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Strong room-temperature photoluminescence in the wavelength range of 400-540 nm is achieved
from a thin film containing polymer encapsulated 3C-SiC quantum dots (QDs). The QD surface
is completely passivated by the polymer so that the QD film possesses voltage-tunable
electroluminescence. The electroluminescence spectrum blue-shifts from 490 to 460 nm when the
applied voltage is increased from 5 to 10 V. The tunable electroluminescence is attributed to
carrier recombination in the core quantum confinement states as a result of Pool-Frenkel
emission. Owing to the environmental friendliness, nontoxicity, easy fabrication, and stability,
the polymer passivated 3C-SiC QD thin films have promising applications. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4753995]

Semiconductor nanocrystals (NCs) or quantum dots
(QDs) have attracted much interest because of potential optoe-
lectronic applications such as solar cells,'™ bistable memory
devices,"® and photodetectors.” The unique properties of
inorganic QDs such as high luminescence efficiency, broad
wavelength tunability, saturated color emission, and photo-
chemical stability make them very attractive to hybrid QD-
organic light-emitting diodes (QD-OLEDs).*'* Most of these
QD materials are composed of group II-VI semiconductors
such as CdSe, CdZnSe, ZnSe, or CdZnS with single or multi-
ple shells. These QD materials have heavy metal cations such
as cadmium or lead and the synthesis procedures are generally
quite complex. Tu er al.*® have replaced II-VI QDs by heavy
metal free Si QDs that are also potentially compatible with Si
processing technology. However, the complex sandwiched
structure in the Si QD-OLEDs suffers from leakage current
because of poor structural stability such as particle aggrega-
tion and QD grain boundaries in the active layer.

Silicon carbide (SiC) is a promising material in biophysi-
cal and biomedical applications due to its small weight,
strength, hardness, wear and corrosion resistance, and inert-
ness. SiC nanostructures have recently attracted considerable
interest because of the quantum-confined optical emission®'*?
and applications to fluorescent biological labels.”> SiC QDs
show tunable band gaps when the dot size is close to the Bohr
exciton radius of bulk SiC (2.7 nm). Furthermore, SiC QDs
are environmentally friendly and nontoxic compared to II-VI
QDs. However, stable and tunable photoluminescence (PL)
and electroluminescence (EL) from SiC QD solid films have
not been accomplished due to easily formed surface Si and C-
related non-radiative centers.”’ This situation will be easier to
take place if 3C-SiC QDs are embedded in silicon oxide ma-
trix. Wang et al® produced glycerol-bonded 3C-SiC QD
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solid films exhibiting strong and tunable violet to blue-green
(360-540nm) emission as a result of the quantum confine-
ment effects rendered by 3C-SiC QDs. However, the films are
not suitable for EL devices because of strong hydrophilicity
of the glycerol molecules. In this letter, we report a unique
process to produce a thin film comprising polymer passivated
3C-SiC QDs. The materials exhibit strong PL from blue to
green (400-520nm) due to the quantum confinement on
3C-SiC QDs and voltage-tunable EL can also be achieved.

The fabrication procedures for the water suspension
containing the 3C-SiC QDs have been described previ-
ously.” The suspension contains 3C-SiC QDs smaller than
7nm and they have -OH and -H functional groups on the Si-
terminated surface.”%’ Poly (acrylic acid) (PAA) chains are
bonded to the H-terminated 3C-SiC QD surface via a self-
addition reaction under blue (Ayj,c =490 nm) and ultraviolet
(UV) (Jyy = 360 nm) irradiation.”® In a typical process, 2 ml
of 98 wt. % monomer acrylic acid and 20ml of 99.7 wt. %
ethanol were introduced into 8 ml of the 3C-SiC QD suspen-
sion (QD concentration =2 mg/ml). The mixture was purged
with N, for 30min to remove dissolved oxygen and then
irradiated with blue light for 1 h while magnetically stirred.
The acrylic acid monomers reacted with the 3C-SiC QDs to
form surface Si-O bonds. Afterwards, UV irradiation was
conducted for an hour or longer to initiate the hydrosilylation
reaction and additional reaction to form the PAA chains.
Under UV irradiation, the alkene in the polymer chain and
residual acrylic acid monomers reacted to produce the PAA
with a high degree of polymerization and then a colloid con-
taining the QDs-PAA complex. After cooling, the liquid was
transferred to a dialysis bag to remove the residual acrylic
acid and ethanol. After drying for several hours, a sticky col-
loid was obtained, put onto a flat substrate such as a silicon
wafer, and dried to form the thin film containing the polymer
encapsulated 3C-SiC QDs. The film served as the lumines-
cent active layer in the EL device.
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Commercial indium tin oxide (ITO) coated glass with a
sheet resistance of 20 Q/] was washed with a detergent and
rinsed with de-ionized water, acetone, and isopropyl alcohol
sequentially in an ultrasonic bath for Smin. A thin film con-
taining the polymer encapsulated 3C-SiC QDs (~50 nm thick)
was spin-coated at 4000 rpm for 40 s onto the ITO surface and
then dried at 70°C for 2h. An Al cell array (~400 nm thick)
was thermally evaporated onto the film and served as the top
electrode. The morphology of the QDs was examined by
high-resolution transmission electron microscopy (HR-TEM;
JEM-2010, 200kV). Fourier transform infrared (FTIR) spec-
tra were obtained on a NEXUS870 FTIR spectrometer and
x-ray photoelectron spectroscopy (XPS) was carried out on a
PHI5000 VersaProbe XPS spectrometer. The PL spectra were
taken on a FluoroMax-2 fluorescence spectrometer with a re-
solution limit of 1 nm. The excitation source (Xe lamp) inten-
sity was calibrated carefully. The current-voltage (I-V)
characteristics of the device were measured under forward
biasing conditions using a HP4156C semiconductor parameter
analyzer and the EL spectra were acquired using the standard
CCD detector under a negative DC voltage applied to the top
surface electrode. All the EL spectra were corrected for the
quantum efficiency of CCD detector. The light emission was
monitored by an optical power meter and all the measure-
ments were performed at room temperature.

Fig. 1(a) depicts the TEM image of the as-prepared 3C-
SiC QDs that are nearly spherical and have diameters between
1.5 and 6.5nm. The HR-TEM image of a representative QD
is shown in Fig. 1(b). The QD is highly crystalline and the lat-
tice fringes correspond to the (111) plane of 3C-SiC. Fig. 1(c)
displays the histogram of the QD size distribution revealing
an almost asymptotic centric distribution and the diameters of
most QDs are between 2 and 4 nm. The Gaussian fit shows
that the most probable QD diameter is about 3.3 nm.

To confirm bonding between the polymer and 3C-SiC
QDs and simultaneously investigate the surface structures, the
FTIR spectrum is presented in Fig. 2(a). With the exception
of the strong SiC optical phonon at 813 cm™',?® all the peaks
are associated with the QD surface and polymer. The strong
peaks around 1700 and 1200cm ™" are attributed to C=0 and
C-O vibrations, and the weak peaks at around 1450 and
1100cm ™! are associated with C-O and Si-O vibrations,?’

FIG. 1. (a) TEM image of the as-fabricated 3C-SiC QDs. (b) High-
resolution TEM image of a QD with lattice fringes corresponding to the
(111) plane of 3C-SiC. (c) QD number distribution showing the most proba-
ble size of 3.3 nm determined by Gaussian fitting.
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FIG. 2. (a) FTIR and (b1-b3) C 1s, Si 2p, and O Is core level XPS spectra
of the thin film containing the polymer-encapsulated 3C-SiC QDs deposited
on a c-Si substrate.

respectively. The signal at around 2900-3000cm ' indicates
C—H stretching in CH,, (n= 1-3).26’30 No characteristic Si—-H
stretching bands can be observed in the range between 2100
and 2200cm~—",*° indicating that the Si-H bonds on the QD
surface have been replaced by other bonds of the polymer.

Fig. 2(b) shows the C 1s, Si 2p, and O 1s core level
XPS spectra of the QD film. In the C 1s spectrum, the peak
at 283.1eV corresponds to SiC.2*3132 The strong peak at
around 285eV can be attributed to the combined signal of
C-C, C-H, and C-O-C*'* and the weak peak at 289 eV can
be ascribed to C-O=C.** In the Si 2p spectrum, the low-
energy peak corresponds to SiC and that at 102.8 eV is asso-
ciated with Si-O-C.*' The 531.6 and 533.2 eV peaks in the O
Is spectrum arise from C=0O and Cc-0,* respectively. The
FTIR and XPS results are consistent with the PAA chain
structure on the QD surface.”® The PAA chains which have
long alkyl chains with many carboxyl branches bond to the
QD via Si-C and Si-O bonds. By means of shell approxima-
tion,”%>> the number of atoms in the QD is calculated to be
Nsic= 47td3/3a3, where d and a are the QD diameter and lat-
tice constant (0.436 nm for 3C-SiC), respectively. The QD
with a diameter of 3.3 nm has approximately 1800 atoms and
the number of silicon and carbon is almost the same at 900.
The Si/O atomic ratio is about 1:3 based on the areas shown
in the C 1s spectrum and the C/O atomic ratio (3:2 for acrylic
acid) is about 2:1. The QD core with a polymer shell has
approximately 9000 atoms. It has a diameter of 5.6 nm if it is
assumed to be totally 3C-SiC. Considering that the bond
length of Si-C is longer than that of C-C, the SiC core has a
diameter of 3.3 nm and the thickness of the polymer shell is
about 1 nm thick. The results indicate complete surface pas-
sivation of the 3C-SiC QD surface by the polymer.

Fig. 3 shows the PL spectra acquired from the thin film
composed of the polymer encapsulated 3C-SiC QDs excited
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FIG. 3. PL spectra of the thin film containing the polymer-encapsulated 3C-
SiC QDs excited by different wavelengths.

by the 300 to 500nm lines of a Xe lamp. The PL is so
intense that the emission spots can be observed visually. As
the excitation wavelength is increased from 300 to 500 nm,
the PL peak position increases monotonically from 400 to
540 nm. The PL red-shift with increasing excitation wave-
length can be attributed to the quantum confinement effect
in lieu of defects/surface states.>'** The 510 nm band is not
observed because of the absence of H" and OH structures
on the surface of the QDs.?® The variety of the PL peak in-
tensity is related of QDs’ size distribution. The intensity of
the PL peak centered at about 430 nm reaches a maximum
at an excitation wavelength of 360 nm. For the most proba-
ble QD diameter, the largest PL intensity is derived to be at
~428nm (~2.9eV),>"*** which is in good agreement
with the experimental value. When the excitation wave-
length increases from 300 to 360 nm, the number of the
excited QDs with appropriate sizes increases. Conse-
quently, the PL intensity in this range increases with excita-
tion wavelength. When the excitation wavelength exceeds
360 nm, the number of 3C-SiC QDs that can be excited
diminishes, as manifested by the continuous decrease in the
PL intensity. When the excitation wavelength is larger than
480 nm, only a few QDs can be excited and the PL intensity
is low. When the excitation wavelength is 500 nm, the PL
intensity decreases rapidly, because when the excitation
energy is close to the band gap of bulk 3C-SiC (2.24¢eV),
the QDs can hardly be excited.

Fig. 4 shows the current density vs voltage (/—V) curve
obtained from the corresponding device. To explain the
charge transport behavior, different conduction models such
as Fowler—Nordheim (FN) tunneling, Poole-Frenkel (PF)
emission, and space charge-limited current (SCLC) are usu-
ally adopted for Si-based materials.’®>’ In the present case,
the experimental data acquired at the applied voltages of
>4V (turn-on voltage) can be fitted very well by J, =C,V
exp(B V%) (The fit is a bit off in the 0 to 4V region prob-
ably because the current threshold is not reached). This rela-
tionship is well known as the PF emission,?’ indicating that
the carrier transport process is governed by PF emission.
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FIG. 4. J—V characteristics of the devices under forward biasing with the
experimental data fitted by J; = C,V exp(B .Vl/ 2) for PF emission, J 3 =C3V"
for SCLC, and 12:C2V2exp(—Bz/V) for FN tunneling (Refs. 36 and 37).
The inset shows the plots of the integrated EL intensity as a function of
injection current for the device.

The EL spectra at applied voltages between 5 and 10V
at room temperature are shown in Fig. 5(a). When the
applied voltage is increased from 5 to 10V, the EL peak
blue-shifts from 490 to 460nm. The EL device has a low

FIG. 5. (a) EL spectra of the 3C-SiC QD-based device acquired at different
applied voltages with the dashed line showing the blue-shift. (b) Central
wavelength and FWHM of the EL spectra as a function of the applied
voltage.
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turn-on voltage of 4—5V. No EL signal is observed in the
<4V region because the current threshold is not reached.
We also found that the breakdown voltage of the QD film is
~11V. At a higher voltage (>11V), no EL is observed. In
Fig. 5(b), we plot the different central wavelengths and full-
width at half maximum (FWHM) as a function of the applied
voltage. A good linear dependence can be observed, indicat-
ing that the EL is closely related to the QD excitation with
different sizes. The inset in Fig. 4 reveals a linear relation-
ship between the integrated EL intensity and injected cur-
rent, implying that the EL arises mainly from radiative
recombination of electron-hole pairs at the luminescent cen-
ters in which the 3C-SiC QDs with different sizes are respon-
sible for the tunable EL. From these results above, we can
describe the mechanism of the EL blueshift as follows. The
Poole-Frenkel emission describes an electrically assisted
thermionic emission in the bandgap. Electrons do not need
as much thermal energy to get into the conduction band since
part of this energy comes from being pulled by the electric
field. The EL emission can be attributed to electron-hole
recombination in the core quantum confinement states.
Because of the quantum confinement, reduction in the QD
sizes widens the bandgap. Thus, at a low applied voltage,
electrons can get into the conduction band of large QDs due
to the narrow bandgap and the EL has a large wavelength.
The EL peak blue-shifts when small QDs are excited by a
higher voltage. Emission from smaller QDs dominates the
EL spectra as the applied voltage is increased further (large-
size QDs are still excited at a high applied voltage due to the
narrow bandgap). This leads to the EL peak to be asymmetri-
cal (consistent with the PL feature), especially at an applied
voltage of 10 V. After the applied voltage exceeds 11V, the
film is broken down. This makes many smaller QDs unable
to be excited and thus the EL spectral range looks narrower
than the PL spectral distribution.

In summary, a robust and stable thin film containing
polymer encapsulated 3C-SiC QDs is produced. FTIR and
XPS reveal complete surface passivation of the 3C-SiC QDs
by the polymer and tunable PL is observed from the film at
room temperature. When the excitation wavelength is
increased from 300 to 500 nm, the PL peak position changes
from 400 to 540 nm due to the quantum confinement effects
rendered by the 3C-SiC QDs. The EL device fabricated using
the materials exhibits voltage-tunable EL. The EL spectrum
blue-shifts from 490 to 460 nm when the applied voltage is
increased from 5 to 10 V on account of carrier recombination
in the core quantum confinement states and the current trans-
port is due to a PF emission.
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