward current. The CIE-1931 chromaticity coordinates of the as-prepared WLEDs,

exhibiting good stability, were slightly shifted from (0.321, 0.312) at 10 mA to (0.351, 0.322) at

30 mA, which was mainly caused by the different thermal quenching coefficients of carbon dots

and ZCIS QDs. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4886415]

Illumination is the second largest energy use in build-

ings and as such consumes approximately 20% of globally

generated electrical energy.1 It is necessary to look for

novel lighting solutions to replace traditional incandescent

bulbs for lower energy consumption. Solid state lighting by

light emitting diodes (LEDs) offers great promise in meet-

ing the challenge of reducing the energy use. Bright and ef-

ficient white LEDs (WLEDs) account for a large proportion

of the LED market and are used in a wide variety of appli-

cations in addition to architectural lighting such as displays

and flashlights.2,3

Currently, the most popular commercial phosphors for

WLEDs mainly rely on the YAG:Ce yellow phosphor.4 This

type of LED shows a low color rendering index (CRI)

because of their weak emission in the red spectra region. In

view of this, a search for novel phosphor materials is an im-

portant and challenging task. Semiconductor quantum dots

(QDs) were recently proposed to be an attractive candidate

due to their stability and high quantum yield (QY).5–8

Unfortunately, the available high quality QDs mostly con-

tains cadmium or lead; the negative environmental and eco-

logical impacts and the regulatory acceptance of these

nanomaterials with highly toxic constituents could poten-

tially hinder the ultimate research transformation and com-

mercialization of such QD-LED technology. Therefore,

intensive research studies are on the way to develop colloidal

QD-LEDs free of these toxic constituents.

Recently, carbon dots (CDs) have been spotlighted to be

a promising substitute to traditional metal-based semicon-

ductor QDs because of their excellent properties, such as

broadband optical absorption, good chemical stability, low

toxicity, and attractive photoluminescence (PL) proper-

ties,9–11 rendering them promising fluorophores for optoelec-

tronic devices.12–16 Chen’s group has suggested CDs as a

phosphor for WLEDs; however, these luminophores can

hardly generate warm white light with high CRI for indoor

lighting because of their low emission efficiency in the yel-

low and red regions. This issue can be overcome by a combi-

nation of CDs with other phosphors, to enhance the color

rendering index and tune the correlated color temperature

(CCT). A WLED with a high CRI of 87 has been realized by

a combination of blue-emitting CDs and multicolored CdTe

QDs, but that device is still based on a Cd-containing mate-

rial,16 which is not beneficial for commercialization. We

have addressed this issue by fabricating WLEDs which inte-

grated high PL QY blue emissive carbon dots with yellow

and red emitting Cd-free zinc copper indium sulfide (ZCIS)

core/shell QDs. The as-prepared WLEDs exhibited a very

high CRI of 93, exceeding that of the YAG:Ce based com-

mercial WLED (CRI< 75). We analyzed the optical stability

of WLEDs against the increasing current and found that the

slight variations of their electroluminescence (EL) character-

istics are mainly caused by the different thermal quenching

coefficients of CDs and ZCIS QDs.

CDs were prepared according to an established process

with minor modification.17,18 10 ml [3–(2-aminoethylamino)-

propyl]trimethoxysilane (AEATMS) was placed into a 50 mla)Electronic addresses: yuzhang@jlu.edu.cn and wyu6000@gmail.com
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three necked round-bottomed flask and degassed for 30 min.

After the temperature was raised to 240 �C, 0.5 g of anhy-

drous citric acid was quickly added into the solution under

vigorous stirring. The mixture was then kept at 240 �C for

2 min. The obtained products were purified by precipitation

with petroleum ether three times, with volatile compounds

evaporated from the precipitates under vacuum. The result-

ing CDs were dissolved in chloroform.

The ZCIS alloyed core and ZCIS/ZnSe/ZnS double-

shell QDs were synthesized based on an established protocol

with minor modification.19,20 Five solutions were made first.

For solution A, 85.7 mg CuI (0.45 mmol) and 10 ml oleyl

amine (OAm) were placed into a flask and sonicated to get a

homogeneous light yellow-green dispersion. For solution B,

226.0 mg InI3 (0.45 mmol) and 10 ml OAm were placed into

a flask and sonicated to get a homogeneous light yellow solu-

tion. For solution C, 181.0 mg diethyldithiocarbamic acid

zinc (0.5 mmol), 6 ml tributylphosphine (TBP), and 24 ml

octadecene (ODE) were placed into a vial and kept at 70 �C
for 1–1.5 h to form a light milk-like liquid (solution C). For

solution D, 78.0 mg Se and 10 ml TBP were mixed in a glo-

vebox and stirred vigorously until the powder was com-

pletely dissolved. For solution E, 0.1 g ZnO and 0.207 g oleic

acid (OA) were placed into a 25 ml three-necked flask. Then,

the mixture was kept at 200 �C until a colorless solution was

formed. The resulting solution was then cooled to room tem-

perature, and 10 ml ODE was added.

To obtain red emissive ZCIS/ZnSe/ZnS QDs, 20 ml

ODE was added into a 100 ml three-necked flask and

degassed for 10 min. 2 ml solution A, 2 ml solution B, and

6 ml solution C were quickly placed into the flask under N2.

The mixture was kept at 70 �C for 30 min, and then main-

tained at 210 �C for 50 min. The ZCIS core formed and grew

with the color of solution gradually changing from colorless

to red. 2 ml solution D and 2 ml solution E were added drop-

wise into the solution of ZCIS core QDs to grow a ZnSe

shell. After 10 min, 3 ml solution C was placed into the flask.

Then, the mixture was heated to 150 �C for 2 h to grow a

ZnS shell. The resulting solution was then cooled to room

temperature naturally to get red emissive QDs. To obtain

green emissive ZCIS/ZnSe/ZnS QDs, the growth tempera-

ture of the cores was maintained at 180 �C. The crude QDs

dispersed in hexane solution were purified by several repeat-

ing cycles of precipitation with methanol and re-dispersion

in hexane,21–23 and were finally dissolved in chloroform.

For the fabrication of WLEDs, UV-LED chips

(LUMEX-SSL-LXTO46UV1C) with the emission peak

wavelength centered at 385 nm were used. In a typical prepa-

ration, a certain amount of CD solution (25 mg/ml) and two

kinds of ZCIS/ZnSe/ZnS QDs solution (20 mg/ml for the

green emitting QDs and 40 mg/ml for the red emitting QDs)

were added into a 1 ml transparent PMMA/chloroform solu-

tion (5 g of PMMA mixed with 25 ml of chloroform solu-

tion). The obtained mixture was coated onto the UV-LED

chip. The device was then cured at room temperature for

30 min.

Through FTIR analysis, the following characteristic sig-

nals were found: stretching vibrations of O-H at 3704 cm�1

and 3078 cm�1, N-H at 3454 cm�1 and 3214 cm�1, C-H at

2988 cm�1 and 2793 cm�1, the vibrational absorption band

of C¼O at 1635 cm�1 and two vibration signals of Si-O-C

and Si-O-Si at 1034 cm�1 and 1116 cm�1 (Fig. 1(a)). The

FTIR spectra clearly show the formation of AEATMS

capped CDs.17,18 The average size of the CDs has been esti-

mated as 1.2 nm by dynamic light scattering measurements,

with a reasonably narrow size distribution (Fig. 1(b)).

Absorption spectra of CDs, presented in Fig. 1(c), show

two bands centered at 280 nm and 356 nm, with a full width

at half maximum (FWHM) of 44 and 58 nm, respectively,

and a tail extending towards longer wavelengths. According

to previous studies,24–26 the peak at 280 nm corresponds to

p-p* transition of conjugated unsaturated structure

�C¼C�C¼O or aromatic C¼C bonds, while the peak at

356 nm represents the n-p* transition of the C¼O bond. For

FIG. 1. (a) FTIR spectra of AEATMS

and CDs. (b) Particle size histogram of

CDs determined by DLS measure-

ments. (c) UV–Vis absorption and PL

emission spectra of CDs obtained at

excitation wavelengths starting from

340 to 500 nm in 40 nm increments.

Inset is a digital photo of the CD solu-

tion under UV light.
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PL spectra, a well documented dependence of both the emis-

sion maximum and its intensity on excitation wavelength has

been observed27,28 (Fig. 1(c)). The strongest intensity has

been detected for the PL peak centered at 450 nm (blue

color) obtained under excitation at 380 nm, with a FWHM of

95 nm and PL QY as high as 49%.

Absorption spectra of two ZCIS QD samples used here,

with average particle sizes of 2.3 nm and 3.3 nm (the respec-

tive TEM images are shown as insets) are presented in Fig.

2. Their respective PL spectra show large Stokes shifts, indi-

cating that the emission can be dominated by defect-related

mechanisms.19,29 The PL QYs of green and red emitting

QDs are 43% and 45%, respectively. FWHM of both ZCIS

QD samples are broad (84 nm for green emitting QDs and

102 nm for red emitting QDs), which is beneficial for the

fabrication of high CRI WLEDs.

A homogeneous mixture of blue-emitting CDs

(kem¼ 450 nm), green (kem¼ 540 nm), and red emissive

(kem¼ 640 nm) ZCIS QDs were dispersed in a PMMA matrix

and coated on a UV-chip providing a 385 nm excitation light

source to fabricate a WLED, as shown in Fig. 3(a). By tuning

the volume ratio of these three kinds of luminophors in

PMMA, the evolution of the relative EL intensities as shown

in Fig. 3(d) can be easily achieved. The characteristics of the

respective WLEDs, such as color rendering index, color tem-

peratures, and Commission Internationale de l’Eclairage

(CIE) coordinates, are summarized in Table I. As shown

above, the CCT of the WLEDs could be tuned from cold

white (4500–6500 K) to warm white (2500–4500 K). The

color coordinates of the devices shifted from (0.319, 0.275) to

(0.377, 0.347) upon increasing the amount of green and red

emitting QDs, while keeping the number of CDs in the

PMMA matrix constant (Table I). Fig. 3(e) also shows that

the CIE color coordinates of all the devices laid in the white

light region along with the black body locus, and show a high-

est CRI value of 93. The corresponding photographs of sam-

ple S3 operated at 0 mA and 20 mA are presented in Figs.

3(b) and 3(c), respectively.

In order to analyze the optical stability of WLED sample

S3, the CCT/CRI and color coordinates were studied at dif-

ferent current injection levels. As the forward current

increased from 10 to 30 mA, the CCT/CRI and color coordi-

nates (Table II) changed from 6426 K/93 and (0.316, 0.316)

to 5208 K/88 and (0.339, 0.335), respectively, indicating rea-

sonable stability against the increasing current. The color

coordinates of WLED shifted slightly with increased forward

current, which in turn leads to the variation of CRI and CCT.

The emission peak of the CDs does not evidently shift with

FIG. 2. (a) Normalized UV–Vis absorp-

tion and PL emission spectra of the

green ZCIS QDs. (b) Normalized

UV–Vis absorption and PL emission

spectra of the red ZCIS QDs. Insets in

each case are the TEM image and the

digital photo of the emission under UV

light for each sample.

FIG. 3. (a) Schematic diagram of a

WLED with a mixture of CDs, green

and red ZCIS QDs embedded in

PMMA matrix on top of a UV-chip;

the photograph of the sample S3

WLED operated at (b) 0 mA and (c)

20 mA; (d) EL spectra of UV LED

chips coated with a mixture of CDs,

green and red ZCIS QDs with a vary-

ing ratio of the latter; (e) color triangle

of the blue emitting CDs, the green

and red emitting ZCIS QDs and CIE

color coordinates of the WLED devi-

ces based on hybrid composites S1-S5

(see Table I for details); (f) EL spectra

of the sample S3 measured at different

working time intervals.

261106-3 Sun et al. Appl. Phys. Lett. 104, 261106 (2014)



increasing temperature,25 while the emission peak of the

ZCIS QDs slightly shifts to the red with increasing tempera-

ture.19 Therefore, the shift of the color coordinates of WLED

can be mainly attributed to the differing temperature-

dependent intensities of the CDs versus the ZCIS QDs. Thus,

with increasing current (and therefore chip temperature) the

enhanced contribution of green and red emissions from the

ZCIS QDs resulted in a shift of the color temperature to

the warmer side. The EL spectra of the sample S3 were

measured at different working time intervals to demonstrate

the stability of the device (Fig. 3(f)).

In summary, CD-based WLEDs with a high CRI of 93

were fabricated by combining green and red emitting ZCIS

core/shell QDs with bright blue emitting CDs. The WLEDs’

CCT can be tuned from 3825 to 6452 K along with the black

body locus by varying the amount of ZCIS QDs in PMMA.

The as-fabricated WLED showed good stability against the

increasing current and over extended working time.

Consequently, because of their low toxicity and PL stability,

the CDs and ZCIS QDs are very promising for white LED

applications.
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Current (mA) CRI CCT (K) CIE (x, y)

10 93 6426 (0.316, 0.316)

15 92 6249 (0.318, 0.322)

20 93 5749 (0.327, 0.326)

25 89 5455 (0.333, 0.331)

30 88 5208 (0.339, 0.335)
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