Color-Switchable Electroluminescence
of Carbon Dot Light-Emitting Diodes
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ABSTRACT (Carbon-dot based light-emitting diodes (LEDs) with driving
current controlled color change are reported. These devices consist of a carbon-
dot emissive layer sandwiched between an organic hole transport layer and an
organic or inorganic electron transport layer fabricated by a solution-based
process. By tuning the device structure and the injecting current density (by
changing the applied voltage), we can obtain multicolor emission of blue, cyan,
magenta, and white from the same carbon dots. Such a switchable EL behavior
with white emission has not been observed thus far in single emitting layer

structured nanomaterial LEDs. This interesting current density-dependent

EL Intensity (a.u.)
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emission is useful for the development of colorful LEDs. The pure blue and white emissions are obtained by tuning the electron transport layer

materials and the thickness of electrode.
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cently been widely employed to fabri-

cate light-emitting diodes (LEDs). It
offers great prospects for developing low-
cost, efficient, bright, and large area color
displays compatible with flexible sub-
strates.' 7 Many solution-based nano-
materials have been widely studied and
are considered as promising emitting
materials.2~'* The development of high
quality quantum dots (QDs) synthesis has
stimulated studies on QD-LEDs that exhibit
tunable and saturated colors with a narrow
emission bandwidth.”>"?° The band-edge
electroluminescence (EL) of cadmium-
based QDs, i.e.,, CdX (X =S, Se, Te), exhibits
size tunable spectral emission from 450 to
760 nm, allowing for the design and fabrica-
tion of color-saturated red, green and blue
(RGB) QD-LEDs with simple device config-
urations for individual pixel based color
elements. The high spectral purities of such
emitters are becoming comparable with
those of liquid crystal displays and organic
LEDs.2'"2 With mercury and lead salts

Solution—processing technology has re-
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based QDs (e.g., HgTe, PbS, and PbSe), the
emission from the QD-LEDs has been
further extended to the near-infrared re-
gime of 800—2500 nm for a number of
nondisplay applications.>*~%°

However, promising as the solution-pro-
cessed nanomaterials based LEDs are, a
serious drawback of the present colloidal
QD-LED technology is its dependence on
the QDs with toxic heavy-metal compo-
nents, such as cadmium, lead, and mercury
which could potentially hinder their com-
mercialization.>*®' Since the first synthesis
of carbon dots (CDs) reported by Sun et al. in
2006,>2 these emerging light-emitting,
quantum-sized fluorophores combine sev-
eral merits of traditional semiconductor-
based QDs (such as tunable luminescence
emission and high resistance to photo
bleaching) without incurring the burden of
intrinsic toxicity or elemental scarcity.3>**In
recent years, CDs have been demonstrated
to possess high emission quantum yields
(QY, up to 60—80%), which makes them
competitive in light-emitting performance
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Figure 1. (@) TEM image of CDs, with an inset showing HRTEM image of a single dot; (b) UV—vis absorption and
photoluminescence (PL) (340 nm excitation wavelength) spectra of a CD thin film spin-coated on quartz glass, with an inset
showing the true-color photograph of CD emission in colloidal solution.

to commercially available core—shell CdSe/ZnS
QDs.>>737 (Ds have also been demonstrated to be
good electron donors, as well as electron accep-
tors. 3374 A series of reports have shown that the
efficient and excitation-dependent photolumines-
cence (PL) of CDs is promising in the fabrication of
LEDs and applications for display and solid state
lighting.?”4'42

In this paper, for the first time we report the ob-
servation of multicolor EL from CDs of the same size.
Bright blue, cyan, magenta, and white EL emissions
were observed from the CD-LEDs with the same CD
particles of 3.3 nm. Such a switchable EL behavior with
white emission has not previously been observed in
single nanomaterial emitting layer structured LEDs,
though several nanomaterials have shown the tunabil-
ity of the EL emission on a single type of emitter.**~*
The current density-dependent color emission of this
type of device is useful for the development of color
LEDs and so we investigated several different device
structures to optimize its color-tunability which is very
important for display applications. The onset voltages,
luminance output uniformity, and efficiencies of the
CD-LEDs were characterized. The recorded maximum
brightness of the devices was 24 cd/m? for blue
emission and 90 cd/m? for white emission, which
are the highest values of brightness reported to date
compared to the brightness of 35 cd/m? from a white
light CD-LED made by Wang et al.*® Carrier recombina-
tion in the CDs was investigated with time-resolved
photoluminescence (TRPL), revealing three typical PL
lifetimes. This study is helpful to understand the carrier
recombination mechanisms of CDs which are still
debated in literature and will facilitate the develop-
ment of environmentally safe CD-LEDs toward their
practical application in next-generation color displays
and solid state lighting.

RESULTS AND DISCUSSION

CD-LED Device with Driving Current Controlled Color. A high
resolution transmission electron microscopy (HRTEM)
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image of the carbon dots is shown in Figure 1a. The CDs
had an average diameter of 3.3 nm. The absorption
spectrum of a CD film and the PL spectrum of the CD
solution in toluene at an excitation wavelength of
340 nm are presented in Figure 1b, which exhibit three
absorption peaks at 270, 315, and 450 nm, and a main
PL peak at 420 nm, respectively. The full width at half-
maximum (fwhm) bandwidth of the luminescence
band was between 90 and 95 nm, while the PL QY
was determined to be ~40%, by using a spectrometer
with an integrating sphere and a back-thinned CCD
detector.

A schematic of the blue-white CD-LED device struc-
ture used in this study is shown in the inset of Figure 2a.
The device consists of a patterned ITO anode, a 25-nm
thick poly(ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS) hole injection layer, a 40-nm poly-
(N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)  benzidine)
(poly-TPD) hole transport layer (HTL), a 20-nm CD the
emissive layer, a 5-nm 1,3,5-tris(N-phenylbenzimida-
zol-2-yl) benzene (TPBI) electron transport layer (ETL),
and a 1-nm LiF and 150-nm aluminum double layer as
the cathode. PEDOT:PSS was used as a buffer layer on
the anode mainly to increase the anode work function
from 4.7 (ITO) to 5.0 eV and to reduce the surface
roughness of the anode to obtain stable and pinhole-
free electrical conduction across the device.*’ Poly-TPD
was used as the HTL in consideration of the fact that its
highest occupied molecular orbital (HOMO) level is
5.2 eV which is very close to the work function of the
ITO/PEDOT:PSS anode, and also because it possesses
an excellent hole-transport capability.** Moreover,
poly-TPD has been found to have good solubility in
organic solvents such as chlorobenzene and thus
makes it easy to form a uniform thin layer.*® TPBI was
chosen as the ETL because of its good electron-trans-
port capability and its interfacial phase compatibility
with the CD layer.

Figure 2a shows the typical current density and
luminance curves as a function of applied voltage for
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Figure 2. (a) Current density and brightness of the CD-LEDs emitting blue, cyan, magenta, and white light, with an inset
showing the device structure comprising ITO/PEDOT:PSS (anode), poly-TPD (HTL), CDs (active layer), TPBi (ETL), and LiF/Al
(cathode); (b) the luminous and power efficiencies vs current density; (c) electroluminescence (EL) spectra and true color
photographs of blue, cyan, magenta, and white emissions; (d) CIE1931 coordinates of the blue, cyan, magenta, and white
emission from the same CD-LEDs operated under different voltages.

the CD-LEDs. The variation of the EL efficiency, across
the entire measured luminance range and bias, is
shown in Figure 2b. The devices demonstrated a low
turn-on voltage of 5V, confirming the reduced barrier
height for charge injection into the CD-LEDs. The
highest luminance and luminous efficiency reached
61 cd/m? and 0.018 cd/A, respectively. The EL spectra
of the CD-LEDs, operated at different voltages, are
shown in Figure 2¢; images of the CD-LEDs under
operation are presented in the insets of the figure.
The CD-LEDs exhibited bright, uniform and defect-free
EL emission over a surface area of 2 mm x 2 mm. There
is no obvious contribution from the polymer HTL or
organic ETL in the EL spectra while the similar EL
spectra can be obtained from the LED device without
the polymer HTL or organic ETL. The Commission
Internationale de I'Enclairage (CIE) coordinates of the
emitted lights of the CD-LEDs are (0.198, 0.151), (0.212,
0.162), (0.260, 0.221), and (0.318, 0.320) as shown in
Figure 2d, corresponding to blue, cyan, magenta, and
white lights, respectively. The current—voltage-lumi-
nescence and EL spectra could be achieved repeatably
for sealed CD-LEDs. The device performance of un-
sealed CD-LEDs would degrade after the measurement
mainly because of the oxidation of the organic layers
and the Al electrode.

The light color from the CD-LEDs is apparently
voltage-dependent for the same 3.3 nm CD particles
(Figure 2c). The blue emission peak at 426 nm in
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Figure 2c could be observed at a low bias of 6 V. With
the increase of bias, the emission peak at 452 nm
became stronger, and the color became cyan at the
bias of 7 V. With the further increase of bias, the
emission at 588 nm appeared and became stronger
changing the emission hue to magenta, and finally at
higher driving voltage gave white emission from the
CD-LEDs. It can be observed that there are three main
emissions, peaked at 426, 452, and 588 nm in the white
EL spectra, appeared successively with increased bias
(Figure 2c). Thus, the white emission at high bias was
probably due to the appearance of multiple-recombi-
nation processes at high current density. This phenom-
enon is probably a result of the fact that several
recombination mechanisms with different but not
too dissimilar (final) excited state lifetimes coexist
in each single CD, allowing several recombination
pathways without any particular one dominating
completely.

The excitation-dependent PL spectra and PL decay
curves were recorded in order to understand the
recombination processes in the CDs and hence to
further control the device emission. Figure 3a shows
the evolution of the PL emission spectra of the CDs,
which exhibited excitation-dependent emission ran-
ging from 400 to 700 nm, similar to the previous
reports.’°~>2 When the CDs were excited by a short-
wavelength light of 340 nm, a blue emission peaked
at 420 nm was observed. When the excitation
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Figure 3. (a) PL spectra of CDs excited by 3 different excitation wavelengths; the color-coded arrows represent the detection
wavelength for the PL decay curves in part b; (b) PL decay curves of CDs under 320 nm excitation detected at different

wavelengths.

wavelength was 400 nm, the emission peak shifted to
460 nm, the emission at 420 nm became relatively
weaker while a small emission peak at 580 nm ap-
peared. With a longer exciting wavelength of 480 nm,
the emission peak at 580 nm became stronger. These
three peaks were consistent to those observed in the
EL spectra of CD-LEDs.

The absorption spectrum of the CD films exhibits
three peaks at 270, 315, and 450 nm as shown in
Figure 1b. According to previous studies,”> > the peak
at 270 nm could be ascribed to a w—a* transition of
aromatic C=C bonds, while the peak at 315 nm may be
attributed to an n—z* transition of C=0 bonds and the
broad peak at 450 nm may originate from the amino-
functionalized surface of the CDs. After the excitation
wavelength changes from 340 to 400 nm, the strong
emission peaked at 420 nm disappears probably be-
cause the excitation energy is not sufficient to drive the
m—ma* transition. When the excitation wavelength
changes to 480 nm, only the amino group-related
emission peaked at 588 nm can be observed. That
means that each of the three emission processes of the
CDs relies on the excitation and can be selectively
controlled via the absorption energy. It has to be noted
that this phenomenon is quite similar to the recent
reported PL from graphene dots, which also exhibits
such selectable property attributed to independent
molecule-like states through femtosecond transient
absorption spectroscopy and femtosecond time-re-
solved fluorescence dynamics investigation.>”

PL decay curves have been analyzed in order to
further characterize the origin of the emission compo-
nents of the PL in CDs (Figure 3b). The radiative lifetime
of PL emission is an important characteristic of light-
emitting nanoparticles.>®*® Different radiative life-
times may correspond to different electron—hole re-
combination mechanisms. Time-resolved, pulsed laser
excitation techniques are most suitable for probing the
lifetime of PL emission. Figure 3b shows the represen-
tative PL decay curves of the CDs, which were probed
at different emission wavelengths. The decay fitting

ZHANG ET AL.

TABLE 1. Fitted decay times and normalized amplitudes
of the PL emission of CD film at different wavelengths
under 320 nm Excitation

Ex/nm Em/nm Ti/ns A% To/ns A% 73/ns As/%

320 580 21 191 5.5 476 14.0 333
540 21 19.6 5.8 49.4 15.0 310
500 2.0 211 5.8 499 151 29.0
460 2.0 284 5.4 495 14.8 221
420 2.0 324 5.1 483 14.0 19.3

results are listed in Table 1, with radiative lifetime 7, of
2 ns, 7, of 5 to 6 ns, and 73 of 14 to 15 ns. It was found
that the PL decays of the CDs were emission wave-
length dependent. The amplitudes A; and A, with
radiative lifetime of 7; and 7, account for a large
amount of the PL emission spectra at short wave-
length. The proportion of amplitude A; decreases
and the strength of the processes associated with A
increases as the emission wavelength shifts from 420
to 580 nm while A, does not vary that much. Therefore,
the short lifetime of 2 ns can be attributed to the
emission peaked at 420 nm, the medium one of 5—6 ns
corresponds to the emission peaked at 460 nm, and
the long lifetime of 14—15 ns can be attributed to the
emission peaked at 580 nm. Normally, relaxations
(prior to radiative relaxation) involving the emission
of high energy phonons will be more rapid (and so are
associated with the fastest decay energy level). There-
fore, when the excitation energy is high (e.g., 340 nm),
the emission peaked at 420 nm is the dominant
recombination channel as shown in Figure 3a. Corre-
spondingly, for the CD-LED's EL emission, when the
injection current density is low, the carriers preferen-
tially relax via the energy level associated with the
faster decay channel. Thus, blue emission was seen at
low current density. When the current density was high
enough, other emission colors (associated with slower
recombination rates) were observed in the CD-LEDs.
Therefore, the CD-LED's color-switchable EL is actually
driven by the injection current density, not the appar-
ent applied voltage.

VOL.7 = NO.12 = 11234-11241 = 2013 K@N&NJK)\

WWwWW.acsnano.org

WL

11237



o
T
Y
@
o

24 4 @
[ LiF (5 nm)/Al (150 nm) ey o
" / c
-~ TPBi (5 nm - =
E | ( ) ;S 1203
3 4. |_Carbon Dots (20 nm) P 4 2
S | [ Poly-TPD (40 nm) Py &
g PEDOTPSS (25 nm) P %0 2
£ ITO-gl A z
E 8- -glass oS 3
3 R L40 2
R g
"’... T
0{ossssssssseres?? Lo
T T T T T T T
3 4 5 6 7 8 9
Voltage (V)
bo.o4 0.04
O Luminous efficiency (cd/A) -
% ® Power efficiency (Im/W) g
= Fl
= 5 2
5 | @000, 5
@ o
G 0.021 © 04 Lo.02 3
§ ° o 5
g M. ° 2
5 A I 5
o * o 4 a
® o =
0.00 r T T 0.00
0 40 80 120 160
Current density (mA/cm®)
c
5
8
2
[}
=
[
£
. |
w

400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 4. (a) Current density and brightness the CD-LEDs
emitting blue light only; the inset shows the LED architec-
ture using a 5 nm LiF layer; (b) the luminous and power
efficiency vs current density; (c) EL spectra and images of
the blue CD-LEDs operated at voltages of 5, 7, and 9 V,
respectively.

According to the fluorescence lifetimes of different
emission states of the CDs, the steady state PL spectra
(Figure 3) indicate that these emissive states are dis-
tinct energy levels (centered on 420, 460, and 580 nm),
which have their own distinct excitation spectra. In the
case of electroluminescence, electrons and holes are
injected from the charge injection layers into the
emissive layer and only specific type of states will be
excited. Since excitation of the specific states in the
CDs are distinct (420, 480, and 580 nm) as shown in
Figure 3, the excited state that is formed via injected
charges would emanate from the corresponding emis-
sion level associated with each color. The energy state
with short lifetime (420 nm) will be very readily
depopulated. Therefore, at low current density (or
voltage), the carriers will initially be injected into the
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Figure 5. (a) Current density and brightness of the CD-LEDs
emitting white light only; the inset shows the white LED
architecture using ZnO nanoparticles as an electron trans-
port layer; (b) the luminous and power efficiency vs current
density; (c) EL spectra of the white emitting CD-LEDs, with
true-color photographs of the LEDs operated at different
applied voltages.

energy state with short lifetime due to this fast relaxa-
tion. When the current density is increased, the more
highly populated high energy state can also feed the
low energy states (i.e., 480 and 580 nm) and so emis-
sion from these levels becomes more significant along-
side the direct relaxation from the 420 nm state.

Blue Emitting (D-LED Device. Taking these findings into
consideration, the CD-LED device structure was ad-
justed to control the current density and therefore the
EL spectra. One way is to reduce the injection current
density by increasing the thickness of the LiF layer to
5 nm (the inset of Figure 4a). Figure 4a shows typical
current and luminance curves as a function of the
applied voltage for the pure blue emitting CD-LEDs
with a cathode of 5-nm LiF and 150-nm aluminum.
The devices exhibited low turn-on voltages of 5 V,
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confirming a similar minimized barrier for charge
injection into the CD-LEDs. The maximum luminance
obtained was 24 cd/m?. The current density was
reduced to ~150 mA/cm? due to the increased thick-
ness (correspondingly the increased resistance) of the
LiF layer (5 nm). The EL spectra of the blue CD-LEDs,
operating at different voltages, are shown in Figure 4c;
emitting images of the CD-LEDs under operation are
also presented in the figure insets. The blue-emitting
CD-LED exhibited bright, uniform and defect-free EL
emission over the whole bias working range when the
current injection was maintained low.

White Emitting (D-LED Device. Low current injection
can be used to obtain pure blue emission from the
above CD-LEDs. We therefore deduced that high cur-
rent injection would lead to white emission in the
whole working bias. To realize it, we used ZnO nano-
particles as the ETL. The ZnO/CD-LED structure shown
schematically in the inset of Figure 5a consisted of
layers of ITO/PEDOT:PSS (25 nm, anode), poly-TPD
(40 nm, HTL), CDs (20 nm, active emission layer), ZnO
nanoparticles (10 nm, ETL), and Al (150 nm, cathode).
Figure 5a shows the current-density and luminance
changes of the ZnO/CD-LEDs. The maximum lumi-
nance for the resulting white light emitting devices
reached 90 cd/m? which is >2.5 times the reported
white light luminance from CD-based LEDs.** These
ZnO/CD-LEDs exhibited turn-on voltages of 4.6 V,
which was lower than those of the TPBI-based devices.
The EL spectra measured using a high-sensitivity spec-
trometer indicated that the light emission from the
white CD-LEDs was achieved at a driving voltage as low
as 4.6 V, suggesting that electrons and holes could
efficiently inject into the CD emitting layer at lower
driving voltages. These devices had significantly higher
current density than the devices without an ETL, or
with a TPBI ETL. As the same HTLs were used in all the
CD-LEDs, the high current density was attributed to the
more efficient electron injection into the CD layer with
a ZnO ETL. This is due to the higher electron mobility of
the ZnO nanoparticles which has been reported to be
2 x 102 ecm? V™" s7' 2 at least 1 order of magnitude

MATERIALS AND METHODS

Carbon Dots Synthesis. The carbon dots employed in the CD-
LED devices were synthesized by the approach of Wang et al.,*?
using octadecene as the noncoordinating solvent, 1-hexadecy-
lamine as the surface passivation agent, and anhydrous citric
acid as the carbon precursor. The CDs were subjected to a
multistep precipitation/redisperse process of purification and
subsequently dried as solid powders. For microscopic and
spectroscopic analyses, powdered CDs were redispersed in
toluene.

Zn0 Nanoparticle Synthesis. A mixture of 0.44 g zinc acetate and
30 mL ethanol was loaded into a three-neck flask and heated to
75 °C until a clear solution was obtained. After the solution was
cooled down to room temperature, 10 mL of NaOH/ethanol
solution (0.5 mol/L) was injected into the flask. The solution was
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higher than that of organic ETLs (typically 1 x 10™* cm?
V' s or lower).?%! With more electrons accumu-
lated at the poly-TPD/CD interface, the interfacial
recombination rate is much higher in the ZnO/CD-
LEDs than that in the other structures. The white light-
emitting CD-LEDs exhibited bright, uniform and de-
fect-free EL emission over the whole bias working
range (Figure 5).

CONCLUSIONS

In summary, we have demonstrated solution-pro-
cessed CD-LEDs based on three different layered
structures. Most of the layers in the structures including
the conducting polymer hole injection layer, the con-
jugated polymer hole transport layer, the carbon dot
emissive layer, and the organic or ZnO nanoparticle
electron transport layer were simply fabricated by spin-
coating from solutions; only the anode and cathode
layers were vacuum deposited. Depending upon the
injection conditions for the respective device struc-
tures, the CD-LEDs displayed steady lights (blue or
white) or tunable lights (blue, cyan, magenta, and
white) from the same 3.3 nm carbon dots. The re-
corded maximum brightness of the devices was
24 cd/m? for blue light and 90 cd/m? for white light.
Carrier recombination in the CDs was investigated
with time-resolved photoluminescence, revealing
three luminescence decay processes which were
consistent with the EL spectra of the CD-LEDs. Because
of the three recombination mechanisms with differ-
ent decay times, the colorful emission could be ob-
tained and controlled by tuning the injecting cur-
rent density. Our system shows color variability arising
from the presence of three recombination mechan-
isms in a single CD emitting layer. Therefore, one can
envisage creating a multicolor single pixel driven
by the current density or voltage. This work will help
to develop a better understanding of the recom-
bination mechanisms in CD nanomaterials and to
develop promising fabrication techniques for CD-
based LEDs applicable for solid state lighting and color
displays.

stirred for 12 h, and the products were collected by precipitating
with hexanes and redispersed in ethanol for device fabrication.

Material Characterization. Transmission electron microscopy
(TEM) images of the purified CDs were obtained on a FEIl Tecnai
F20 microscope operating at 200 keV. Absorption spectra were
measured on a Cary 50 absorption spectrometer and PL spectra
on a Cary Eclipse spectrofluorimeter. For TRPL measurements,
an 800 ps pulsed laser diode with 320 nm wavelength was
employed as the excitation source. The TRPL signals were
dispersed using a 0.55 m spectrometer and detected using a
multichannel plate detector and photomultiplier tubes. The
decay traces were recorded using a photon counting method.

Device Fabrication and Characterization. Device fabrication
started with a UV-ozone treatment of the ITO-coated substrates
to enrich the ITO surface with oxygen and, consequently,
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increase the ITO work function®> A layer of PEDOT:PSS
(~25 nm) was then deposited on the UV-ozone treated ITO
surface by spin-coating, followed by annealing in an oven at
120 °C for 10 min in air. Next, the sample was transferred into a
nitrogen glovebox system with controlled concentrations of
oxygen (<1 ppm) and water vapor (<1 ppm), and the poly-TPD
HTL, ~40 nm in thickness, was spin-cast on the top of the
PEDOT:PSS layer from its chlorobenzene solution and cured at
150 °C for 30 min on a hot plate. Subsequently, the emissive
layer of CDs was spin-coated over the surface of poly-TPD HTL
from the toluene solution and baked on a hot plate at 80 °C for
30 min to form the active region of the CD-LED. The thickness of
the CD-emissive layer was precisely tailored, by varying the CD
concentration and the spin speed of the cast deposition, to
balance the maximum brightness and emission efficiency of the
CD-LEDs. For the TPBI-based device, a ~5 nm thick-TPBI ETL was
thermally deposited over the CD-active region, followed by a
LiF/Al (1 or 5 nm/150 nm) bilayer cathode which was thermally
evaporated through a shadow mask without breaking the
vacuum. For the ZnO nanoparticle-based device, a ~10 nm thin
ZnO nanoparticle ETL was deposited over the CD-active region
by spin coating, and an Al (150 nm) cathode was thermally
evaporated through a shadow mask (no LiF layer). The fabri-
cated CD-LEDs had circular shapes, defined by the shadow
mask, with a surface area of ~4 mmZ.

The electrical characterization of the devices was performed
on a Keithley 2400 source meter. The EL spectra and luminance
of the devices (cd/m?) were measured on a PR650 spectrometer.
Images of the LED outputs were recorded with a Sony FWX700
FireWire color CCD camera. All measurements were performed
under dark condition.
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