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We demonstrate hybrid colloidal silicon quantum dot �SiQD�-organic light-emitting diodes with
electroluminescence �EL� in the visible wavelengths. The device using blue photoluminescence
�PL� SiQDs as emitters shows multiple EL peaks which are attributed to carrier recombination in the
core quantum confinement states, the hole-transport-layer and the surface trap states, respectively.
However, the red PL SiQD device shows a single EL peak consistent with the PL peak. These
findings are in agreement with the previous report that large Stokes shift were observed for oxidized
blue emission SiQDs due to oxide states while red emission SiQDs show negligible PL shift after
oxidation. © 2011 American Institute of Physics. �doi:10.1063/1.3593382�

Colloidal inorganic semiconductor quantum dots �QDs�
with size-tunable band gaps, high photoluminescence �PL�
quantum yield, and narrow emission line widths are a good
candidate as solution-processable chromophores in a hybrid
QD-organic light-emitting diode �QD-OLED� structure.1–3

Visible electroluminescence �EL� from the hybrid structure
has been reported in group II–VI semiconductor QD sys-
tems, such as CdSe, CdZnSe, ZnSe, or CdZnS cores with
single or multiple shells.4–6 High luminance and high effi-
ciency QD-OLEDs using these II–VI QDs have been re-
cently demonstrated on a display with an active matrix drive
backplane.7,8 Notably, heavy-metal-free ZnCuInS/ZnS core/
shell QDs have also been employed in white emission
OLEDs.9 However, for group IV colloidal semiconductor
QDs, although there has been significant development in
synthesis and characterization,10 the demonstration of visible
EL from these nanomaterials is still under developing. Mean-
while, infrared-red group IV QD-OLEDs with promising
efficiency have been recently reported.11,12 Silicon QDs
�SiQDs� show tunable band gaps due to quantum confine-
ment effect when the dot sizes are within the Bohr exciton
radius of bulk Si �around 4.9 nm�. Thus, visible, from red to
blue, EL or PL can be achieved by adjusting QD radius from
approximately 3.5 to 1.5 nm.13 Furthermore, compared to
conventional II–VI QDs, SiQDs are heavy-metal-free, poten-
tially compatible with well-established Si processing tech-
nologies and can be synthesized from almost inexhaustible
starting materials in the earth crust. Here we demonstrate
hybrid SiQD-OLEDs which show EL across the visible spec-
trum. By comparing devices using blue and red PL SiQDs as
emissive layers, we identify the role of surface oxide states
which limit the effective core quantum confinement band
gap.

In this work, the SiQDs were synthesized by electro-
chemical etching of Si wafer, followed by surface passiva-
tion through hydrosilylation and ultrasonication for dispers-
ing the QDs in solvents.14 In the electrochemical etching

reaction, we etched p-type boron-doped Si wafers with �100�
orientation and 5–20 � cm resistivity under stirring in a
mixture of hydrofluoric acid �HF�, methanol, hydrogen per-
oxide �H2O2�, and polyoxometalates �POMs�, where the lat-
ter two ingredients function as catalysts.15 A mild etching
recipe was used �etching current density=10 mA /cm2, etch-
ing time=2 h, and small amount of H2O2� in order to avoid
the formation of too many microsize pores on the wafer sur-
face. After the electrochemical etching, the wafers were
treated with diluted HF in a water/methanol mixture for fur-
ther removal of oxide residues and the formation of purely
hydride termination on the surface. Then, in a nitrogen filled
glove box, the wafers were immersed in a hexane/1-octene
mixture with a catalytic amount of chloroplatinic acid as
catalysts for hydrosilylation reaction, where unsaturated
double bonds of 1-octenes form stable covalent bonds with
hydrides on the Si surface. With surface passivation by alkyl-
ligands, the wafers were ultrasonicated shortly in hexanes.
The resulting nearly transparent suspension showed bright
red PL under 350 nm UV excitation with a major peak at
612 nm and a smaller minor peak in the short wavelength
region, as shown in Fig. 1�a�. Passing the red PL suspension
through a syringe filter �polypropylene membrane and pore
size of 0.2 �m�, we obtained a clear suspension of SiQDs
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FIG. 1. �Color online� �a� The PL spectra of the blue �blue square line� and
the red �red diamond line� emission SiQDs in hexanes. �b� The TEM image
of the blue PL SiQDs.
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which show blue PL with a narrow line width and a peak at
430 nm, as shown in Fig. 1�a�. The transmission electron
microscope �TEM� image of these blue PL SiQDs is shown
in Fig. 1�b�, from which the QD diameter of around 2 nm
was estimated. The removal of the red peak by simply pass-
ing through the syringe filter is likely due to the following
reasons: First, during the electrochemical etching, the red PL
SiQDs were mostly formed on top of the microsize structures
which were then dispersed into solvents together with SiQDs
attached on the surface. Second, the red PL SiQDs tend to
form aggregates and get retained when passing through pores
of the syringe filter. Similar results have also been found in
literature.16,17

The multilayered light-emitting devices were
composed of indium-tin-oxide �ITO�/poly�3,4-
ethylenedioxythiophene�:poly�styrenesulfonate� �PEDOT:
PSS, 100 nm�/poly�N,N�-bis�4-butylphenyl�-N,N�-
bis�phenyl� benzidine �poly-TPD, 50 nm�/SiQDs �around 5
nm in average thickness�/titanium dioxide �TiO2, 65 nm�/Al
�100 nm�. First, the ITO substrates were sequentially cleaned
by ultrasonication in de-ionized water, isopropanol, and ac-
etone, and then treated with oxygen plasma for removing
organic residues and enhancing surface hydrophilic property.
The hole-injection-layer PEDOT:PSS �2.8 wt % dispersion
in H2O� was spin-coated at 4000 rpm for 40 s and baked in
a nitrogen-filled glove box at 120 °C for 30 min. Subse-
quently, the hole-transport-layer poly-TPD �1.5 wt % in chlo-
robenzene� was spin-coated at 2000 rpm for 30 s and baked
in the same glove box at 110 °C for 30 min. On the poly-
TPD layer, the emissive layer of SiQDs �3 mg/ml in hexane
for blue SiQDs and 10 mg/ml in hexane for red SiQDs� was
spin-coated at 300 rpm for 30 s, followed by vacuum drying.
For the electron-transport-layer, the TiO2 precursor sol-gel
was prepared �1.56 ml titanium isopropoxide in 12 ml
2-methoxyethanol� and spin-coated at 3000 rpm for 40 s,
followed by heating at 80 °C in air. The moisture in air
facilitated the precipitation and the formation of amorphous
TiO2 thin films. Finally, a thin film of Al was rf-sputtered
through a shadow mask which defines the active area. Imme-
diately after metallization, the QD-OLEDs were packaged
with glass slides and high vacuum silicone grease. The fol-
lowing I-V curves and EL spectra measurements were per-
formed in an ambient condition.

The energy band diagrams of the SiQD-OLEDs are il-
lustrated in Figs. 2�a� and 4�a�, with blue and red PL SiQDs
as emissive layers, respectively. The energy levels of
PEDOT:PSS, poly-TPD, and TiO2 were taken from Refs. 11,
4, and 7, respectively. For blue emission SiQDs �PL peak at
430 nm�, the quantum confinement energy is estimated to be
�1.77 eV, from which �0.59 eV is assigned to conduction
band �CB� and �1.18 eV to is assigned to valence band
�VB�.18 Similarly for red emission SiQDs �PL peak at 612
nm�, �0.30 eV and �0.61 eV are assigned to CB and VB,
respectively. The EL spectra of the blue SiQD-OLED are
shown in Fig. 2�b� at current density=34.6, 46.2, 57.7, and
69.3 mA /cm2. We observed the optical power increased al-
most linearly as the current density increased, and the I-V
curve followed a typical diode rectifying characteristic, as
shown in Fig. 3�a�. At the highest input current density in
Fig. 2�b� �69.3 mA /cm2�, the optical power density of the
blue SiQD-OLED was measured to be around 150 nW /cm2

which corresponds to an external quantum efficiency of
around 1�10−5%.

In the EL spectra of Fig. 2�b�, we also observed that
there were three peaks at all current densities, which are 430,
488, and 606 nm. The 430 nm EL peak, consistent with the
blue PL peak in Fig. 1�a�, is likely due to carrier recombina-
tion in the core quantum confinement states of the blue emis-
sion SiQDs. Then, we measured the thin film PL spectrum of
a reference device �ITO/PEDOT:PSS/poly-TPD� and ob-
served a peak at 486 nm as shown in Fig. 3�b�. As a result,
the 488 nm EL peak can be attributed to carrier recombina-
tion in the poly-TPD layer. For the orangish 606 nm peak, it
is likely due to carrier recombination through the surface trap
states of the oxidized blue emission SiQDs. The oxidization
might occur when the device was heated in air after TiO2
coating and/or during the EL measurement. The trap states
located in the energy band gap lower the radiative recombi-
nation energy and thus shift the emission toward longer
wavelengths. Similar results were found in a PL study of
SiQDs on porous silicon surface prepared by electrochemical
etching of p-type Si wafers.19 In their findings, upon oxida-

FIG. 2. �Color online� �a� The energy band diagram of the blue emission
SiQD-OLED. �b� The EL spectra of the blue emission SiQD-OLED at cur-
rent density=34.6 �bottom, blue line�, 46.2 �lower middle, green line�, 57.7
�upper middle, orange line�, and 69.3 �top, red line� mA /cm2.

FIG. 3. �Color online� �a� The applied voltage �triangle line� and the
optical power density �cross line� of the blue emission SiQD-OLED. �b�
The thin film PL spectrum of a reference device with structure of
ITO/PEDOT:PSS/poly-TPD.
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tion SiQDs with blue or green PL showed a large Stokes shift
and the upper limit of the emission energy was 2.1 eV �590
nm� due to localized states in the SivO bonds, which is
close to the 606 nm observed in our EL measurement. How-
ever, for the SiQDs which display orange or red emission,
the oxide states have a negligible impact on the PL spectrum
according to their results.19

In order to verify the role of oxygen in red emission
SiQDs and observe their EL response, we fabricated another
QD-OLED with the same structure but using red PL SiQDs
�PL spectrum in Fig. 1�a�� as the emissive layer. The energy
band structure and the EL spectra at current density=46.2,
69.3, and 115.5 mA /cm2 of the red SiQD-OLED are in
Figs. 4�a� and 4�b�, respectively. First, the I-V characteristics
were similar to the blue SiQD-OLED. However, the quantum
efficiency was about 15 times lower as a result of not only
nanocrystalline SiQDs but also some microsize Si particles
being embedded in the emissive layer. The microsize par-
ticles generate no EL but can absorb the emission from
SiQDs. In contrast, the blue emission SiQD suspension had
purely nanosize particles due to filtration through a syringe
filter. Second, the EL peak at 618 nm is close to the red SiQD
PL peak at 612 nm. Therefore, the orangish EL should come
from carrier recombination in the core quantum confinement
states of SiQDs, considering poly-TPD has only blue emis-
sion. Furthermore, since the energy band gap of red SiQDs
�612 nm� is smaller than the energy difference between elec-
tron and hole trap states �590 nm�, the oxide states had neg-
ligible effect on the EL or PL spectra. Consequently, we
observed only one EL peak at 618 nm, rather than multiple
peaks as for the blue Si QD-OLED. Finally, at the poly-TPD/
SiQDs interface, the CB energy barrier of the red SiQD-
OLED �1.4 eV� is larger than that of the blue SiQD-OLED

�1.2 eV� and the VB energy barrier of the red SiQD-OLED
�0.4 eV� is smaller than that of the blue SiQD-OLED �0.9
eV�. Therefore, there is better electron-stop and hole-
transport at the poly-TPD/SiQDs interface, which leads to
much less carrier recombination in the poly-TPD layer for
the red SiQD-OLED.

In conclusion, we have demonstrated hybrid colloidal
SiQD-OLEDs with EL in the visible wavelengths. The
SiQDs were synthesized by electrochemical etching of Si
wafers, followed by alkyl-ligand passivation through hy-
drosilylation and ultrasonication for dispersing SiQDs. The
device with blue PL SiQDs showed multiple EL peaks which
are attributed to carrier recombination in the core quantum
confinement states, the poly-TPD and the surface trap states
due to oxidation, respectively. In contrast, the red PL SiQD
device showed a single EL peak consistent with the PL peak.
These findings are in good agreement with the previous PL
study of SiQDs on the porous Si surface.
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FIG. 4. �Color online� �a� The energy band diagram of the red emission
SiQD-OLED. �b� The EL spectra of the red emission SiQD-OLED at current
density=46.2 �bottom, green line�, 69.3 �middle, orange line�, and 115.5
�top, red line� mA /cm2.
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