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ABSTRACT: We present highly efficient electroluminescent
devices using size-separated silicon nanocrystals (ncSi) as light
emitting material. The emission color can be tuned from the
deep red down to the yellow-orange spectral region by using
very monodisperse size-separated nanoparticles. High external
quantum efficiencies up to 1.1% as well as low turn-on voltages
are obtained for red emitters. In addition, we demonstrate that
size-separation of ncSi leads to drastically improved lifetimes of
the devices and much less sensitivity of the emission
wavelength to the applied drive voltage.
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hybrid organic quantum dot light-emitting diode (hybrid QD-OLED)

S emiconductor quantum dots (QDs) are a new emerging
class of materials combining tailored electronic properties
and the advantageous ability to be processed out of solution
with common printing and coating techniques. Colloidally
stable QDs are therefore expected to find widespread
application in electronics and optoelectronics such as light-
emitting diodes (LEDs)'~"* and solar cells."® Even though QD-
LEDs have been intensively investigated,”'°™"? the toxicity of
the elements used for efficient II-VI QD-LEDs, such as CdS,
CdSe, and their Pb containing counterparts, is a severe
drawback for many applications. In contrast, silicon nanocryst-
als (ncSi) seem to be ideally suited due to the nontoxicity and
abundance of this element which is dominating the whole
microelectronics and photovoltaics industry. As bulk silicon is
an indirect semiconductor significant light emission is only
achieved under strong confinement conditions occurring for
ncSi with a size of about § nm or less."* The recent reports on
very high photoluminescence quantum vyields,'>'® novel
synthesis routes, colloidal stability of ncSi, and indications of
no cytotoxicity of ncSi'”'® has drawn much attentlon to the
exploration of LEDs based on silicon nanocrystals.®”™® Although
red and NIR light-emitting diodes were recently realized®® and
have shown the large potential of Si based QD-LEDs, the major
challenge is still to explore pathways for efficient devices
covering the whole visible range.
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In this study, we introduce bright, long-term stable and color-
tunable silicon light-emitting diodes (SiLEDs) featuring intense
electroluminescence (EL) from the NIR down to the yellow
spectral region by using size-separated ncSi. The nanocrystals
are capped with allylbenzene and produced by solid-state
synthesis.”” Details of our synthetic approach are reported in
the Supporting Information. The resulting particles are
colloidally stable in toluene, feature sizes in the range of 1-3
nm, and exhibit photoluminescence quantum yields of up to
43%."® Directly after synthesis, the as-prepared ncSi solutions
were size-separated by size-selective precipitation using the
method reported in ref 185.

Under UV-illumination the size-separated ncSi-solutions
emit over a broad spectral range from the NIR down to the
yellow/green spectral region (see Figure la). Out of these
solutions, three representative samples were chosen for the
experiments described in the following. The particles show
bright and intense photoluminescence (PL) with peaks at 680,
650, and 625 nm, corresponding to approximately 1.8, 1.6, and
1.3 nm sized ncSi."> The corresponding PL spectra are shown
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Figure 1. Size-separated silicon nanocrystals (ncSi) and their corresponding PL spectra. (a) Nanoparticles dispersed in toluene showing intense
luminescence from the deep red to the yellow spectral region. (b) PL spectra of the three samples used for SiLED fabrication. Excitation: (a) 365 nm

LED and (b) 355 nm Nd:YAG laser.
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Figure 2. Device architecture and morphology of SiLED structure. (a) Schematic view of SiLED stack. (b) BF-TEM image showing the layer
structure of a real device (scale bar: S0 nm). (c) EFTEM images of a SiLED cross-section. The silicon, carbon, and nitrogen elemental maps are

obtained using the three-window technique (scale bar: 100 nm).

in Figure 1b and clearly show the shift of the emission
wavelength for particles of different sizes.

Figure 2a depicts the LED stack of the devices used in this
study. All SILEDs were built by spin-coating of the different
functional layers on lithographically structured ITO-covered
glass substrates followed by a thermal evaporation step of the
cathode. Before liquid processing of the different layers, the
substrates are cleaned with acetone and isopropanol in an
ultrasonic bath followed by a 2 min oxygen plasma treatment. A
15 nm thick layer of poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS, Baytron P VPAI 4083) is
then spin-coated (500 rpm (3 s), 4000 rpm (S5 s)) on top of
the as-prepared substrate followed by a thin hole-transport layer
(HTL) of poly(N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)-
benzidine (poly-TPD, ADS254BE, 8.5 mg/mL, 1500 rpm (55
s), 4000 rpm (2 s)) which was dissolved in toluene.
Subsequently, pure toluene is spin-coated (1500 rpm (40 s))
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on the samples to reduce the poly-TPD layer thickness. The
remaining thickness is around 10 nm and is not directly
measurable using a Dektak profilometer. However, the layer
still shows strong PL related to the polymer. On the emissive
layer (1000 rpm (50 s), 4000 rpm (2 s)), a 35 nm thick hole-
blocking layer (HBL) of 1,3,5-tris(N-phenylbenzimidazol-
2,yl)benzene (TPBI) followed by a 0.8 nm/200 nm thick
layer of LiF/Al is thermally evaporated.

For characterization the devices are encapsulated using a thin
glass slide and epoxy adhesive. Characterization was done using
an integrating sphere coupled to a spectrometer with an
attached ICCD camera. For further details see Supporting
Information.

Figure 2a depicts the LED stack of the devices used in this
study. The bright-field TEM (BF-TEM) image of a cross
section of a real device is shown in Figure 2b. The different
organic layers as well as the ncSi layer can be clearly
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Figure 3. Band diagram of the materials used in devices as well as valence band as a function of the nanoparticle size determined by XPS. (a) Band
diagram of the SiLED stack, energy values of ncSi are determined by XPS others are taken from literature. (b) Normalized XPS spectra of the
nanoparticles used in this study. As shown in the inset, a strong increase of valence band Eyy for decreasing particle size and emission wavelength is

observed.
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Figure 4. Device performance of SiLEDs. (a) External quantum efficiency (EQE), (b) JV characteristics, and (c) luminance—voltage characteristics
of devices built with/without TPBI (ncSi emissive layer: ~30 nm) compared to SiLEDs using TPBI and a thick emissive layer of about 35 nm. (d)
EL intensity over time at constant current of 1.6 mA/cm® (e) EL spectra as a function of applied voltage (3.5, 4.5, 8, and 10 V). Only a minor shift
of about 15 nm is observed for devices using size-separated samples. The inset shows a shift of the EL maximum averaged over three different

SiLEDs.

distinguished and are in good agreement with the nominal layer
structure. The results of BF-TEM imaging are further
confirmed by energy filtered TEM (EFTEM) imaging, as
depicted in Figure 2c. All layers are spatially well-defined,
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exhibit smooth interfaces, and can be clearly attributed to the
different materials used. The ncSi layer features a strong Si-
related contrast as well as the carbon signature of the organic
ligands. The carbon fingerprint is significantly more pro-
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Figure S. Optoelectronic parameters of SiLEDs featuring different emission wavelengths. (a) Comparison of EL and PL of different-sized emitters.
(b) SiLEDs connected to a 9 V battery in series to an ohmic resistor limiting the voltage to 6 V. The individual photographs are taken at ambient
lighting conditions and are not modified with any image processing software. (c) External quantum efficiency (EQE), (d) JV characteristics, and (e)
luminance—voltage characteristics of devices containing different-sized ncSi as emitters.

nounced in the purely organic layers. N clearly maps the TPBi
layer.

In Figure 3a we show the respective band diagram of the
SiLEDs. The hole-transport/electron-blocking (HTL/EBL,
poly-TPD) and hole-blocking layers (HBL, TPBI) are used
to effectively confine injected carriers in the emitting layer
leading to an efficient radiative recombination of electrons and
holes.>* To achieve the necessary confinement of carriers in
the emitting layer it is crucial to determine valence (VB) and
conduction band (CB) of the different sized ncSi emitters. In
Figure 3b, we therefore show the X-ray photoelectron
spectroscopy (XPS) spectra of the three samples used in this
work as well as valence band energy (Eyg) as a function of the
ncSi size (inset Figure 3b). In agreement with theoretical
ﬁndings,n_23 the Eyp shifts toward higher energies as the
nanocrystal size decreases. Large particles (emission wavelength
around 680 nm) feature Eyy = 5.7 eV, whereas small ncSi show
values up to Eyp = 6.1 eV. Similar to the case of chalcogenide
QDs, we attribute the observed shift of Eyy to a change in the
electronic and morphological structure of ncSi.***> All details
on the experimental aspects of XPS and TEM characterization
are given in the Supporting Information.

Using now the above shown 1.8-nm-sized ncSi we present
the performance of red-emitting SiLEDs featuring high external
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quantum efficiency (EQE) values. We compare devices built
with and without TPBI as HBL keeping the ncSi-layer thickness
fixed at 30 nm. In addition we show that increasing the
thickness of the emitting ncSi layer leads to even higher EQE
values.

As mentioned before and also detailed in ref 8 and 20, EBL
and HBL play an important role in terms of device
performance. In Figure 4a we show that an increase of EQE
about 1 order of magnitude (0.74% vs 0.09%) can be achieved
when TPBI is used as HBL. However, this increase comes along
with an increased turn-on voltage (see Figure 4b, Figure S1).
For a fixed thickness of the ncSi-layer of 30 nm, the device built
without HBL already turns on at around 2.0 V, whereas for
TPBI devices the turn-on voltage is about 4 V. A further
increase of the EQE performance can be achieved when thicker
ncSi layers are used. In this case, electron and hole transport is
more balanced, leading to an even more efficient radiative
recombination. As shown in Figure 4a (empty circles), an
approximately 35 nm thick ncSi layer yields 1.1% EQE,
representing a world record value for red-emitting SiLEDs. The
corresponding luminance values are shown in Figure 4c. The
maximum brightness values of the different investigated SILEDs
are 22.6 Cd/m?at 10 V (with TPBI, thick layer), 13.8 Cd/m? at
8.75 V (with TPBI), and 4.0 Cd/m? at § V (without TPBI).

dx.doi.org/10.1021/n13038689 | Nano Lett. 2013, 13, 475—-480
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Despite significant progress in silicon-based LEDs, the long-
term stability of these devices under operating conditions is still
a challenge and one of the most important fields for further
improvement of these devices. While previous work on SiLEDs
focused on ncSi samples which have not been size-selected, our
devices benefit from quasi monodisperse samples.”> To
compare the performance of SiLEDs built with and without
size-separated samples, we plot the lifetime characteristics of
these devices in Figure 4d. Size-separation significantly
improves the long-term stability of the devices. For size-
separated devices operation times of over 40 h are achieved,
whereas for not size-separated samples only 15 h of operation
are measured. The corresponding (1/e)-lifetime is significantly
increased by a factor of 30.

In the case of the nonsize-separated ncSi ensemble, we
attribute the significantly shorter lifetimes to large particles
which cause short circuits inside the devices and lead to a rapid
degradation of the SiLEDs. Furthermore, devices based on
nonsize-separated samples show strongly inhomogeneous
luminous areas due to impurities and defects.

Figure 4e shows the EL of a device as a function of the
applied voltage. In contrast to large shifts of the EL maximum
when nonsize-separated ncSi is used,® we observe only a small
shift of about 15 nm when the applied voltage is increased from
3.5 to 10 V. We assign this small remaining shift to a residual
size distribution even after size separation. This shift however
can be avoided by either finer separation steps or other more
elaborated size-separation methods as shown in ref 26. For
comparison, SILEDs based on nonsize-separated samples show
a shift as large as 30 nm (Figure S2, Supporting Information).
In summary, Figure 4d—e suggests that lifetimes and color-
stability of the SiLEDs can be significantly improved using size-
separated samples.

In addition to the increased device lifetimes and the small
voltage-dependent wavelength shift, size separation enables
facile tuning of the emission wavelength. Figure Sa shows the
EL of devices built with ncSi of three different sizes (overlaid
with the PL already shown in Figure 1b). An excellent
agreement between EL and PL of the different emitters is
obvious, confirming that emission originates indeed from ncSi.
The performance of the devices using the three different ncSi-
emitters (layer thickness ~15 nm (yellow/orange), 30 nm
(red)) is shown in Figure Sc—e. External quantum efficiency
(EQE) values of about 0.1% (at 4 V) are realized for devices
containing 680 nm emitting ncSi. The SiLEDs built of ncSi
featuring emission wavelengths of 650 and 625 nm show lower
EQE which we primarily attribute to the reduced absolute
quantum yield (AQY) of the particles.”” Furthermore, the
charge injection as well as carrier confinement in the active
layer might be less effective since HOMO and LUMO-levels do
not match the ideal configuration anymore (refer to Figure 3
and corresponding paragraph). For comparison reasons these
devices were built without TPBI as HBL. TPBI can only be
used for devices with ncSi-layers exceeding a critical thickness
of more than 20 nm. Otherwise, blue poly-TPD related
emission dominates the spectra (Figure S3, Supporting
Information). Maximum brightnesses of 3.97 Cd/m* (red),
4.77 Cd/m?* (orange), and 0.34 Cd/m? (yellow) were found for
the respective devices. Figure Se depicts the voltage-dependent
luminances.

The devices that are shown in Figure S feature very low turn-
on voltages as low as 1.8 V for red-emitting SiLEDs. This
energy, in turn, corresponds practically to the bandgap of the
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nanoparticles and confirms that almost no energy is lost during
the carrier injection process. As shown in Figure 5d the turn-on
voltages do not significantly depend on the particles used.

To illustrate the bright, stable, and homogeneous emission of
the SILEDs we show the photographs of two encapsulated
devices in Figure 5b. The SiLEDs feature strong red and orange
luminescence and can easily be operated under ambient
conditions for several hours. To the best of our knowledge,
this is the first observation of long-term stable EL of ncSi down
to the orange/yellow spectral range.

In conclusion, we demonstrated highly efficient and widely
color-tunable SiLEDs. The emission wavelength of the devices
can easily be tuned from the deep red (680 nm) down to the
orange/yellow (625 nm) spectral region by simply changing the
size of the used size-separated ncSi. EQE values as high as 1.1%
as well as low turn-on voltages of around 2 V are obtained for
red emitters. In addition, we showed that the size of the ncSi
has a significant impact on the valence band position of the
material. Due to size separation, an increase device lifetime up
to at least 40 h of operation as well as a smaller voltage-induced
shift of the EL-emission of only 15 nm can be achieved. Using
ncSi of well-defined sizes, precisely tunable and long-term
stable devices can be built which may lead to new silicon-based
optoelectronic devices and new applications.
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A detailed experimental section on the nanoparticle synthesis
and devices characterization as well as all details on the
experimental aspects of XPS and TEM characterization.
Furthermore, two additional figures are provided. This material
is available free of charge via the Internet at http://pubs.acs.org.
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