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Abstract

This paper presents a novel method for enhancing the electroluminescence (EL)
efficiency of ten-period silicon-rich oxide (SRO)/SiO, superlattice—based
light-emitting diodes (LEDs). A hydrogen ion beam (HIB) was used to irradiate on
each SRO layer of the superlattices to increase the interfacial roughness in nanoscale
and density of the Si nanocrystals (Si NCs). Fowler—Nordheim (F-N) tunneling was
the major mechanism for injecting the carriers into the Si NCs. The barrier height of
the F-N tunneling was lowered by forming the nano-roughened interface and
nonradiative Py, centers were passivated through the HIB treatment. Additionally, the
reflectance of the LEDs was lowered because of the nano-roughened interface. These
factors considerably increased the slope efficiency of EL and maximum output power
of the LEDs. The lighting efficiency increased by an order of magnitude, and the
turn-on voltage decreased considerably. This study established an efficient approach

for obtaining bright Si NCs/SiO; superlattice-based LEDs.
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Introduction

Since the discovery of strong room-temperature photoluminescence in nanoscale
porous Si, Si nanocrystals (Si NCs) have attracted great attention because of their
potential application in optoelectronic devices.'” Enormous efforts have been paid to
develop Si NC light-emitting diodes (Si NC LEDs) because that can be easily
integrated with current complementary metal-oxide-semiconductor (CMOS)
technology.®'® To this end, controlling of the size and nanostructure of Si NCs are
regarded as the most important issues. It is known that when the size of Si NCs is
smaller than the free exciton Bohr radius of bulk Si (approximately equal to 4.8 nm),
the light emission efficiency can be drastically improved because of the increase in
the overlapping of electron-hole wave functions; that is, quantum confinement effect
(QCE).11 However, when the size of Si NCs is only few nanometers, the surface and
interface should hugely influence on the behaviors of Si NCs rather than the bulk that
complicated the lighting behaviors of the Si NC LEDs.'*"

Silicon-rich oxide (SRO)/SiO; or silicon-rich nitride/SiO, superlattices-based
LEDs have been widely investigated because their quantum efficiency (QE) is higher
than randomly distributed Si NCs within dielectric matrix.'*?! Nevertheless, a number
of approaches have been recently developed to increase the QE, such as employing

23-25 o .
combination with

the field—effect,7’22 introducing localized surface plasmons,
hybrid organic,%'28 replacing the SiOx by SiNy or Sic,'®1%%%%0 and passiva‘[ion3 ! etc.
To date, external QE (EQE) of up to 2.4 % has been 1rep0rted.3 2 However, it is still
insufficient for practical application.

The light emission mechanism of Si NCs embedded in dielectric matrix is mainly
based on the radiative recombination occurring at surface radiative states surrounding

the Si NCs and the band-to-band transition in Si NCs through QCE.22'26’3 235 Moreover,

the high refractive index differences exist between adjacent layers in the multilayered
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structure devices (Si (n = 3.4), SiO; (n = 1.5), AZO (n = 3.3), and air (n = 1)), leading
to a considerable Fresnel loss and total internal reflection at the heterojunction, which
diminishes the light extraction efficiency. As a result, surface roughening is another
effective way to improve the light extraction ratio by forming the anti-reflection
surface and reducing the surface reflection.”>%>* However, the interface roughening
between the SRO and the SiO; layers has not received much attention.

We have demonstrated in our previous study that subjecting an SRO layer to Ar
ion beam treatment can increase the crystallinity and activate the defect emission that
yields a spontaneous white photoluminescence in SRO/SiO; superlattices.39 In the
current study, the electroluminescence (EL) was efficiently increased and the
operating voltage of Si NCs/SiO; superlattice-based LEDs was diminished by using a
hydrogen ion beam (HIB) to treat the SRO layer. It was obtained that the HIB
increased the nano-roughened interface and passivated the nonradiative centers,
increasing the QE. The relationship between the nano-roughened interface and these

factors that enhanced the EL were discussed.

Experimental details

Ten-period SRO/SiO, superlattices were sputtered on a p-type (100) Si wafer
with a resistivity of 10-20 Q-cm by repeating the following procedure: A 1.5
nm-thick SiO, layer was firstly deposited by the radio frequency (13.6 MHz)
sputtering of a SiO; target; then a 1.5 nm-thick SRO layer was deposited by the DC
sputtering of an intrinsic Si target, and the HIB was subsequently irradiated on the
SRO surface by rotating the substrate. To avoid the possible contaminations, the
targets were pre-sputtered for 5 min before the target shutter was opened to allow
commencement of deposition. The power of the 3-in. SiO, target, 3-in. intrinsic Si

target, and working pressure were 50 W, 90 W, and 0.8 mTorr, respectively. The anode
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voltage of the HIB was used 0, 70 and 116 V, yielding an energy of 0, 70 and 116 eV,
respectively. Ar gas was fed into a chamber at a flow rate of 12 sccm, and H; gas was
introduced into the chamber through an end-hole gridless ion gun at a flow rate of 3
sccm. More information about this procedure was provided in our previous study.39
All samples were subsequently annealed in a conventional quartz-tube furnace at
1,000 °C (10 °C/ min) for 3 h under a pressure of 1 Torr with gas mixture (N 95%
and Hy, 5%). The thicknesses of the superlattices were determined through
transmission  electron  microscopy (HR-TEM, JEOL/JEM-2100). Surface
morphologies of SRO/SiO, fabricated using HIB with different energy levels were
examined through atomic-force microscopy (AFM, Digital Instruments/Nanoscope E)
in the tapping mode. The reflectance spectrum was obtained using a UV-VIS-NIR
spectrometer (Hitachi/U-4100).

Regarding device fabrication, the active area was defined using a standard
lithography process that etched the superlattices to form a circular mesa pattern, with
an area of 1.6 mm? through an inductively coupled plasma technique. Moreover,
200-nm-thick aluminum-doped zinc oxide (AZQO) was deposited on the superlattices
as a transparent current spreading layer through sputtering. Finally, 1800-nm-thick Au
films were deposited on the AZO and substrate backside as contacts through an
electron-gun evaporator. The area of the top Au electrode fabricated through a lift-off
process was 0.28 mm?. The entire LED structure was Au/P-Si/(SRO/Si0,)¢/AZO/Au,
as shown in Fig. 1(a). Fig. 1(b) depicts the LED operated at a forward current of 216
mA and operating voltages of 25.5 V by using a digital photographic camera with an
exposure time of 1 s.

All the device properties were measured at room temperature. Current—voltage
(I-V) characteristics of the devices were measured through Keithley 2400 using

forward bias. A positive voltage was applied to the Au electrode on the p-type
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substrate. The Si-based LED was placed on a flat stage with a cooling system
maintained at 25 ‘C. The EL spectrum was measured using a monochromator
(Zolix/omni-A3008) combined  with a  photomultiplier  tube (PMT,

Zolix/PMTH-S1-CR131).

Results and discussion

Fig. 2 shows the HR-TEM cross-section images of the SRO/SiO; structure.
Ten-period superlattices with clear interfaces were observed. The thicknesses of SRO
and SiO, were approximately 1.5 (dark region) and 1.5 nm (grey region), respectively.
For the reference sample (Fig. 2(a), 0-eV HIB treatment), no crystalline Si NCs were
observed. This observation is consistent with that of Zacharias et al. ,40 who reported
that fabricating Si NCs within a SRO layer with a thickness less than 1.6 nm was
difficult because an extremely high Gibbs free energy was introduced during the
formation of Si NCs by increasing the amount of amorphous/crystalline Si and
oxide/crystalline Si interfaces. In addition, the thickness of SiO, was less than 2 nm,
and therefore, the nucleation of the Si NCs was difficult. It was because the formation
of a rough SiO,/SRO interface reduced the driving forces of the self-assembled Si
NCs. " Despite these limitations, crystalline Si NCs were obtained in the 116-eV
sample, as shown in the inset of Fig. 2(b). The size of the Si NCs was approximately
1.6 nm, and the thickness of SiO, was approximately 1.5 nm. A thin SiO, layer was
deliberately designed to lower the turn-on voltage of the LEDs by increasing the
tunneling probability. Using the HIB facilitated forming the Si NCs between the thin
Si0, layers. It should be mentioned that not all Si NCs could be observed by TEM
when their size was smaller than ~1 nm. Actually, these NCs also contribute to the
lighting and carrier transport. Their lattice images can only be observed when they are

oriented in the same way as the substrate orientation, as the electron beam is aligned
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to the substrate zone axis (c-Si (111) plane).‘“’42’43’44 Hence, the total proportion of the
Si NCs inside the SRO layers was actually much higher than the visible Si NCs in the
TEM images, as shown by Yurtsever ef al.** through direct comparison of TEM and
plasmon tomography. Therefore, the interfaces of the SRO and SiO, layers became
wavy because of the formation of fine Si NCs in the 116-eV sample, as shown in Fig.
2(b). This fact suggested that the formation of Si NCs in the ultra-thin 1.5-nm-SRO
layers also changed the interfacial morphology in nanoscale.

To estimate the influence of the HIB on the interfacial morphology, the surface
morphologies of the SRO/SiO, superlattices prepared using HIB-assisted sputtering
were revealed through AFM. Figs. 3 (a), (b), and (c) show 1 pm x 1 pm (20-nm data
scale) images of the samples prepared using HIB energies of 0, 70, and 116 eV,
respectively. The surface roughness increased with the HIB energy. The
root-mean-square (rms) roughness of the reference sample (0 eV) was only 0.2 nm.
By contrast, the rms roughness values of the other two samples (70 and 116 eV; Figs.
3(b) and (c) were 0.5 and 0.8 nm, respectively. An increase in the roughness was
ascribed to the formation of Si NCs.* Moreover, in our superlattice structure, the
thicknesses of the SRO and SiO; layers were as low as approximately 1.5 nm. The
variation in rms roughness from 0.2 to 0.8 nm was approximately 26%. Such a
marked variation is not a common surface phenomenon, thus implying that the
interface between the SRO and SiO, layers also roughens. This observation is
consistent with the results in the TEM images (Fig. 2).

To determinate the characteristic of the HIB on the electrical properties of Si
NCs/SiO; superlattice-based LEDs, the carrier transport behaviors were characterized
according to -V relationship, as shown in Fig. 4. When a forward bias was applied,
the electrons and holes were injected from the p-type substrate and Au electrode into

the superlattices, respectively. The tunneling probability was strongly associated with
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the density of Si NCs and thickness of the SiO, layer. Because the thickness of the
Si0, layer was the same in all of our samples, the current density was directly related
to the density of the Si NCs. Fig. 4(a) illustrates the [-V characteristics. As expected,
when the ion-beam energy increased from O to 116 eV, the tunneling current was
enhanced, consequently minimizing the turn-on voltage from 14.8 to 6 V. It should be
noted that the slope of the injection current versus voltage curve of the 70-eV sample
declined when the voltage exceeded 22 V. This phenomenon was ascribed to that the
HIB increased the current through preferential conductive paths. An increase in the
injection current also introduced joule heating that decreased the carrier transport
efficiency. This effect was relaxed by further increasing the HIB energy to 116 eV
because more conducting channels were formed. Moreover, to determine the carrier
transport mechanism, the current density (J) and electric field (E) were determined
according to the current and voltage and were used for analyzing the transport

mechanism. The Fowler—Nordheim (F-N) equation is expressed as’o*

2134);/2

Jrn :AL:%BEZQ_T (1)
where A and B are constants, ¢p is an effective barrier height for carrier injection,
and E is the electric field; ¢p can be evaluated using the slope of the linear region of
the F-N plots, as shown in Fig. 4(b). A linear relation in the high-field side clearly
revealed that the major tunneling mechanism was the F-N tunneling. When the
ion-beam energy increased from 0 to 116 eV, the threshold field decreased from 3.2 to
2 MV/cm and the effective barrier height decreased from 2.1 to 0.8 eV. A decrease in
the turn-on voltage, threshold voltage, and effective barrier height corresponded to an
increase in the HIB energy and rms roughness. These relationships are plotted in Fig.

4(c). Lin et al.*’ reported that the threshold field of the F-N tunneling was minimized

when Si was fabricated in nanopyramids, which increased the field enhancement
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effect near the pyramid tip. In the current study, the field enhancement factor was
increased by roughening the SiO,/SRO interface through the HIB. The schematic
illustrations were shown in Figs. 5(a)-(c). The number of Si NCs increased with HIB
energy and the interface became nano-roughened. Because the interface roughens
through HIB, the carriers accumulate around the sharp edge of the interface and cross
the SiO, barriers easily, leading to the formation of a number of preferential
conductive paths and thus a reduction in the effective barrier height. Moreover, an
increase in the density of the Si NCs resulted in an increasing interaction of the carrier
wave functions and shortened the tunneling distance. Therefore, the current density
was increased and threshold field was diminished. Accordingly, we suggest that the
HIB-induced increase in nano-roughened interface effectively facilitates the process
of reducing the turn-on voltage and effective barrier height.

To understand the effect of the HIB on the EL properties of Si NC/SiO,
superlattices-based LEDs, EL spectra of the devices with various HIB energies were
measured. Figs. 6 (a)-(c) show the power-dependent EL spectra of the Si NCs/SiO,
superlattice-based LEDs. The EL peak was resolved using two sub-peaks located at
520 and 650 nm. These peaks originated from the radiative recombination at the Si
NCs surface and band-to-band transition within the Si NCs because of QCE,
respectively.” 2% The EL peak intensity (Ig) increased with the injection current.
Moreover, I, was significantly enhanced when the ion-beam energy was increased
from 0 to 116 eV. The Iy, values of the devices fabricated using 70-eV and 116-eV
HIB increased by 4 and 7 times, respectively, compared with those of the reference
device (0 eV) at the same injection current of 72 mA. This suggested that the
enhancement of QE was achieved by increasing the HIB energy. The saturation
current was doubled for the 116-eV device compared with that of the reference

device.
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Fig. 7(a) shows plots of the ratios of the integrated Igy as a function of the input
power. The slope (dashed line) represents the EL efficiency. Because the input power
was less than 3 W, the EL efficiency of the 70-eV and 116-eV HIB treated samples
increased by 3.6 and 11 times, respectively, compared with those of the reference
device (0-eV). The enhancement of the EL intensity by using the HIB was as expected
because the increase in the tunneling probability and carrier density enhanced the
radiative recombination rate. Fig. 7(b) illustrates plots of the ratios of the integrated
IgL to the injected current density, which reflect the EQE, as a function of the input
power. The devices fabricated using 0-eV and 70-eV HIBs achieved the maximum
output power level when the input power was 2-3 W, whereas the device fabricated
using 116-eV HIB achieved the maximum output power level for an input power of
up to 4.2 W. A drop in the EQE indicated carrier overflow and the Auger nonradiative
recombination process was occurred.'*%1 A considerably enhanced EL power
efficiency of the Si NC/SiO;, superlattices-based LEDs was achieved by employing
HIB.

Another possible mechanism that enhances the EL intensity is the reduction in
reflectance. Because the considerable difference in the refractive indices of SRO (3.4—
1.5) and SiO; (1.5), the emission light is internally reflected in the interface according
to Snell’s law. This suggests that only a few portion of the emission light can escape
from the multilayered structure, resulting in extremely low EQE. Therefore, a
roughened interface that can serve as an intermediate medium with a gradient
refractive index, which enables eliminating the internal reflection that induces light
trapping and increasing the light extraction efficiency, is required.’* This concept has
been extensively applied to GaN-based LEDs, such as those grown on patterned
substrates, and for roughening p—GaN.53 Fig. 8 illustrates the reflectance spectrum for

the SRO/SiO; superlattices. In the visible region, the reflectance decreased markedly
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from approximately 40% to 18% when the ion energy increased from O to 116 eV,
indicating that the roughened interface eliminated the reflection of light in the
periodic interfaces between the SRO and SiO; layers.

Hydrogen passivation54 during the HIB treatment improves radiative
recombination. Fig. 9 shows electron spin resonance (ESR) spectra, which were
measured at room temperature, of the samples with various HIB energy levels. The
zero-crossing of the first derivative was clearly identifiable at g-factor 2.005 for the
samples fabricated using 0-eV and 70-eV HIBs, which corresponds to the
characteristic signature of the P, center.”® This center is produced through Si
dangling bonds located at the Si NCs-SiO, interface, which is a nonradiative
recombination center that quenches the luminescence, irrespective of whether the
source originated from the quantum confinement or surface states.”’ The peak at
g-factor 2.005 did not appear in the ESR spectrum of the device fabricated using a
116-eV HIB, clearly indicating that the availability of HIB with this energy scale
passivates the dangling bonds at the interface. Therefore, light emission is enhanced
by eliminating the number of dangling bonds, minimizing the nonradiative

recombination.

Conclusions

We demonstrate a high-efficiency visible Si NCs/SiO, superlattice-based LEDs

by employing the HIB. The nano-roughened interface and density of Si NCs increased.

The F-N tunneling was the major mechanism for injecting carriers into the Si NCs.
The barrier height of the F-N tunneling was lowered and the nonradiative
recombination centers, such as Py, centers, were passivated through the HIB treatment.
These two factors increased the slope efficiency of EL and maximum output power of

the LEDs. The lighting efficiency increased by an order of magnitude, and the turn-on
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voltage markedly decreased. The HIB treatment is an efficient method for obtaining

high-efficiency Si NC-based LEDs in the future.
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Figure captions
Fig. 1 (a) Schematic of the SRO/SiO, superlattice-based LED structure and (b) image
of the LED emission obtained at an energy of 116 eV, forward current of 216 mA, and

a bias of 25.5 V.

Fig. 2 HR-TEM micrographs of SRO/SiO;-superlattice structures fabricated using
HIBs with energies of (a) 0 eV and (b) 116 eV. The inset illustrates the formation of Si

NCs with size less than 2 nm by using an HIB with energy of 116 eV.

Fig. 3 AFM images of SRO/SiO; superlattices prepared by employing HIB with (a) O,

(b) 70, and (c) 116 eV.

Fig. 4 (a) I-V curves and (b) the plots of 1n(I/E2) as a function of 1/E for the Si
NCs/SiO; superlattice-based LEDs at various HIB energies from O to 116 eV. (¢) The
threshold F-N tunneling electric field, turn-on voltage and effective barrier height as a

function of the HIB energy and rms roughness.

Fig. 5 Schematic of the variation of the SRO/SiO; interface induced by employing
HIB with (d) 0, (e) 70, and (f) 116 eV. The gray and blue patterns represent the SRO
and SiO, layers, respectively, and the blue dot represents the Si NCs. As the HIB
energy increases, the number of Si NCs increase more and nanoscale interface

becomes nano-roughened.

Fig. 6 EL spectra of the Si NCs/SiO, superlattice-based LEDs fabricated with HIB
energies of (a) 0, (b) 70, and (c) 116 eV as a function of the injection current

measured at room temperature.
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Fig. 7 (a) Integrated Ig; and (b) ratio of the integrated Ig;/current (EQE) as a function

of input power.

Fig. 8 Reflection spectra of the SRO/SiO; superlattices at various HIB energies (rms

roughness).

Fig. 9 ESR spectra of the SRO/Si0, superlattices at various HIB energies.
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