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Investigation of the Emission Spectral Properties of
Carbon Dots in Packaged LEDs Using TiO2

Nanoparticles
Jia-Sheng Li, Yong Tang, Zong-Tao Li, Zhi Li, Xin-Rui Ding, and Long-Shi Rao

Abstract—We examined light-emitting diodes (LEDs) packaged
with silicone encapsulation of carbon dots (CDs) that is doped
using TiO2 nanoparticles (TiO2 NPs). The results reveal that the
adjustable emission spectra in a wide wavelength range (peak
wavelength varies from ∼430 to ∼600 nm) can be obtained by con-
trolling the amount of TiO2 NPs for CDs embedded in the silicone
encapsulant, and that the various colors of LEDs can be produced
using CDs at a concentration of 10 wt%. Moreover, the luminous
intensity can be increased by 31% at a TiO2 NPs concentration of
0.05 wt%. These optical characteristics of CDs-based LEDs emerge
from the enhanced light scattering ability of TiO2 NPs, which in-
creases the light reabsorption and extraction probabilityTherefore,
the proposed method has great potential for achieving low-cost and
high-performance CDs-based LEDs for particular applications.

Index Terms—Carbon dots, light-emitting diodes, TiO2
nanoparticles.

I. INTRODUCTION

L IGHT-emitting diodes (LEDs) are promising energy-
saving solid-state sources due to its virtues of high bright-

ness and long lifetime [1]. It is the most practical method for
generating white light using LED chips for exciting phosphor,
which is known as phosphor-converted LEDs (pcLEDs) [2],
[3]. Various pcLEDs configurations using different colors
of LED chips and phosphor have been proposed, such as
configurations of blue LED chips integrated with yellow
phosphor [4] or with green and red phosphor simultaneously
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[5]. These configurations can entirely exploit the advantages
of blue LED chips with high radiant efficacy [1]; however,
it is difficult to further enhance their color quality, such as
color rendering index (CRI), owing to the lack of spectra
in the deep blue region [6]. This issue can be effectively
solved by introducing UV-LED chips, and a broaden and more
adjustable spectra is expected by integrating with phosphor
[7]. However, it is unavoidable for the conventional pcLEDs to
adopt rare-earth-based phosphor as down-conversion materials,
which is ineluctable and expensive [6]. Solution-processed
colloidal has attracted much attention owing to their tunable
and saturated color properties [8]. It offers great prospects for
developing low-cost and high-efficient quantum dots (QDs)
based LEDs without using conventional phosphor. However,
most of the high-performance QDs involve toxic heavy-metal
components [9], such as cadmium and lead, hindering their
commercial applications. Fortunately, carbon dots (CDs) [10]
based on abundant and low-cost carbon elements have been
discovered. This new class of environmentally friendly colloidal
nanomaterials exhibits fascinating optoelectronic properties
owing to their parental carbon compounds and quantum
confinement [11], such as strong deep-UV absorption and
excitation-wavelength-dependent emission [12]. Consequently,
CDs have great potential to be environmentally friendly and
low-cost substitutes for rare-earth-based phosphor in pcLEDs.

Recently, extensive studies have focused their attention on
CDs for successfully enhancing the quantum yield [13], the
absorption and emission properties [14], and the dispersity
in transparent matrix [15] using the design of their surface
functional groups. However, it is still a great challenge to
replace conventional phosphor in pcLEDs using CDs owing to
their weak scattering and absorption ability for visible light. The
absorption coefficient of blue light for the CD films with CDs
mass concentration as high as 50% is 8 mm–1 [16], which is even
smaller than that of the conventional phosphor [5], [17], [18].
Moreover, with the excitation-wavelength-dependent properties
of CDs, we expect to obtain adjustable spectra by varying the
reabsorption probability for CDs in transparent matrix. A large
amount of CDs is necessary to generate sufficient reabsorption
events for obtaining specific spectra by dramatically increasing
the concentration of CDs or the thickness of CD films [16],
[19], potentially increasing the manufacture cost of LEDs.
Moreover, CDs are generally dispersed in the transparent matrix
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Fig. 1. Schematic diagram of CDs-based LED structure.

for preventing aggregation-induced quenching [20], and the
host matrix is with high refractive index and can lead to serious
light trapping by total internal reflection [21]. Fabrication of
patterned structures on the surface of the matrix can benefit
to the light extraction for CD films [22], while it is difficult
to introduce these structures into the LED packaging process.
Therefore, it is necessary to seek a low-cost and simple method
for adjusting the emission spectra of CDs and improve the
light-extraction performance when packaged in the LEDs.

In the conventional pcLEDs manufacture, it has been proven
to be one of the best methods that combine the nano and micro
particles into the encapsulant for enhancing the optical perfor-
mance and color quality of pcLEDs using the scattering effect
[23]– [25]. In this paper, TiO2 nanoparticles (TiO2NPs) were in-
troduced for providing outstanding light scattering ability [26],
[27] in the silicone matrix embedded with CDs. The proposed
method is simple and based on the existing packaging tech-
nique for producing low-cost LEDs packaged with CDs silicone
encapsulation. The optical characteristics of CDs-based LEDs
produced by different amounts of TiO2NPs were studied. The
results reveal that the TiO2NPs-doped CDs layer (TCL) effec-
tively adjusts the spectra in a wide wavelength range with a low
amount of CDs by controlling the concentration of TiO2NPs,
and an optimized concentration of TiO2NPs is achieved for en-
hancing the light extraction performance for CDs-based LEDs.
Therefore, it is a potential alternative for achieving low-cost
and high-performance CDs-based LEDs compared with con-
ventional pcLEDs.

II. EXPERIMENTS

The CDs-based LEDs in this study were packaged with a
vertical structure UV-LED chip (from EPILEDS) with a size
of 0.381 × 0.381 mm, commercial lead-frame, and TCL, as
shown in Fig. 1. Firstly, the CDs-chloroform solution (5 mg/mL,
from Nanjing JANUS) and silicone were mechanically mixed
at room temperature until the chloroform was evaporated en-
tirely to stimulate the dispersion of CDs in the silicone matrix.
Then, the TiO2NPs (mean particle size of 10 nm, from Nanjing
XFNANO) were directly separated into the silicone with CDs
embedded; the concentration of CDs was maintained at 10 wt%,
while the concentration of TiO2NPs was changed from 0 wt%
to 3.25 wt%. Finally, to ensure the TCL can fully cover the
bonding wire and not over the top side of the lead frame, 5.0,
6.5, and 8.0 mg silicones embedded with different proportions
of TiO2NPs and CDs were dispensed inside the respective lead

Fig. 2. Absorption spectra of CD, and emission spectra of the UV-LED chip
and the CD excited by 365, 435, 495, and 540 nm wavelength light.

frames, and were heated at a temperature of 150 C for 1.5 h
in the oven. It should be noticed that we change the concen-
tration of TiO2NPs cTNP (from 0 wt% to 3.25 wt%) and the
TCL mass mTCL (from 5.0 to 8.0 mg), respectively, in order to
obtain different TiO2NPs amount mTNP (from 0 to 0.26 mg) in
the LED packaging process, which can be demonstrated by this
simple equation mTCLcTNP/100 = mTNP . The spectra, corre-
lated color temperature (CCT), color rendering index (CRI) and
luminous intensity (measurement angle of ±3°) of CDs-based
LEDs were evaluated using the integrated sphere system (from
Instrument Systems) at a driving current of 150 mA controlled
by the source (from Keithley).

As shown in Fig. 2, the UV-LED chip has the emission wave-
length centered at 365 nm. Moreover, the CDs have obvious
excitation-wavelength-dependent properties [28]– [31], which
are generally regarded as the results caused by surface func-
tional groups [32].

III. RESULTS AND DISCUSSION

To examine the effect of TiO2NPs on the emission properties
of CDs, we show radiant spectra of CDs-based LEDs with dif-
ferent TCLs in Fig. 3. Here, we consider that the radiant power
ranging from 420 to 810 nm is generated from the CDs and the
UV-LED source has almost no radiant power at that wavelength
range, as shown in Fig. 2. The radiant power of spectra generated
from CDs is not high (smaller than 10−4 W/nm), moreover, it
decreases several orders of magnitude when spectra shift to
long wavelength. This is because that the conversion efficiency
of CDs is relatively low (∼40% quantum yield in chloroform at
360 nm excitation light, provided by products specifications of
Nanjing JANUS), especially for the long wavelength emission
light that can more easily induce the nonradiant combination by
surfaces states. Their normalized radiant power are also given
in the insert figures of Fig. 3 to show spectral characteristics in
detail. A red-shift phenomenon can be clearly observed with an
increase in the concentration of TiO2NPs. According to the lit-
erature, the red-shift phenomena for CDs-based LEDs has been
already observed by increasing the amount of CDs [16], [19],
such as increasing the concentration of CDs and the thickness of
CD films. Similarly, we consider that the red shift emerges from
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Fig. 3. Spectra of CDs-based LEDs with different TiO2 NPs concentrations
at a CDs concentration of 10 wt%: (a) 5.0 mg TCL, (b) 6.5 mg TCL, and
(c) 8.0 mg TCL.

the excitation-wavelength-dependent properties of CDs, while
the scattering effect also contributes to the red shift by increas-
ing the reabsorption events occurring inside the TCLs. When
the concentration of TiO2NPs is as low as 0 wt%, the spectra
of LEDs with different amounts of CDs are almost similar. This
means that the influence of the amount of CDs in spectra can

Fig. 4. Peak wavelength λp eak and FWHM of CDs-based LEDs with different
TiO2 NPs concentrations at a CDs concentration of 10 wt%.

be nearly neglected in this study. As the absorption ability of
CDs for deep blue light is relatively low, an extremely large con-
centration or thickness is always necessary for CDs to generate
sufficient converted light for adjusting the spectra. However,
in our cases, the spectra can also be adjusted by the amount of
TiO2NPs with a low CDs concentration of 10 wt%. Fig. 4 shows
the peak wavelength λpeak and FWHM of CDs-based LEDs with
different concentrations of TiO2NPs. The λpeak continuously in-
creases with an increase in the concentration of TiO2NPs. The
reason is the TCL with higher concentration of TiO2NPs has
stronger scattering effect, and it is easier to deflect the direc-
tion of light and increase the light path, resulting both the UV
light from LED chips and the converted light from CDs have
higher probability to be reabsorbed by CDs. This means that
much more UV light can be captured by the intrinsic states of
CDs and turns into converted light, also, much more converted
light can be captured by the surface states of CDs and turns into
converted light with lower energy (longer wavelength). This can
be also explained by the Fig. 3, as the concentration of TiO2NPs
increases, we can observe that the radiant power of light with
smaller wavelength gradually decreases, and it is contrary to
that with larger wavelength. Moreover, when the λpeak is large
enough, the increase in λpeak becomes slight with increasing
concentration of TiO2NPs. One explanation is that the increas-
ing concentration of TiO2NPs contributes to the reabsorption
of CDs both on short wavelength and long wavelength light,
however, the nonradiant combination is more easily induced by
surfaces states when absorbing the longer wavelength light. This
means that less amount of long wavelength light can emit from
CDs compared with that of the short wavelength light, causing
the λpeak hard to increase obviously. Moreover, similar results
can be observed by increasing the TCL mass; λpeak of LEDs
with 6.5 and 8.0 mg TCLs is larger than that with only 5 mg
TCLs, whereas λpeak of LEDs with 6.5 and 8.0 mg TCLs are al-
most similar. This further indicates that the amount of TiO2NPs
can adjust λpeak of converted light from CDs, and λpeak ranges
from 433 to 600 nm.

The FWHM of CDs-based LEDs with different TCLs is
shown in Fig. 4. In this figure, we can observe that the
spectra from UV source are also not considered. When the
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Fig. 5. Typical light path in TCL excited using UV-LED chip.

concentration of TiO2NPs is sufficiently low, the FWHM in-
creases with increase in the concentration of TiO2NPs. The
maximum FWHM appeared at a TiO2NPs concentration rang-
ing from 0.17 to 0.41 wt%, and ∼2 sub-peak wavelengths can
be observed simultaneously as shown in Fig. 3. Here are some
reasonable explanations. As the scattering ability increases, the
reabsorption probability also increases, leading to the increas-
ing amount of long wavelength light generated from surface
states of CDs. On the other hand, the short wavelength light is
not totally absorbed by CDs, broadening spectra with sub-peak
wavelength. These spectra are slightly different from that ob-
tained by increasing the thickness or concentration of the CD
films [19], which are generally with single peak wavelength.
In addition to the difference of CDs absorption abilities for
light with different wavelengths, we believe that the outstand-
ing scattered effect of TiO2NPs also plays an important role
in this issue. It can be considered that the light with different
wavelengths was competitive to be captured by CDs. As shown
in Fig. 5, the short wavelength light has higher probability to
be generated near to the bottom of the TCL, leading to a longer
light path before escaping from the TCL compared with that
of the long wavelength light. Therefore, the shorter wavelength
light is more likely to crash into the CDs, thereby increasing the
reabsorption probability. It is evident that the increase of thick-
ness can enlarge the difference in the light path for different
wavelengths, the converted light with a shorter wavelength near
to the bottom of the TCL can be reabsorbed entirely with ease
owing to their longer light path (higher absorption probability),
resulting that a single peak wavelength (long wavelength) can
be easily observed in spectra [19]. By adding TiO2NPs, the light
path of different wavelength light tends to be the same because
of the scattering effect. As a result, both of the short wavelength
light and long wavelength light have the same probability to be
reabsorbed by CDs. This means that it is more difficult for these
short wavelength (sub-peak wavelength) light to be entirely ab-
sorbed compared with that is generated by only increasing the
thickness and CDs concentration (their short wavelength light
always has higher reabsorption probability compared with the
long wavelength light as discussed above), probably causing
the sub-peak wavelength in spectra shown in Fig. 3. However,
the FWHM becomes smaller as the concentration of TiO2NPs
continuously increases. One of the reasons is that the converted
light with short wavelength is entirely absorbed by CDs when
the concentration of TiO2NPs is sufficiently high; the other is
that the converted light with long wavelength is insufficient to
excite CDs for generating longer-wavelength light owing to the

Fig. 6. Radiant power proportion of different colors for CDs-based LEDs with
different TiO2 NPs concentrations at a CDs concentration of 10 wt%: (a) 5.0 mg
TCL, (b) 6.5 mg TCL, and (c) 8.0 mg TCL.

serious nonradiant combination. Therefore, a single peak wave-
length instead of multi sub-peak wavelength can be observed in
spectra, and the FWHM tends to decrease. In addition, a larger
amount of TCLs mass can also promote the absorption of short-
wavelength light, turning into long-wavelength light. Therefore,
the FWHM is sensitive to the TCLs mass only when the con-
centration of TiO2NPs is smaller than 0.41 wt%. Therefore,
controlling the concentration of TiO2NPs is a better procedure
for adjusting the spectra in a wide wavelength range, and the
FWHM ranges from 117 to 205 nm.

The radiant power of different wavelengths is used to deter-
mine the color of the CDs-based LEDs. We further divide the
spectra into various color regions according to their wavelength
ranges, as shown in Fig. 6. As the concentration of TiO2NPs
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increases, the ultraviolet and purple proportion with short wave-
length from the UV source decreases and almost disappears
when the concentration of TiO2NPs is sufficiently large; the yel-
low, orange, red, and infrared proportion with long wavelength
continues increasing. Moreover, the blue and green proportion
with middle wavelength increases only when the concentration
of TiO2NPs is low, and, particularly, the blue proportion dra-
matically drops to ∼0% when the concentration of TiO2NPs
continuously increases to 3.25 wt%. This indicates that these
CDs-based LEDs tend to be in orange-red color with increasing
TiO2NPs concentration, and only a proper TiO2NPs concentra-
tion (such as ∼0.41 wt%) range helps for obtaining white color
formed by spectra with sufficient blue and green proportion.
LEDs with white color spectra are appreciated for illumina-
tion and display applications. However, it can be also observed
that much radiant power from the UV source is not absorbed
by CDs when the concentration of TiO2NPs is smaller than
∼0.41%, causing most of the light being invisible to the hu-
man eyes. When the concentration of TiO2NPs is larger than
∼0.41%, the radiant power from UV source almost disappears,
and hence the blue proportion disappears. This indicates that it
is necessary to design the CDs structure, especially the surface
functional group, for increasing and decreasing the absorption
ability for short-wavelength light and middle-wavelength light
(blue or green color), respectively, if white LEDs with differ-
ent spectra are inquired. Similar results can also be observed
by increasing the TCLs mass. The color proportion can also be
effectively adjusted by the amount of TiO2NPs.

The CCT and CRI are calculated according to the spectra
discussed above, as shown in Fig. 7. The CCT of LEDs with
TiO2NPs concentration of 0 wt% tends to infinity and has not
been indicated in Fig. 7(a). It is interesting that the CCT of LEDs
packaged with a single type of CD can decrease from infinity
to ∼2300 K by increasing the concentration of TiO2NPs, which
emerges from the excitation-wavelength-dependent properties
of CDs and the scattering effect of TiO2NPs as discussed above.
Such an adjustable CCT range is compatible to the traditional
YAG:Ce phosphor [4] and even the multi-phosphor configura-
tion consisted with green and red phosphor [5]. Moreover, a
high CRI can be achieved in a TiO2NPs concentration ranging
from 0.17 to 0.41 wt%, which is the same as the maximum of
the FWHM. Significantly, when the CRI is as high as ∼85, the
CDs-based LEDs can even gain a cold white color with a CCT
of ∼7500 K owing to the proper yellow-red color proportion
filled in the spectra. It is a more simple method for manufac-
turing LEDs with high CCT and CRI [33] simultaneously using
TiO2NPs for adjusting the emission spectra of CDs. Moreover,
when the concentration of TiO2NPs is sufficiently low, the CCT
and CRI are insensitive to the TCL mass, and the change of CCT
is quite steep. Therefore, it is inconvenient to adjust the CCT and
CRI when the concentration of TiO2NPs is too low. However,
the CCT is also too high to be useful with a low concentration of
TiO2NPs. It is wiser to obtain a reasonable CCT value by using
a higher concentration of TiO2NPs, and we can control the CCT
and CRI by varying the concentration of TiO2NPs and the TCL
mass. Their color coordinates in CIE 1931 are also shown in
Fig. 7(b). The color coordinate of CDs-based LEDs shifts from

Fig. 7. Color coordinates of CDs-based LEDs with different TiO2 NPs con-
centrations at a CDs concentration of 10 wt%.

the blue region to the orange region approximately following
the Planck curve by increasing the concentration of TiO2NPs
or the mass of TCLs, which is different from that of pcLEDs
that changes linearly [34]. The cold white, green, yellow, and
red color can be obtained, as shown in the insert pictures of
Fig. 7(b).

Fig. 8 shows the luminous intensity and luminous efficiency
(ratio of luminous intensity to electrical power) of CDs-based
LEDs with different TiO2NPs concentrations at a CDs concen-
tration of 10 wt%. It is interesting that CDs-based LEDs can
achieve the maximum luminous intensity at a TiO2NPs con-
centration of 0.05 wt%, which is even higher than that without
TiO2NPs. One of the reasons is that the increasing concentra-
tion of TiO2NPs can increase the proportion of color with long
wavelength by increasing the reabsorption through scattering,
as shown in Fig. 6; especially, when the TiO2NPs concentra-
tion is smaller than ∼1.38 wt%, the proportion of green-yellow
color sensitive to the human eyes also increases with increas-
ing concentration of TiO2NPs. The other is that the TiO2NPs
with optimized proportion [27] can decrease the total internal
reflection (TIR) occurring at the interface between the TCL and
air by scattering. As shown in Fig. 8, when the concentration of
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Fig. 8. Luminous intensity and luminous efficiency of CDs-based LEDs with
different TiO2 NPs concentrations at a CDs concentration of 10 wt%.

TiO2NPs increases from 0 to 0.05 wt%, the LED with smaller
TCL mass shows a higher improvement in luminous intensity;
however, it also has a smaller improvement in the proportion of
green-yellow color as shown in Fig. 6. Therefore, we consider
that the reduction in TIR is more important to increase the lu-
minous intensity. The optimized concentration of TiO2NPs in
LEDs packaged with CDs is∼0.05 wt% (the maximum increase
of luminous intensity is 31%), this value is slightly higher than
that obtained from the studies for LEDs packaged with phosphor
silicone encapsulant [27]. It is produced from the low scattering
ability of CDs with extremely small particle sizes compared with
that of phosphor with microscale particle sizes. However, the lu-
minous intensity significantly decreases as the concentration of
TiO2NPs continuously increases. It is attributed to the increase
in the back-scattered loss [35] and down-conversion loss when
the concentration of TiO2NPs increases. Though CDs-based
LEDs can obtain different spectra by adjusting the TiO2NPs
amount as discussed above, the luminous intensity is very sen-
sitive to the amount of TiO2NPs, and it even decreased to less
than 10 mcd at a TiO2NPs concentration of 3.25 wt%. More-
over, the luminous efficiency of these devices is totally lower
than∼0.3 cd/W (∼1.4 l m/W), which is mainly resulted from the
low radiant efficacy of UV source and the low quantum yield of
CDs. A higher luminous efficiency is expected by improvement
in the CDs quantum yield and the UV source radiant efficacy,
stimulating these CDs-based LEDs to promisingly work in a
wider illumination and display applications.

IV. CONCLUSION

In this paper, we studied the CDs-based LEDs using
TiO2NPs-doped silicone encapsulant. TiO2NPs were used for
enhancing the light scattering ability of the silicone encapsulant,
leading to significant light reabsorption and extraction proba-
bility. The results reveal that the emission spectra of CDs can
be adjusted in a wide wavelength range by varying the amount
of TiO2NPs, thereby achieving various color qualities of CDs-

based LEDs with certain and small amount of CDs. Particularly,
a high CCT of ∼7500 K and a high CRI of ∼85 for CDs-
based LEDs can be simultaneously achieved. Furthermore, to
increase the luminous intensity by ∼31% as compared to that of
the CDs-based LEDs without TiO2NPs, an optimized TiO2NPs
concentration of 0.05 wt% was obtained. Therefore, the pro-
posed method is a potential alternative for producing low-cost
and high-performance CDs-based LEDs as light source.
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