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Preface

The 29th International Conference on Amorphous and Nanocrystalline Semiconductors (ICANS
29) served as a continuation of the biennial conference that has been held since 1965. ICANS 29
was held from 23 to 26 August at the campus of Nanjing University—a great venue for global
academic researchers, industrial partners, and policy makers to come together and share their latest
progress, breakthroughs, and new ideas on a wide range of topics in the fields of amorphous and
nanocrystalline thin films and other nanostructured materials, as well as device applications.

It was the first time that this prestigious event was held in China, and it provided the perfect
opportunity for young Chinese researchers and students to participate more actively in academic
exchange as a part of the conference and become familiarized with the latest developments in the
fields in which they work. And despite a one-year delay due to the COVID-19 pandemic, ICANS 29
still attracted more than 300 paper submissions from 11 countries, including both on-site and virtual
oral and poster presentations, which made it truly both a global and hybrid conference.

For this Special Issue, twenty-one papers presented at the ICANS 29 were selected by the
journal Nanomaterials for publication following a rigorous peer-review process. The scope of this
Special Issue is to include recent developments and research activities in the field of amorphous and
nanocrystalline semiconductors. This encompasses topics such as Si-based, oxide, perovskite, 2D
thin films and nanostructures; device applications for TFTs, solar cells, and LEDs; as well as memory
devices and emerging flexible electronics and neuromorphic applications. The papers collected here
only reflect a portion of the topics presented in this conference. We hope that this Special Issue will
stimulate fruitful discussions and cooperation between experts in academia and industry who work
in the field of amorphous and nanocrystalline semiconductors. It was also a wonderful gift to have
hosted the ICANS29 in Nanjing, China.

We would like to thank all of the authors and the Nanomaterials Editorial Office for their great

contributions and excellent work.
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The 29th International Conference on Amorphous and Nanocrystalline Semiconduc-
tors served as a continuation of the biennial conference that has been held since 1965.
ICANS 29 was held from 23 to 26 August at the campus of Nanjing University—a great
venue for global academic researchers, industrial partners, and policy-makers to come
together and share their latest progress, breakthroughs, and new ideas on a wide range of
topics in the fields of amorphous and nanocrystalline thin films and other nanostructured
materials, as well as device applications.

It was the first time that this prestigious event was held in China, and it provided the
perfect opportunity for young Chinese researchers and students to more actively participate
in academic exchange as a part of the conference and get to know the latest developments
in the fields in which they work. And despite a one-year delay due to the COVID-19
pandemic, ICANS 29 still attracted more than 300 paper submissions from 11 countries,
including on-site or online oral and poster presentations, which made it truly both a global
and hybrid conference.

For this Special Issue on “ICANS29”, twenty-one papers presented at the 29th ICANS
have been selected by the Journal of Nanomaterials for publication, following a rigorous
peer-review process. The scope of this Special Issue is to provide recent developments
and research activities in the field of amorphous and nanocrystalline semiconductors. This
includes topics such as Si-based, oxide, perovskite, 2D thin films and nanostructures, device
applications for TFTs, solar cells, and LEDs, as well as memory devices and emerging flexi-
ble electronics and neuromorphic applications. For example, new fabrication technologies
of amorphous and nanocrystalline thin films, electronic and optical characteristics, and
device applications are presented and discussed in [1-21], including theoretical work in an
ab initio study [9], controllable growth and formation of Si nanowires [1], nanocrystals [2],
and quantum dots [3,4]. There are also several papers that cover emerging memory devices.
These include phase change memory [5-9] based on amorphous chalcogenide thin films
and memristors based on transition metal oxides acting as an artificial synapse [10-12]; the
improvement of electro-luminescence (EL) efficiency Er-doped oxide thin films [13-15]; 2D
semiconductor thin films and perovskite for solar cells and aqueous Zn-air battery [16-19];
and flexible electronic materials for integrated strain sensors [20,21]. We anticipate that this
Special Issue should interest a broad audience in these related fields.

In terms of the content of this Special Issue, the first paper, from Yu’s group [1], de-
tails the process of growing a uniform ordered ultrathin Si nanowire (5iNW) array by a
nano-stripe-confined approach to produce highly uniform indium catalyst droplets via
a relatively new in-plane solid-liquid—solid growth model. The diameters of the ultra-
thin SiNWs can be scaled down to only 28 £ 4 nm, which opens up a reliable route to
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batch-fabricate and integrate ultrathin SINW channels for various high-performance field
effect transistors (FET), sensors, and display applications. Xu’s group [2] describes using Si
nanocrystals (NCs)/SiC multilayer structures to form uniform SiNCs by plasma-enhanced
chemical vapor deposition (PECVD) via the interface-confinement growth approach. The
results show that the main EL near 750 nm can be obtained from 4 nm sized NCs. More-
over, it was found that the external quantum efficiency (EQE) of SiNCs/SiC multilayer
light-emitting diode (LED) can be improved by phosphor doping. Pi’s group [3] used
nonthermal plasma to synthesize Si quantum dots (QDs) hyper-doped with Er at the con-
centration of ~1% to obtain near-infrared (NIR) light emission at a wavelength of ~830 and
~1540 nm. Furthermore, an ultrahigh ngr (~93%) was obtained owing to the effective energy
transfer from SiQDs to Er®*. The results suggest that Er-hyper-doped SiQDs have great
potential for the fabrication of high-performance near-infrared (NIR) light-emitting devices.
Additionally, Miyazaki’s group [4] demonstrated the high-density formation of SiQDs with
Ge-core on ultrathin SiO, with the control of highly selective chemical vapor deposition
for NIRLED applications. The results show that light emission is attributed to radiative
recombination between quantized states in the Ge-core with a deep potential well for holes
caused by electron/hole simultaneous injection from the gate and substrate, respectively.

The study of amorphous chalcogenide phase change characteristics and phase change
random access memory (PCRAM) devices is one of the most active areas of research fea-
tured in this conference. Song’s group [5] investigated the microstructural characterization
and electrical properties of the Ta-doped Sb3Te; films. The results show that Taj 455b3;Te;
has enhanced thermal stability, reduced grain size, and increased the switching speed of
PCRAM devices. Wu's group [6] reported the effect of carbon doping on Sb,Tes. It was
found that the face-centered cubic (FCC) phase of C-doped Sb,Te; appeared at 200 °C
and began to transform into the hexagonal (HEX) phase at 25 °C. Based on the first prin-
ciple density functional theory calculation, it was found that the formation energy of the
FCC-Sb;,Te; structure decreases gradually with an increase in C-doping concentration.
In addition, Zheng’s group [7] studied the relationship between electron transport and
microstructure in mature GepSb,Tes (GST) alloy. The results indicated that the first resis-
tance dropping in GST films is related to the increase in carrier concentration. However,
the second drop is related to the increase in carrier mobility. In order to suppress the
crosstalk and provide a high on-current to melt the incorporated phase change materials
in the PCRAM array and 3D stacking chips, the authors [8] investigated the influence of
Si concentration on the electrical properties of the Si-Te ovonic threshold selector. The
results showed that the threshold voltage and leakage current remain basically unchanged
with the electrode size scaling down. In addition, Kolobov’s group [9] studied the effect
of doping in typical chalcogenide glass As,S3 with transition metals (TM), such as Mo,
W, and V, by using first-principal scaling simulations. The results indicated a strong ef-
fect of TM deposits on electronic structures of the a-AsyS3 as well as an appearance of a
magnetic response, which suggests that chalcogenide glasses doped with TMs may be-
come a technologically important material. Besides the PCRAM devices, the memristive
devices based on a metal-insolate-metal (MIM) structure with a transition metal oxide
dielectric layer are yet another kind of emerging memory device discussed in this Special
Issue. Ma’s group [10] reported that the controllable memory window of the HfO, / TiOx
memristive device could be obtained by tuning the thickness ratio of sublayers. As an
artificial synapse based on HfO, / TiOx memristor, stable, controllable biological functions
have been observed, which provides a hardware basis for their integration into the next
generation of brain-inspired chips. In addition, they [11] described the a-SiNx:H-film-based
resistive switching memory and used the transient current measurements to discover the Si
dangling bonds nanopathway in a-SiNx:H resistive switching memory. Moreover, they [12]
also employed the capacitance-voltage (C-V) measurements to investigate how to control
the carrier injection efficiency in 3D nanocrystalline Si floating gate memory.

Sun’s group [13,14] studied the luminescence characteristics of metal oxides doped by
rare-earth elements. Firstly, the amorphous Al,O3-Y;03:Er nanolaminate films prepared by
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atomic layer deposition with 1530 nm EL were obtained. It was found that the introduction
of Y,0s3 into Al,O3 reduced the electric field for Er excitation, and the EL performance
was significantly enhanced. Additionally, a YBO; phosphor co-doped by Bi3* and Gd3*
was prepared via high-temperature solid-state synthesis. The strong photon emissions
were found under both ultraviolet and visible radiation, which could serve as a potential
application for skin treatment. On the other hand, an intriguing phenomenon was discov-
ered by Huang’s group [15]. The PL properties and stability of CsPbBrz QDs films can be
enhanced by an a-SiCxNy:H encapsulation layer prepared using a very-high-frequency
PECVD technique. This method not only reduced the impact of air, light, and water on
the QDs but also effectively passivated their surface defect states, leading to improved
PL efficiency.

There are also two papers on solar cells from Wang’s group [16], which focus on how
to employ TiO, /SnO; bilayer electron transport layer (ETL) to construct high-performance
perovskite solar cells (PSCs). Such a bilayer structure ETL can not only produce a larger
grain size of PSCs but also provide a high current density and reduced hysteresis. Their
other paper [17] demonstrated high-performance Ag/ITO/CuQO;/ZnSnN;/Au hetero-
junction solar cells. The crucial technique employed was a nanocrystallization process,
which can greatly reduce the electron density of the ZnSnN, sublayer. Song’s group [18] de-
signed 2D van der Waal (vdW) heterostructures, such as BP/BP /MoS,, BlueP /BlueP /MoS,,
BP/graphene/Mos; and BlueP/graphene/MoS,, etc., trilayer structures, and stimulated
using the first-principles calculation to discover new optoelectronic properties. It is sug-
gested that sophisticated 2D trilayer vdW heterostructures can provide further optimized
optoelectronic devices. For the study of 2D materials, Song’s group [19] reported a stable
rechargeable aqueous ZN-air battery by using a heterogeneous 2D MoS, cathode catalyst,
which demonstrated a capacity of 330mAhg~! and a durability of 500 cycles (~180 h) at
0.5 mAcm 2. The hydrophilic and heterogeneous MoS, catalysts were prepared through a
simple hydrothermal synthesis method.

Finally, this Special Issue features a study of the flexible electronic materials for sensor
device applications. Shi and Pan’s group [20,21] presented a scalable porous piezoresis-
tive/capacitive dual-mode sensor with a porous structure in polydimethylsiloxane (PDMS)
and with multi-walled carbon nanotubes (MLCNTs) embedded on its internal surface to
form a 3D spherical-shell-structured conductive flexible network. This kind of polymer
flexible sensor can be assembled into a wearable sensor that has a good ability to detect
human motion and can be used for simple gesture and sign language recognition. More-
over, they also proposed a novel approach that combines self-assembled technology to
prepare a high-performance flexible capacitive pressure sensor with a microsphere-array
gold electrode and a nanofiber nonwoven dielectric material. The results of COMSOL sim-
ulations and the experiments showed that the flexible capacitive pressure sensor exhibits
excellent performance in pressure measurements and has significant potential for electronic
skin applications.

The papers collected here only reflect a portion of the topics presented in this confer-
ence. We hope that this Special Issue will stimulate fruitful discussions and cooperation
between experts in academia and industry who work in the field of amorphous and
nanocrystalline semiconductors. It has also been a wonderful gift to have hosted the
ICANS29 in Nanjing, China.
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Abstract: Uniform growth of ultrathin silicon nanowire (SINW) channels is the key to accomplishing
reliable integration of various SINW-based electronics, but remains a formidable challenge for catalytic
synthesis, largely due to the lack of uniform size control of the leading metallic droplets. In this work,
we explored a nanostripe-confined approach to produce highly uniform indium (In) catalyst droplets
that enabled the uniform growth of an orderly SINW array via an in-plane solid-liquid—solid (IPSLS)
guided growth directed by simple step edges. It was found that the size dispersion of the In droplets
could be reduced substantially from DY, = 20 4+ 96 nm on a planar surface to only D/, = 88 4+ 13 nm
when the width of the In nanostripe was narrowed to W = 100 nm, which could be qualitatively
explained in a confined diffusion and nucleation model. The improved droplet uniformity was then
translated into a more uniform growth of ultrathin SINWs, with diameter of only Dy = 28 + 4 nm,
which has not been reported for single-edge guided IPSLS growth. These results lay a solid basis for
the construction of advanced SiNW-derived field-effect transistors, sensors and display applications.

Keywords: silicon nanowires; confined catalyst formation; in-plane solid-liquid—solid growth

1. Introduction

Silicon nanowires (SiNWs) are one of the promising 1D channel materials for the
construction of high-performance field-effect transistors (FETs) [1-3], display logics [4-6]
and sensors [7-10], due to their large surface-to-volume ratio and excellent electrostatic
modulation capability in a fin or gate-all-around gating configuration. Compared to the
sophisticated top-down patterning and etching strategy, the bottom-up catalytic growth of
SiNWs, led by metal catalyst droplets, for example via the famous vapor-liquid-solid (VLS)
growth mechanism [11-15], offers a low-cost, high-yield and diverse fabrication strategy.
Many advanced nanoelectronics have been successfully demonstrated based on VLS-grown
SiNWs serving as semiconducting channels [16-19]. However, a major challenge for the
catalytic growth of SINWs, in view of scalable electronic applications on planar substrate,
is how to integrate or grow them directly into pre-designed locations without the use of
post-growth transferring and alignment, while a uniform diameter control of the as-grown
SiNWs, determined usually by the leading catalyst droplets [20,21], is also highly desirable.

In order to gain better control of the catalytic growth of SiNWs, an in-plane solid—
liquid-solid (IPSLS) growth strategy has been developed in our previous works [22-24],
where a hydrogenated amorphous Si (a-Si) thin film is deposited upon a substrate surface
to serve as the precursor layer for the indium (In) catalyst droplets to absorb and produce
continuous polycrystalline SiNWs. In principle, the IPSLS growth of SINWs is driven by the
higher Gibbs energy in the disordered a-Si precursor layer, with respect to the crystalline
phase of SINWs, where the In droplets serve as a moving mediator to facilitate the phase
conversion [22,23,25,26]. More importantly, the In catalyst droplets can be guided by pre-
patterned edge lines to produce SINW arrays along their moving courses [27-29], which
is a key aspect that enables the scalable and precise integration of an orderly SINW array.
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Similarly to that in VLS growth, the diameter of the IPSLS SiNWs is basically determined
by the size of the leading catalyst droplets [22,30,31]. However, for the formation of the In
catalyst droplets by using an H; plasma treatment on a free planar surface or in relatively
wide In stripes with a width >2 um, as seen, for example, in Figure 1d(i,iii), the size
dispersion of the In droplets is usually quite large (see, for instance, the SEM image in
Figure 1d(iv)). Then, this random size variation in the catalyst droplets will be passed
on to the as-grown SiNWs (Figure 1a), with larger diameter Dy, variation, which will
pose a disadvantage to the device reliability [32], causing large fluctuations in the I,y /off
ratio [33], mobility [34] and subthreshold swing (SS) [35,36], as diagrammed in Figure 1b.
Therefore, it is of paramount importance to seek a new approach to greatly improve the
diameter uniformity of the IPSLS SiNWs, which is indispensable for achieving a reliable
electronic integration (Figure 1c). Actually, for the VLS growth of SiINWs, many catalyst
formation control technologies have been explored to control the initial size of the catalyst
metal droplets, such as via temperature control [37] and EBL pattern [38,39], which have
proven rather efficient to produce highly uniform vertical VLS-grown SiNWs. Following
these insights, the key to control the uniformity of IPSLS SiNWs is to accomplish, first
and foremost, a uniform size control of the leading catalyst droplets, which unfortunately
remains an unexplored topic for the IPSLS growth of SiNWs. In this work, a new nanostripe-
confined catalyst formation approach is proposed and tested to obtain (Figure 1e), first, a
uniform formation of In catalyst droplets, and then, use them to produce more uniform and
ultrathin SINWs with diameter of Dnw = 28 £ 4 nm, as a key basis for the future scalable
and reliable integration of SINW-based electronics.

(a) silicon nanowires (SiNWs) (b) GAA orfin-FET is sensitive  (¢) Uniform-sized NWs are
determined by droplet size to channel width variation important, but HOW?
IPSLS
. . A
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’
(d)varied-sized Indium (In) droplets from wide stripe (€) Patterning In stripe v
) (i ) () og
. ° . ‘.
G TR
a /Il)’ o 0] e 700 . ®
N iy
H, plasma / H, plasma
treatment

1
! 1
! 1
! 1
! 1
: 1
1 treatment a-Si :
! 1
! 1
! 1
! 1
! 1
! 1
! 1

Figure 1. (a) Schematic illustration showing that the diameters of the SINWs grown via IPSLS mode
are determined by the size of the leading droplets. In view of serving as FET channels, in fin-gate or
gate-all-around configurations, as depicted in (b), a uniform array of SINW channels, for instance,
those in (c), is highly desirable. (d) Panel (i,ii) diagram of the formation of random In catalyst droplets
within the wide In stripes or planar surface, as observed in SEM images of the In grains before (iii) and
after (iv) H, plasma treatment. In comparison, (e) depicts the formation of rather uniform In droplets
by using a narrow In stripe with a width down to 100 nm, with the key fabrication steps depicted in
(i,ii) catalyst formation by H, plasma treatment, (iii) amorphous silicon (a-5i) precursor coating, and
(iv) annealing to activate the SINW to grow by consuming the a-Si layer. Scale bars in panels (iii,iv)
in (d) are all for 200 nm.
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2. Materials and Methods
2.1. Preparation of Catalyst Nanostripes

A silicon wafer coated with 500 nm thick SiO, was first cleaned using acetone, alcohol
and deionized water. The guiding edges, single-sided step edges, with etching depth of
~150 nm were prepared on the SiO, surface by using standard photolithography and RIE
etching procedures, as depicted in Figure 2a. Then, polymethyl methacrylate (PMMA)
photoresist with thickness of 200 nm was spin-coated on the substrate at 3000 r/min. After
that, a series of empty stripe regions with width (W) ranging from 100 nm to 500 nm
were patterned by electron beam lithography (EBL) in scanning electron microscopy with a
dose value of 240. Finally, 16 nm In stripes were deposited via thermal evaporation, and
the In stripes were obtained via standard lift-off procedure.
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Figure 2. (a) Schematic illustration of the formation of uniform In droplets from narrow In stripes
prepared by using EBL. (b) The SEM image of the initial discrete In catalyst grains evaporated on the
nanostripe region with a width of 100 nm, while the inset shows the cross-sectional view of these
pancake-shaped catalyst grains. (c) The formation of a chain of uniform In droplets after H, plasma
treatment. (d) Tilted and cross-sectional view diagrams of the In grains evaporated (i,ii) and after Hp
plasma treatment (iii,iv) within the nanostripe regions. (e) Statistics of the droplet diameters formed
within a strong nanostripe confinement (light blue, for narrow Wsi, = 100 nm) or on a much wider In
stripe (light red, with W > 2 um). Scale bars in (b,c) stand for 100 nm.
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2.2. Growth of Ultrathin SINW Array

The samples were loaded into a PECVD system and treated by H, plasma under
200 °C, with H; flow of 14 SCCM and pressure of 140 Pa. An H, plasma treatment was
performed to produce H* radicals and reduce the thin In,O3 oxide layer formed on the
surface of the indium grains, so as to release them to deform and merge into discrete and
spherical droplets. Then, the 10 nm thick a-Si:H precursor layer was deposited at 100 °C,
with a gas flow rate and chamber pressure of 5 SCCM and 20 Pa, respectively. After that,
the substrate temperature was raised to ~350 °C and kept in vacuum for 1 h. The extra a-Si
supply on the vertical sidewall surfaces attracted the In droplets to move along the edge
lines to produce SiNW arrays by converting the a-Si layer into crystalline SINWs. Finally,
the remnant a-5i layer was selectively etched off by using H, plasma at ~120 °C for 5 min,
with typical gas flow rate and chamber pressure of 15 SCCM and 140 Pa, respectively.

3. Results and Discussion
3.1. Formation of Uniform In Droplets from Narrow In Stripes

After Hy plasma treatment, the surface oxide layers of the In catalysts were removed,
and the initial faceted and irregular In grains (see the SEM characterization in Figure 2b,
for example) were transformed into discrete spherical droplets (Figure 2c). Actually, for
the In stripe of Wy = 100 nm, the initial In grains were of flat pancake shapes, as wit-
nessed in the cross-sectional SEM view provided in the inset of Figure 2b and illustrated
in Figure 2d(i,ii), with many random small grains resting among the larger ones. Af-
ter Hy plasma treatment at a temperature higher than the In melting point of 156 °C,
the In droplets were allowed to transform into energetically more favorable spherical
shapes, as observed in Figure 2c and depicted in Figure 2d(iii,iv), while the closely neigh-
bored In grains could also agglomerate into bigger ones. Interestingly, compared to
the size distribution of the In droplets formed on the planar surface (or within much
wider stripes W > 2 pm, the red columns in Figure 2e), the size dispersion of the In
droplets within narrow stripes (blue, for Wi, = 100 nm) could be substantially reduced
from Di*™ =20 4 96 nm to D}%"™ = 88 -+ 13 nm, which is highly beneficial for achieving

n
uniform size control of the In catalyst droplets and thus the as-grown SiNWs.

3.2. In Droplet Formation on Nanostripes of Different Widths

In order to understand how the nanostripe confinement helped to improve the unifor-
mity of the catalyst formation, a series of In stripes with different widths of 200 nm, 300 nm
and 500 nm were prepared by using EBL, with a constant In thickness of 16 nm. Indeed, as
seen in Figure 3a—c and the corresponding statistics in Figure 3d-f, there was a clear trend
where the size dispersion of the relatively large In droplets, highlighted by different colors,
could be gradually improved from D™ = 218 + 31 nm to D{o"™ = 151 £ 27 nm and
Dlzr?onm = 172 £+ 16 nm, with the decrease in the In stripe width. Meanwhile, there was
also a high-density population of much smaller droplets, with typical diameter of ~50 nm,
among the larger ones, which all had a similar size distribution for different In stripe
widths. In addition, for the same stripe width of 300 nm (Figure 3b), if the In thickness was
increased from 16 nm to 32 nm, the In grains were found to merge with their neighbors, as
seen in Figure 3g, while the resulting In droplets after H, plasma treatment became not
only larger in diameter but also far more uniform than those observed in Figure 3b, with
Djomm =270 + 15 nm (Figure 3h).

~ These catalyst droplet formation phenomena could be explained based on the follow-
ing considerations: at the very beginning of the evaporation, the In atoms, evaporated by
thermal evaporation, will land on the sample surface and diffuse on the empty surface
until they run into each other to form more stable nuclei (as depicted schematically by the
left panel of Figure 3i). In the next step, more adatoms continue to arrive and get trapped
by the nearest nuclei (the right panel of Figure 3i) if they fall within the corresponding
surface collection zone, which is roughly measured by the typical diffusion length of the
In atoms Ap,. On a planar surface, the area of the collection zone can be approximated
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by Sua_planar ~ d? ~ 4A? 7., Where d; is the separation between the initial nucleation sites
or grains ds ~ 2Ap,. According to the average large grain-to-grain separations, extracted
from the droplets on the planar surface, as seen, for example, in Figure S1, the average

separation is estimated from the density by ds; = nfnl/ 2 ~244nm,ora Ap, ~ 122 nm.
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Figure 3. (a—c) SEM images of the In droplets formed on the nanostripes with the same In thickness
of 16 nm but different Wi = 200 nm, 300 nm and 500 nm, with corresponding diameter statistics
displayed in (d—f). In comparison, the In catalyst formations within a stripe width of 300 nm, with a
thicker In thickness of 32 nm, are presented in (g,h) for the situations of initial grains and the droplets
formed after Hy plasma treatment. (i) depicts schematically the (left) initial In atom nucleation and
(right) subsequent merging stages during the thermal evaporation. (j k) illustrate the formation
of discrete In nucleation sites and their collection zones, delineated by the dashed circles, within
nanostripe widths of Wiy ~ 3A 1, and Wi ~ 2A,,, respectively. (1) illustrates that the surface diffusion
of In adatoms over the PMMA pattern edges is very inefficient or inhibited. Scale bars in (a-c,g,h) are
all for 200 nm.

Moreover, for the nanostripe-confined catalyst formation, the surface diffusion of the
In adatoms on the PMMA resistor polymer surface is considered to be very inefficient, and
thus, there is likely little flux contribution coming from the PMMA surface to the stripe
regions, as schematically depicted in Figure 31. So, for the initial nucleation formation
within a nanostripe region with Wy, < ds or 2A,,, the effective area of the adatom collection
zone is reduced and becomes S, 5, = ds Wty < d%.

In this scenario, the volume of the final catalyst droplets formed within a nanos-
tripe or on a planar surface can be written as D3 Tnstr ™~ Sad tin = ds Wetr t1, and

D3 planar ™~ Sud tin = d2 t1,, respectively. Considering the random variation of the grain-
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to-grain separation 8d;, that is d; = ds + dds, as the major source of size fluctuations, its
influence on the final diameter dispersions/variations of the In droplets within a nanostripe
or on a planar surface can be derived as,

Wstr

8Dry sty ~ 0dg——m— 1)
n_sir S 3D%n/t1n
2d
8Dy planar ~ s ——>—— (2)
n_planar SSD%n/tIn

Obviously, for a narrow In stripe confinement, Wy;, < ds, the random diameter
fluctuation passed to the catalyst droplets can be greatly suppressed within the nanostripe,
as 8Dy_str < 8D 1y_pianar- Additionally, it can be seen from both Equations (1) and (2) that,
with a larger In catalyst droplet, the diameter fluctuation should also decrease, because of
the denominator term of 3D%n [t

Meanwhile, the formation of the tiny grains among the large ones should happen at
a later stage, that is, after the formation of the large grains. This can be clearly seen from
the cross-sectional SEM view in Figure S2, where the small grains only exist in the spare
regions among the large grains, with a much lower height than their larger neighbors. The
emergence of such small grains seems to indicate that, with the increase in more In coverage
on the sample surface, the irradiation heating (from the evaporation crucible below) on
the sample is gradually decreased, probably due to the enhanced reflection of In layer
coating deposited on the sample surface. This thus leads to a temperature decrease on the
sample surface that quickly reduces the diffusion distance of the adatoms on the surface,
as A, ~ Aoe Ea/KT is highly temperature-dependent, where E; is the diffusion barrier
height on the SiO, substrate surface. So, confining the catalyst formation within a narrow
stripe region, with Wy, < 2 ds at least during the initial nucleation stage, provides indeed
a convenient and efficient way to suppress the random size fluctuation of the catalyst
droplets (seen in Figure 3j k). It is also predicted that maintaining suitable heating on the
substrate holder, though not available for the current experimental setup in this work,
could help to further improve the uniformity of the In catalyst droplets.

3.3. Growth of Ultrathin SiNWs Led by the Uniform In Droplets

Since the SINW diameter was basically determined by the leading In catalyst droplets
via IPSLS strategy, with Dnw ~ D, [22,30,31] (for instance, that in Figure 4e), ultrathin
SiNW arrays, as seen in Figure 4a—c, could now be grown by using the pre-patterned
In nanostripes with W = 70 nm; see Figure 4d for more information on the starting
growth location (and Figure S3 for the initial catalyst formation prior to annealing growth).
Remarkably, rather thin and uniform SiNWs with an average diameter of Dy, = 28 & 4 nm,
according to the statistics in Figure 4f, could be grown directly by using only single-step
guided IPSLS growth, which is far more uniform and thinner, compared to the SINWs
grown by using catalysts on much wider micro stripes (Wi > 2 pm), as seen also with
the corresponding droplets in Figure S4 with an average diameter of Dy, = 83 £ 22 nm.
The diameter fluctuation along the SINWs was caused mostly by the roughness of the
guiding edge. In addition, the catalyst droplets will remain at the end of SINWs after
growth by using the IPSLS strategy (Figure 4e) and can be easily removed by using dilute
hydrochloric acid before the fabrication of high-performance devices. These results indicate
a new narrow-stripe-confined catalyst formation strategy to obtain uniform indium catalyst
droplets, as a key to substantially suppress the SINW-to-SiNW diameter variation. As a
matter of fact, the construction of high-performance SiNW-based logics and sensors [31,40]
all demand rather thin, uniform and orderly SiNW arrays as 1D channels to achieve stronger
electrostatic modulation control [41] or higher field-effect sensitivity [42].
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Figure 4. (a—c) SEM images of the IPSLS growth of uniform ultrathin SiNWs led by the uniform In
droplets formed within nanostripes of W ~ 70 nm, with diameters of 27 nm and 25 nm in (a) and
(c), respectively. Close view of the (d) starting and (e) ending of a specific SINW guided along the
step edge. (f) The diameter statistics of the SiINWs grown from narrow In stripe (red) and wide stripe
(green). Scale bars in (a,c,e) are for 100 nm, (b,d) stand for 1 pm.

4. Conclusions

In summary, we have established a nanostripe-confined approach for rather uniform
In catalyst formation and demonstrated an orderly growth of ultrathin SINW arrays, with a
narrow size dispersion of only Dy = 28 £ 4 nm, enabled by the largely improved catalyst
droplet diameter uniformity in pre-patterned nanostripe regions, which can help to largely
suppress the random diffusion and nucleation of the In catalyst adatoms particularly during
the early grain formation stage within the tightly confined nanostripe. This study opens
up a reliable route to batch fabricate and integrate ultrathin SINW channels for various
high-performance electronics and sensor applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nano13010121/s1, Figure S1: SEM image of the catalyst droplet
dispersion on planar surface after H, plasma treatment. The average separation can be estimated
from the density by ds = nl_nl/ 2 ~ 244 nm; Figure S2: (a) SEM image of In grains deposited on planar
surface. (b) Cross-sectional view of the deposited In grains. The small grains only exist in the spare
regions among the large grains, with a much lower height than their larger neighbors; Figure S3: (a)
SEM image of In droplets formed on 70 nm stripe after H, plasma treatment. (b) Diameter statistics
of the as-received In droplets, with Dcat of 55 nm + 11 nm; Figure S4: Guided growth of SINW arrays
via the IPSLS mode by using catalysts formed within wide stripe (>2 um), which shows the large
diameter variation of formed catalysts (a) and the as-grown SiNW (b).
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Abstract: Developing high-performance Si-based light-emitting devices is the key step to realizing
all-Si-based optical telecommunication. Usually, silica (SiO,) as the host matrix is used to passivate
silicon nanocrystals, and a strong quantum confinement effect can be observed due to the large band
offset between Si and SiO, (~8.9 eV). Here, for further development of device properties, we fabricate
Si nanocrystals (NCs)/SiC multilayers and study the changes in photoelectric properties of the LEDs
induced by P dopants. PL peaks centered at 500 nm, 650 nm and 800 nm can be detected, which
are attributed to surface states between SiC and Si NCs, amorphous SiC and Si NCs, respectively.
PL intensities are first enhanced and then decreased after introducing P dopants. It is believed that
the enhancement is due to passivation of the Si dangling bonds at the surface of Si NCs, while the
suppression is ascribed to enhanced Auger recombination and new defects induced by excessive
P dopants. Un-doped and P-doped LEDs based on Si NCs/SiC multilayers are fabricated and the
performance is enhanced greatly after doping. As fitted, emission peaks near 500 nm and 750 nm
can be detected. The current density-voltage properties indicate that the carrier transport process is
dominated by FN tunneling mechanisms, while the linear relationship between the integrated EL
intensity and injection current illustrates that the EL mechanism is attributed to recombination of
electron-hole pairs at Si NCs induced by bipolar injection. After doping, the integrated EL intensities
are enhanced by about an order of magnitude, indicating that EQE is greatly improved.

Keywords: Si nanocrystals; SiC; phosphorous; LED

1. Introduction

In order to meet the growing demand of data-carrying capacity, optical telecommu-
nication has attracted much attention [1-3]. In this regard, developing efficient Si-based
light-emitting devices (LED) is the key issue to be addressed. Silicon nanocrystals (Si NCs)
are believed to be the most promising option to realize this due to their novel physical
properties [4,5]. Photoluminescence (PL) spectral shift and enhanced quantum efficiency
were observed in Si NCs with various dot sizes, while the stable quantum yield of S5i NCs
with polymer can reach 60-70% [5-8]. Recently, Si NCs-based LEDs with different emitting
wavelengths have been achieved [9-12]. Further research is still necessary to explore the
potential of Si NCs-based LEDs.

Doping intentionally in a semiconductor is a key method for enhancement of electrical
and optical properties. Aside from the great improvement in conductivity, phosphorous (P)
and boron (B) dopants can change the electronic structures of Si NCs, thus affecting
the optical properties [13-17]. More interestingly, P dopants will introduce a deep level
in 2 nm sized Si NCs and emit near-infrared light near 1200 nm [18-20]. In addition,
carrier tunneling between Si NCs is dependent on the barrier of the host matrix in stacked
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structures [21]. Silicon carbide (SiC) as a host matrix is a promising candidate due to a
narrower and modulative bandgap [22-24].

In our previous work, we investigated electron spin resonance of size-varied Si
NCs/SiC multilayers induced by P dopants and carrier transport behaviors of various
P-doped Si NCs/SiC multilayers, respectively [16,24]. Electroluminescence (EL) of Si
NCs/SiC multilayers and Si NCs embedded in a SiC matrix have also been discussed
in detail [25-27]. In the present work, 4 nm sized Si NCs/SiC multilayers with various
P-doping ratios are fabricated. PL intensities are enhanced first and then decreased after
gradually introducing P dopants. A similar tendency happens to Hall mobility. As fitted,
PL peaks at 500 nm, 650 nm and 800 nm are observed, which are ascribed to amorphous
SiC (650 nm), Si NCs (800 nm) and the surface states between SiC and Si NCs (500 nm),
respectively. The enhanced PL intensities are caused by passivation of Si dangling bonds at
the surface of Si NCs by P dopants. The quenched PL intensities are ascribed to enhanced
carriers-induced Auger recombination and the emerging defects caused by excessive P
dopants. We also fabricate un-doped and P-doped LEDs with the structure of aluminum
(Al)/4 nm sized Si NCs/SiC multilayers/indium-tin oxide (ITO). The EL intensities of
both the un-doped and P-doped LEDs are enhanced after gradually increasing the applied
current. The fitted EL spectra have emission peaks near 500 nm and 750 nm, which are
similar to the PL spectra. It is found that the radiative recombination in Si NCs accounts
for the majority (above 90%) of emissions, manifesting that it is easier for electrons and
holes being recombined radiatively in Si NCs. Only part of the radiative recombination
induced by quantum-confined Si NCs occurs in the surface states between Si NCs and
SiC during the tunneling process. After doping, not only are the electrical properties of
the devices greatly improved but the EL intensities at the same applied current are also
enhanced by about an order of magnitude, indicating an order of magnitude increase in
external quantum efficiency (EQE).

2. Experiment

a-5i/SiC multilayers are deposited on p-5i ((1 0 0), 0.01 (3-cm) wafer and quartz
substrates in plasma-enhanced chemical vapor deposition (PECVD) system. The radio
frequency, RF power and chamber temperature are kept at 13.56 MHz, 5 W and 250 °C,
respectively. As for 4-5i/5iC multilayers, the gas mixtures of phosphine (PH3) gas (5%, Hp
dilution) and silane (SiHy4) gas are introduced into the chamber to deposit the P-doped a-Si
sublayers. Various doping levels are achieved by changing nominal gas ratio between silane
and phosphine ([PH3]/[SiH4]). The gas flow of SiHs during the Si sublayer deposition
process is fixed at 10 sccm, while the flow of PHj is varied from 0, 2, 5 and 10 sccm. Gas
mixtures of CHy (50 sccm) and SiHy (5 scem) are introduced to deposit SiC sublayers.
The as-deposited samples are annealed at 450 °C for 1 h under nitrogen (IN,) ambient
for dehydrogenation and then thermally annealed at 1000 °C for 1 h under nitrogen (N3)
ambient to form Si NCs/SiC multilayers and annealed-SiC layers. Then, Al electrode
is deposited at the back of p-Si substrate through magnetron sputtering under room
temperature and the samples are annealed at 420 °C for 0.5 h under N, ambient to reduce
the dangling bonds and heat defects in the films and also to promote ohmic contact between
the film and the electrodes. At last, ITO electrode is deposited also by magnetron sputtering
under a shadow mask and the active area was about 0.03 cm?. The temperature of the ITO
deposition process is kept at 200 °C.

Images of Si NCs/SiC multilayers are measured by transmission electron microscopy
(TEM, TECNAI G?F20 FEI, Hillsboro, TX, USA), while the TEM samples are fabricated
by focused ion beam scanning electron microscopy (FIB-SEM) system. Hall mobility of Si
NCs with various doping ratios is detected by van der Pauw (VDP) geometry (LakeShore
8400 series, Lorain, OH, USA) at room temperature. Steady-state PL spectra equipped with
325 nm continuous He-Cd laser by Edinburgh FLS 980 spectrophotometer at room tempera-
ture. Fourier transform infrared (FTIR, Thermo Scientific Nicolet i520, Waltham, MA, USA)
spectra are measured to analyze chemical bond composition of samples. Absorption spectra
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are measured at room temperature by Shimadzu UV-3600 spectrophotometer (Shimadzu
Co., Kyoto, Japan). Finally, the EL measurements of the Si NCs/SiC multilayers were
carried out at room temperature with Edinburgh FLS 980 spectrophotometer by applying
positive bias to the Al back electrode, and ITO is used as the negative electrode. The PL and
EL spectra are all corrected by the fundamental correction file of the instrument because the
detected spectra are wide. The original PL of Si NCs/SiC multilayers with various doping
ratios, EL spectra of un-doped LED and EL spectra of 1% P-doped LED are shown in Figure
Sla—c, respectively. In addition, the photometer used in this work can only cover the visible
range well; the EL emissions in near-infrared (NIR) range require further research.

3. Results and Discussion

The cross-sectional TEM images of Si NCs/SiC multilayers are shown in Figure 1a,b.
Periodic structures and the abrupt interface between Si and SiC sublayers can be obviously
observed in Figure 1a. On top of the Si NCs/SiC multilayers is platinum (Pt), which is used
to protect the TEM samples from being etched by gallium (Ga) ions during the focused ion
beam process. As measured, the thicknesses of the Si and SiC sublayers are ~4.0 nm and
~2.0 nm, respectively. The high-resolution TEM image of a single Si NC in the Si sublayer is
also shown in the inset of Figure 1a, manifesting that the ~4 nm sized Si NCs are formed in
Si sublayers after a high-temperature annealing process (1000 °C, N, ambient). The lattice
distance is ~0.314 nm, which is corresponding to the lattice distances of Si (1 1 1). 5i NCs
with well constrained dot sizes are formed in Si sublayers. Meanwhile, S5i NCs are close to
each other and separated by amorphous structure according to Figure 1b, indicating good
size-controllability of Si NCs in the stacked structures [25].

Figure 1. Cross-sectional TEM images of Si NCs/SiC multilayers at 50 nm scale (a) and 10 nm
scale (b). Inset is the high-resolution TEM images of a single Si NC.

Figure 2a shows PL intensities tendency of Si NCs/SiC multilayers with various
P-doping ratios excited by the 325 nm laser. It is found that PL intensities are first enhanced
and then decreased after gradually introducing P dopants into our samples. The maximum
PL intensities are achieved when the P-doping ratio is 1%. Meanwhile, Hall mobility,
as measured, increases first and then decreases with increasing P-doping ratios, and a
maximum Hall mobility of 1.74 cm?/ Vs is achieved at 2.5% P-doped samples according
to Figure 2b. As noted, there exist considerable defects, such as Si dangling bonds at the
surface of Si NCs, which will trap free carriers and suppress recombination of electrons
and holes. Interestingly, P dopants can passivate the dangling bonds at the surface of
S5i NCs, leading to luminescence being improved. Excessive P dopants, however, will
introduce amounts of free carriers and do damage to the lattice, which will enhance
Auger recombination and introduce new defects, respectively [18,28,29]. Similar doping
properties are also found in Si NCs/SiC systems, and P dopants will introduce further
defects/Si vacancies in an ultra-small Si NCs/SiC system [16]. The enhanced PL intensity
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is, thus, attributed to passivation of Si dangling bonds by P dopants. Although the highest
mobility is achieved when the P-doping ratio is 2.5%, P dopants will provide considerable
free carriers, leading to stronger Auger recombinations, which will quench the PL of
samples [30,31]. When doping ratio continues to increase, Hall mobility is decreased,
manifesting that enhanced impurity scattering and lattice damage may occur, further
suppressing luminescence. After fitting the PL spectrum of the 1% P-doped samples, PL
peaks at ~500 nm (~2.5 eV), ~650 nm (~1.9 eV) and ~800 nm (1.6 eV) can fit the spectrum
well. Inspired by the effective mass approximation (EMA) model, the theoretical bandgap
of 4 nm sized Si NCs is ~1.7 eV(~750 nm) and similar EL spectra originated from 4 nm
sized Si NCs were also observed in our previous work [27,32-35]. We attribute the PL peak
near 800 nm to the 4 nm sized Si NCs in the 5i NCs/SiC system.
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Figure 2. (a) PL spectra of Si NCs/SiC multilayers with various P-doping ratios; (b) Hall mobility
of Si NCs/SiC multilayers with various P-doping ratios; (c) fitted PL spectra of 1% P-doped Si
NCs/SiC multilayers.

Here, we also deposit SiC single layers. The annealing process of the amorphous SiC
single layers is in consistence with that of Si NCs/SiC multilayers. We first measure the PL
spectra of un-annealed SiC (R = 10). Pronounced PL peaks near 650 nm can be detected
according to Figure 3. As reported, 1200 °C or 1250 °C is believed to be the crystallization
temperature for SiC, and there is no crystallization after 100 h at 1000 °C in dry air [36,37].
Our previous work suggests that there is also no crystallization for SiC in Si NCs/SiC
multilayers through the same annealing process, as measured by X-ray diffraction [24].
Chen et al. have reported similar results in amorphous SiC films, and the emissions can be
enhanced via nitrogen doping [38]. Based on our existing knowledge, we attribute the PL
peak near 650 nm to amorphous SiC. Annealed SiC with various R ([CH4]/[SiHy]), where
the gas flow of SiHy is fixed at 5 sccm, have also been fabricated. In Figure S2a, PL peaks
around 500 nm can be detected in all the annealed SiC single layers with various R. The
maximum PL intensities of SiC single layers are reached when R is 12. Figure S2b exhibits
the absorption spectra of annealed SiC single layers with various R. It is found that the
absorption spectra change slightly with R. Guided by Tauc’s plot, we use the relationship
of (cxhv)2 o« (hv — Eg) to simulate the absorption edge of the annealed SiC single layers.
As provided in the inset of Figure S2b, the estimated optical bandgap of SiC also changes
slightly with R and is ~2.5 eV (~500 nm) [39]. In order to study the chemical composition
of the annealed SiC with various R, the FTIR spectra of the un-annealed and annealed SiC
single layers with various R are measured in Figure S2c¢,d, respectively. Comparing such
spectra before and after annealing, we can find that the function group bond of Si-H near
2090 cm~! disappears after thermally annealing regardless of R. It demonstrates that the
thermal annealing process excludes hydrogen atoms completely. Signals of the functional
group bond of Si-C near the wavenumber of 790 cm ! can be detected in the samples with
R =10, 12 and 14. The highest intensities of the functional group bond of Si-C are reached
when R is 12. Meanwhile, all the samples show the functional group bond of Si-O near
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the wavenumber of 1110 cm ! and have similar intensities of signals. As for samples with
R =12 and 14, the functional group bond of C=0 near the wavenumber of 2400 cm ! can be
detected, indicating that such samples may be C-rich SiC layers [40-42]. The PL emissions
near 500 nm may be related to the functional group bond of Si—C. In addition, similar PL
peaks near 500 nm have been found in annealed amorphous SiC alloys in our previous
work [43]. It is also found that pronounced peaks near 500 nm can be observed in SiCy,
SiCxOy nanoclusters and silicon-rich silicon oxide enriched with C [44-46]. They attribute
such PL or EL peaks to the surface states of SiC nanoclusters. As for the annealed SiC single
layers, Si NCs may be formed in the SiC dielectric, although the annealing temperature
(1000 °C) is not enough to form SiC particles. Si NCs embedded in a SiC matrix have been
widely investigated in our previous work [25-27]. Consequently, we attribute the PL peaks
near 500 nm in the Si NCs/SiC multilayers to the surface states between amorphous SiC
and Si NCs.
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Figure 3. PL spectrum of the un-annealed SiC (R = 10).

Figure 4a shows the schematic representation of the Si NCs/SiC multilayer LED
prepared in this work, the structure of which is ITO/Si NCs/SiC multilayers/p-Si/Al. At
the back of the p-Si substrate is an Al electrode, which is connected to the positive terminal
of a power meter. On top of the p-5Si substrate are Si NCs/SiC multilayers and then the
circle ITO electrode, which is connected to the negative terminal of the power meter. The
area of the active circular regions upon the samples is 0.03 cm?. Further, 1% P-doped Si
NCs/SiC multilayers-based LEDs are selected due to the tendency of PL intensities and
P doping behaviors. Figure 4b displays injection current density as a function of applied
voltage (J-V) curves of Si NCs/SiC multilayers before and after doping. The current density
increases slowly at first and then increases dramatically when the applied voltage is high
enough in both un-doped and doped LEDs. It is also found that the electrical properties
of the Si NCs/SiC multilayer LED are greatly improved by P dopants, i.e., on-set voltage
(improved to ~5.7 V) and conductivity. In order to better understand the vertical carrier
transport mechanisms of our devices, we estimate the quantity J/V? as a function of 1/V
in Figure 4c. According to the inset of Figure 4c, we can see that a straight line can fit
the data at high applied voltage well, indicating that carrier transport is dominated by a
Fowler-Nordheim (FN) tunneling mechanism when applied voltage is high [27,47].
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Figure 4. (a) Schematic structure of the Si NCs/SiC multilayer LED fabricated in this work; (b) current
density of 0% and 1% P-doped LEDs as a function of applied voltage; (c) FN tunneling plot of 1%
P-doped data; inset is the zoom of the region fitting the FN mechanism.

Furthermore, EL spectra of 0% and 1% P-doped LEDs with various applied currents
are measured, as shown in Figure 5a,b, respectively. EL intensities are gradually enhanced
with increasing applied current both in un-doped and P-doped LED. To better understand
the EL emissions of the LEDs, we select the EL spectrum of 1% P-doped LED with 13 mA
applied current to fit. It is found that EL peaks near 500 nm and 750 nm can fit the
spectrum well according to Figure 5c. As for EL peaks near 500 nm, we attribute it to the
surface states between SiC and Si NCs, which has been discussed above. Interestingly,
such EL peaks near 500 nm cannot be observed in 8 nm sized Si NCs/SiC multilayer LED
devices regardless of doping. Figure S3 shows the EL spectrum of 1% P-doped 8 nm sized
Si NCs/SiC multilayers-based LED at the applied current of 10 mA. The EL emissions,
accordingly, from the surface states between SiC and Si NCs (500 nm) may be attributed
to quantum-confined ultra-small Si NCs [48,49]. Further, the main EL peaks near 750 nm
account for the majority of the EL spectrum. Similar results were observed in Si NCs/SiC
multilayers crystallized by a KrF pulsed excimer laser in our previous work [35]. In addition,
the peaks near 750 nm are consistent with the bandgap of 4 nm sized Si NCs, which has
been estimated before [27,50]. The peak near 750 nm, consequently, is ascribed to the
4 nm sized Si NCs. As shown in the inset of Figure 5c, the bright light, which can be
seen by naked eyes when our LED works, indicates that our P-doped LEDs have better
performance than in our previous work. Figure 5d shows the main luminescence center
(above 90%) emissions of Si NCs (750 nm). The proportion of the integrated EL peak near
750 nm is decreased slightly, while that of the integrated EL peak near 500 nm is increased
slightly. Electrons and holes can be injected by FN tunneling into 4 nm sized Si NCs and
then radiative recombination occurs, leading to EL peaks near 750 nm being emitted from
the LED. With applied voltage increasing, more electrons can tunnel through SiC, making
radiative recombination of the surface states between SiC and Si NCs easier to occur.

Figure 6 exhibits the energy diagram of the LED. The energy of ITO, Al, p-Si and the
bandgap of S5i NCs are taken from the previous work [27,35,51,52]. The energy bands of
Al and ITO are —4.1 eV and —4.7 eV, respectively. The energy of conduction band and
valence band of p-Si substrate are —4.1 eV and —5.2 eV, respectively. As measured before
and extracted by PL and EL spectra, the bandgap of 4 nm sized Si NCs is 1.7 eV. According
to the following relation (1) and (2):

Eg = 3ACB + 1.1eV 1)

@)

where Eg, ACB and AV B are the bandgap of Si NCs, the energy shift of conduction band
and the energy shift of valence band, respectively, the estimated energy shifts of conduction
band and valence band are 0.2 eV and 0.4 eV, respectively [10,53]. The energy of conduction

AVB =2ACB
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band and valence band of Si NCs, thus, are —3.9 eV and —5.6 eV, respectively. The barrier
height between Si and SiC dielectric matrix has been estimated in our previous work: Ve
(0.4 eV) and Vg, (0.8 eV) for electron and hole, respectively [27]. The energy of conduction
band and valence band of SiC are —3.5 eV and —6.4 eV, respectively. Figure 6 also displays
the schematic of EL recombination mechanisms in our samples. With applied voltage,
large amounts of electrons and holes are injected into Si NCs by FN tunneling. Most of the
electrons and holes are recombined radiatively and emit the EL peak near 750 nm (~1.7 eV).
During the tunneling process, some of the electrons are recombined radiatively in SiC
dielectric and emit an EL peak near 500 nm (~2.5 eV).
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Figure 5. EL spectra of 0% (a) and 1% (b) P-doped Si NCs/SiC multilayer LEDs with various applied
currents; (c) fitted spectra of 1% P-doped LED with 13 mA applied current. Inset is the photograph of
the EL emissions from the LED; (d) proportion of different EL peaks with various applied currents.

As noted, FN tunneling will occur with a voltage as low as 5.7 V (the on-set voltage
for 1% P-doped LED), which is consistent with the turn-on voltage when EL signals are
observed. It should be noted that injection current will increase with increasing applied
voltage accordingly. A linear relationship between integrated EL intensity and applied
current can be observed both in the un-doped and P-doped LEDs according to Figure 7a.
It indicates that bipolar injection of electrons and holes rather than impact ionization
occurs in our devices regardless of doping [27,54]. Thus, it is believed that the EL emissions
originated from recombination of bipolar injected electrons and holes through FN tunneling,
as shown in Figure 6. By comparing the integrated EL intensities under the same applied
current between 0% and 1% P-doped devices in Figure 7b, the EL intensities in 1% P-doped
devices are ~eight times those in 0% P-doped devices. Meanwhile, the EQE of the P-doped
devices is improved by ~eight times 0% P-doped devices. It is illustrated that P dopants
can not only greatly improve LED performance, including conductive properties and on-set
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Figure 7. (a) Integrated intensity of EL spectra of 0% and 1% P-doped LEDs with various applied
currents; (b) enhanced EL ratio between 0% and 1% P-doped LEDs with various applied currents.

4. Conclusions

In conclusion, 4 nm sized Si NCs/SiC multilayers are fabricated in this work. PL
peaks originated from 4 nm sized Si NCs (800 nm), amorphous SiC (620 nm) and surface
states between Si NCs and SiC (500 nm) can be observed. PL intensities can be enhanced
after P doping due to passivation of Si dangling bonds by P dopants and quenched when
P dopants are excessive. Bright LEDs with the structure of ITO/4 nm sized Si NCs/SiC
multilayers/p-Si substrate/ Al are finally fabricated. The EL band can be fitted by 500 nm
peak and 750 nm peak, which are attributed to surface states between Si NCs and SiC and
5i NCs, respectively. It is indicated that the carrier transport process is dominated by an
FN tunneling mechanism. EL mainly comes from recombination between electrons and
holes in Si NCs due to bipolar injection. After doping, performance of devices is greatly
improved. Aside from conductivity and on-set voltage, integrated EL intensities under
the same applied current are enhanced by about an order of magnitude, indicating the
EQE of Si NCs/SiC multilayer LED can be improved greatly by doping. It is demonstrated
that P-doped Si NCs/SiC multilayers is a promising method to realize more efficient
5i-NCs-based LED devices and Si-based optical telecommunication.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13061109/s1, Figure S1: Original detected spectra of (a) PL
spectra with various doping ratios, (b) EL spectra of un-doped Si NCs LED and (c) EL spectra of 1%
P-doped Si NCs LED; Figure S2: (a) PL spectrum of unanealed SiC (R=10) excited by 325 nm laser;
(b) Absorption spectra of anealed SiC with various R. Inset is the Tauc’s plot against photon energy;
FTIR spectra of un-anealed (c) and annealed (d) SiC with various R; Figure S3: EL spectrum of 1%
P-doped 8 nm sized Si NCs/SiC multilayers at 10 mA applied current.

Author Contributions: Conceptualization, T.S. and J.X.; methodology, T.Z.; software, T.S. and J.H.;
validation, W.L., T.S. and ].X; formal analysis, T.S., J.C., D.L. and Y.W,; investigation, T.S.; resources,
T.S. and J.X.; data curation, T.S.; writing—original draft preparation, T.S. and J.X.; writing—review
and editing, T.S. and J.X.; visualization, T.S.; supervision, K.C.; project administration, ] X.; funding
acquisition, J.X. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Key R&D program of China (2018YFB2200101),
NSFC (61921005 and 62004078) and NSF of Jiangsu Province (BK20201073). And the APC was funded
by National Key R&D program of China (2018 YFB2200101).

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Whitworth, G.L.; Dalmases, M.; Taghipour, N.; Konstantatos, G. Solution-Processed PbS Quantum Dot Infrared Laser with
Room-Temperature Tunable Emission in the Optical Telecommunications Window. Nat. Photonics 2021, 15, 738-742. [CrossRef]

2. Tatsuura, S.; Furuki, M,; Sato, Y.; Iwasa, I.; Tian, M.; Mitsu, H. Semiconductor Carbon Nanotubes as Ultrafast Switching Materials
for Optical Telecommunications. Adv. Mater. 2003, 15, 534-537. [CrossRef]

3.  Fernandez-Gonzalvo, X.; Chen, Y.-H.; Yin, C.; Rogge, S.; Longdell, ].J. Coherent Frequency Up-Conversion of Microwaves to the
Optical Telecommunications Band in an Er:YSO Crystal. Phys. Rev. A 2015, 92, 062313. [CrossRef]

4. Leonardi, A.A.; Lo Faro, M.].; Irrera, A. Biosensing Platforms Based on Silicon Nanostructures: A Critical Review. Anal. Chim.
Acta 2021, 1160, 338393. [CrossRef]

5. Dohnalovd, K.; Poddubny, A.N.; Prokofiev, A.A.; de Boer, W.D.; Umesh, C.P.; Paulusse, ].M.; Zuilhof, H.; Gregorkiewicz, T.
Surface Brightens up Si Quantum Dots: Direct Bandgap-like Size-Tunable Emission. Light Sci. Appl. 2013, 2, e47. [CrossRef]

6. Marinins, A.; Zandi Shafagh, R.; van der Wijngaart, W.; Haraldsson, T.; Linnros, J.; Veinot, ].G.C.; Popov, S.; Sychugov, L.
Light-Converting Polymer/Si Nanocrystal Composites with Stable 60-70% Quantum Efficiency and Their Glass Laminates. ACS
Appl. Mater. Interfaces 2017, 9, 30267-30272. [CrossRef]

7. de Boer, W.D.A.M.; Timmerman, D.; Dohnalova, K.; Yassievich, LN.; Zhang, H.; Buma, W.J.; Gregorkiewicz, T. Red Spectral Shift
and Enhanced Quantum Efficiency in Phonon-Free Photoluminescence from Silicon Nanocrystals. Nat. Nanotechnol. 2010, 5,
878-884. [CrossRef]

8. Sugimoto, H.; Zhou, H.; Takada, M.; Fushimi, J.; Fujii, M. Visible-Light Driven Photocatalytic Hydrogen Generation by Water-
Soluble All-Inorganic Core-Shell Silicon Quantum Dots. J. Mater. Chem. A 2020, 8, 15789-15794. [CrossRef]

9.  Ono, T.; Xu, Y,; Sakata, T.; Saitow, K. Designing Efficient Si Quantum Dots and LEDs by Quantifying Ligand Effects. ACS Appl.
Mater. Interfaces 2022, 14, 1373-1388. [CrossRef] [PubMed]

10. Xin, Y; Nishio, K.; Saitow, K. White-Blue Electroluminescence from a Si Quantum Dot Hybrid Light-Emitting Diode. Appl. Phys.
Lett. 2015, 106, 201102. [CrossRef]

11. Maier-Flaig, F; Rinck, J.; Stephan, M.; Bocksrocker, T.; Bruns, M.; Kiibel, C.; Powell, A K.; Ozin, G.A.; Lemmer, U. Multicolor
Silicon Light-Emitting Diodes (SiLEDs). Nano Lett. 2013, 13, 475-480. [CrossRef]

12.  Sarkar, A.; Bar, R.; Singh, S.; Chowdhury, RK.; Bhattacharya, S.; Das, A K.; Ray, S.K. Size-Tunable Electroluminescence
Characteristics of Quantum Confined Si Nanocrystals Embedded in Si-Rich Oxide Matrix. Appl. Phys. Lett. 2020, 116, 231105.
[CrossRef]

13.  Hao, X.J.; Cho, E.-C.; Scardera, G.; Shen, Y.S.; Bellet-Amalric, E.; Bellet, D.; Conibeer, G.; Green, M.A. Phosphorus-Doped Silicon
Quantum Dots for All-Silicon Quantum Dot Tandem Solar Cells. Sol. Energy Mater. Sol. Cells 2009, 93, 1524-1530. [CrossRef]

14. Hao, X.J.; Cho, E.-C.; Flynn, C.; Shen, Y.S.; Park, S.C.; Conibeer, G.; Green, M.A. Synthesis and Characterization of Boron-Doped
Si Quantum Dots for All-Si Quantum Dot Tandem Solar Cells. Sol. Energy Mater. Sol. Cells 2009, 93, 273-279. [CrossRef]

15. Fujii, M.,; Mimura, A.; Hayashi, S.; Yamamoto, Y.; Murakami, K. Hyperfine Structure of the Electron Spin Resonance of
Phosphorus-Doped Si Nanocrystals. Phys. Rev. Lett. 2002, 89, 206805. [CrossRef] [PubMed]

16. Sun, T, Li, D.; Chen, J.; Han, ].; Zhu, T.; Li, W.; Xu, J.; Chen, K. Electron Spin Resonance in P-Doped Si Nanocrystals/SiC Stacked
Structures with Various Dot Sizes. Appl. Surf. Sci. 2023, 613, 155983. [CrossRef]

17. Oliva-Chatelain, L.; Ticich, M.; Barron, R. Doping Silicon Nanocrystals and Quantum Dots. Nanoscale 2016, 8, 1733-1745.

[CrossRef] [PubMed]

22



Nanomaterials 2023, 13, 1109

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lu, P; Mu, W.; Xu, J.; Zhang, X.; Zhang, W.; Li, W.; Xu, L.; Chen, K. Phosphorus Doping in Si Nanocrystals/SiO, Multilayers and
Light Emission with Wavelength Compatible for Optical Telecommunication. Sci. Rep. 2016, 6, 22888. [CrossRef]

Li, D,; Chen, J.; Sun, T.; Zhang, Y.; Xu, J.; Li, W.; Chen, K. Enhanced Subband Light Emission from Si Quantum Dots/SiO,
Multilayers via Phosphorus and Boron Co-Doping. Opt. Express 2022, 30, 12308. [CrossRef]

Jiang, Y,; Li, D.; Xu, J.; Li, W.; Chen, K. Size-Dependent Phosphorus Doping Effect in Nanocrystalline-Si-Based Multilayers. Appl.
Surf. Sci. 2018, 461, 66-71. [CrossRef]

Kocevski, V.; Eriksson, O.; Rusz, J. Band Alignment Switching and the Interaction between Neighboring Silicon Nanocrystals
Embedded in a SiC Matrix. Phys. Rev. B 2015, 91, 165429. [CrossRef]

Molla, M.Z.; Zhigunov, D.; Noda, S.; Samukawa, S. Structural Optimization and Quantum Size Effect of Si-Nanocrystals in SiC
Interlayer Fabricated with Bio-Template. Mater. Res. Express 2019, 6, 065059. [CrossRef]

Das, D.; Sain, B. Electrical Transport Phenomena Prevailing in Undoped Nc-5i/a-SiNy:H Thin Films Prepared by Inductively
Coupled Plasma Chemical Vapor Deposition. J. Appl. Phys. 2013, 114, 073708. [CrossRef]

Sun, T; Li, D.; Chen, ].; Han, J.; Li, W.; Xu, J.; Chen, K. Temperature-Dependent Carrier Transport Behaviors in Phosphorus-Doped
Silicon Nanocrystals/Silicon Carbide Multilayers. Vacuum 2023, 207, 111657. [CrossRef]

Rui, Y; Li, S.; Xu, J.; Cao, Y,; Li, W.; Chen, K. Comparative Study of Electroluminescence from Annealed Amorphous SiC Single
Layer and Amorphous Si/SiC Multilayers. J. Non-Cryst. Solids 2012, 358, 2114-2117. [CrossRef]

Rui, Y; Li, S.; Cao, Y,; Xu, J.; Li, W.; Chen, K. Structural and Electroluminescent Properties of Si Quantum Dots/SiC Multilayers.
Appl. Surf. Sci. 2013, 269, 37-40. [CrossRef]

Rui, Y,; Li, S.; Xu, J.; Song, C.; Jiang, X; Li, W.; Chen, K.; Wang, Q.; Zuo, Y. Size-Dependent Electroluminescence from Si Quantum
Dots Embedded in Amorphous SiC Matrix. J. Appl. Phys. 2011, 110, 064322. [CrossRef]

Fujii, M.; Mimura, A.; Hayashi, S.; Yamamoto, K.; Urakawa, C.; Ohta, H. Improvement in Photoluminescence Efficiency of SiO,
Films Containing Si Nanocrystals by P Doping: An Electron Spin Resonance Study. J. Appl. Phys. 2000, 87, 1855-1857. [CrossRef]
Li, D, Jiang, Y.; Zhang, P; Shan, D.; Xu, J.; Li, W.; Chen, K. The Phosphorus and Boron Co-Doping Behaviors at Nanoscale in Si
Nanocrystals/SiO, Multilayers. Appl. Phys. Lett. 2017, 110, 233105. [CrossRef]

Joo, B.S,; Jang, S.; Gu, M,; Jung, N.; Han, M. Effect of Auger Recombination Induced by Donor and Acceptor States on
Luminescence Properties of Silicon Quantum Dots/SiO, Multilayers. J. Alloys Compd. 2019, 801, 568-572. [CrossRef]

Fujii, M.; Hayashi, S.; Yamamoto, K. Photoluminescence from B-Doped Si Nanocrystals. J. Appl. Phys. 1998, 83, 7953-7957.
[CrossRef]

Kayanuma, Y. Quantum-Size Effects of Interacting Electrons and Holes in Semiconductor Microcrystals with Spherical Shape.
Phys. Rev. B 1988, 38, 9797-9805. [CrossRef]

Brus, L.E. Electron-Electron and Electron-hole Interactions in Small Semiconductor Crystallites: The Size Dependence of the
Lowest Excited Electronic State. J. Chem. Phys. 1984, 80, 4403—4409. [CrossRef]

Jiang, C.-W.; Green, M. A. Silicon Quantum Dot Superlattices: Modeling of Energy Bands, Densities of States, and Mobilities for
Silicon Tandem Solar Cell Applications. J. Appl. Phys. 2006, 99, 114902. [CrossRef]

Xu, X.; Cao, Y.Q.; Lu, P; Xu, J.; Li, W,; Chen, K.J. Electroluminescence Devices Based on Si Quantum Dots/SiC Multilayers
Embedded in PN Junction. IEEE Photonics ]. 2014, 6, 1-7. [CrossRef]

Hay, R.S,; Fair, G.E.; Bouffioux, R.; Urban, E.; Morrow, J.; Hart, A.; Wilson, M. Hi-NicalonTM-S SiC Fiber Oxidation and Scale
Crystallization Kinetics. J. Am. Ceram. Soc. 2011, 94, 3983-3991. [CrossRef]

Takeda, M.; Urano, A.; Sakamoto, J.; Imai, Y. Microstructure and Oxidation Behavior of Silicon Carbide Fibers Derived from
Polycarbosilane. |. Am. Ceram. Soc. 2004, 83, 1171-1176. [CrossRef]

Chen, G,; Chen, S.; Lin, Z.; Huang, R.; Guo, Y. Enhanced Red Emission from Amorphous Silicon Carbide Films via Nitrogen
Doping. Micromachines 2022, 13, 2043. [CrossRef]

Zanatta, A.R. Revisiting the Optical Bandgap of Semiconductors and the Proposal of a Unified Methodology to Its Determination.
Sci. Rep. 2019, 9, 11225. [CrossRef]

Ni, Z.; Zhou, S.; Zhao, S.; Peng, W.; Yang, D.; Pi, X. Silicon Nanocrystals: Unfading Silicon Materials for Optoelectronics. Mater.
Sci. Eng. R Rep. 2019, 138, 85-117. [CrossRef]

Swain, B.P.; Dusane, R.O. Multiphase Structure of Hydrogen Diluted A-SiC:H Deposited by HWCVD. Mater. Chem. Phys. 2006,
99, 240-246. [CrossRef]

Fuad, A.; Kultsum, U; Taufiq, A.; Hartatiek. Low-Temperature Synthesis of x-SiC (6H-SiC) Nanoparticles with Magnesium
Catalyst. Mater. Today Proc. 2019, 17, 1451-1457. [CrossRef]

Xu, J.; Mei, J.; Rui, Y,; Chen, D.; Cen, Z.; Li, W,; Ma, Z,; Xu, L.; Huang, X.; Chen, K. UV and Blue Light Emission from SiC
Nanoclusters in Annealed Amorphous SiC Alloys. J. Non-Cryst. Solids 2006, 352, 1398-1401. [CrossRef]

Kofinek, M.; Schnabel, M.; Canino, M.; Kozak, M.; Trojanek, F; Salava, J.; Loper, P; Janz, S.; Summonte, C.; Maly, P. Influence
of Boron Doping and Hydrogen Passivation on Recombination of Photoexcited Charge Carriers in Silicon Nanocrystal /SiC
Multilayers. J. Appl. Phys. 2013, 114, 073101. [CrossRef]

Gallis, S.; Nikas, V.; Suhag, H.; Huang, M.; Kaloyeros, A.E. White Light Emission from Amorphous Silicon Oxycarbide (a-5iCxOy)
Thin Films: Role of Composition and Postdeposition Annealing. Appl. Phys. Lett. 2010, 97, 081905. [CrossRef]

Wang, C.; Zhou, J.; Song, M.; Chen, X.; Zheng, Y.; Xia, W. Modification of Plasma-Generated SiC Nanoparticles by Heat Treatment
under Air Atmosphere. J. Alloys Compd. 2022, 900, 163507. [CrossRef]

23



Nanomaterials 2023, 13, 1109

47.

48.

49.

50.

51.

52.

53.

54.

Lin, G.-R;; Lin, C.-J.; Kuo, H.-C. Improving Carrier Transport and Light Emission in a Silicon-Nanocrystal Based MOS Light-
Emitting Diode on Silicon Nanopillar Array. Appl. Phys. Lett. 2007, 91, 093122. [CrossRef]

Takagahara, T.; Takeda, K. Theory of the Quantum Confinement Effect on Excitons in Quantum Dots of Indirect-Gap Materials.
Phys. Rev. B 1992, 46, 15578-15581. [CrossRef] [PubMed]

Vinciguerra, V.; Franzo, G.; Priolo, F,; Iacona, E,; Spinella, C. Quantum Confinement and Recombination Dynamics in Silicon
Nanocrystals Embedded in Si/SiO, Superlattices. J. Appl. Phys. 2000, 87, 8165-8173. [CrossRef]

Cao, Y;; Xu, J.; Ge, Z.; Zhai, Y.; Li, W.; Jiang, X.; Chen, K. Enhanced Broadband Spectral Response and Energy Conversion
Efficiency for Hetero-Junction Solar Cells with Graded-Sized Si Quantum Dots/SiC Multilayers. J. Mater. Chem. C 2015, 3,
12061-12067. [CrossRef]

Xu, X.; Zhu, T,; Xiao, K.; Zhu, Y.; Chen, J.; Li, D.; Xu, L.; Xu, ]J.; Chen, K. High-Efficiency Air-Processed Si-Based Perovskite
Light-Emitting Devices via PMMA-TBAPFq Co-Doping. Adv. Opt. Mater. 2022, 10, 2102848. [CrossRef]

Xu, X,; Xiao, K.; Hou, G.; Zhu, Y.; Zhu, T.,; Xu, L.; Xu, J.; Chen, K. Air-Processed Stable near-Infrared Si-Based Perovskite
Light-Emitting Devices with Efficiency Exceeding 7.5%. J. Mater. Chem. C 2022, 10, 1276-1281. [CrossRef]

van Buuren, T.; Dinh, L.N.; Chase, L.L.; Siekhaus, W.]J.; Terminello, L.J. Changes in the Electronic Properties of Si Nanocrystals as
a Function of Particle Size. Phys. Rev. Lett. 1998, 80, 3803-3806. [CrossRef]

Warga, J.; Li, R.; Basu, S.N.; Dal Negro, L. Electroluminescence from Silicon-Rich Nitride/Silicon Superlattice Structures. Appl.
Phys. Lett. 2008, 93, 151116. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

24



@ nanomaterials ml\D\Py

Article

Highly Efficient Energy Transfer from Silicon to Erbium in
Erbium-Hyperdoped Silicon Quantum Dots

Kun Wang 1, Qiang He !, Deren Yang 12 and Xiaodong Pi

check for
updates

Citation: Wang, K.; He, Q.; Yang, D.;
Pi, X. Highly Efficient Energy
Transfer from Silicon to Erbium in
Erbium-Hyperdoped Silicon
Quantum Dots. Nanomaterials 2023,
13,277. https://doi.org/10.3390/
nano13020277

Academic Editor: Lucien Saviot

Received: 16 December 2022
Revised: 4 January 2023
Accepted: 6 January 2023
Published: 9 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,%

State Key Laboratory of Silicon and Advanced Semiconductor Materials & School of Materials Science and Engineering,
Zhejiang University, Hangzhou 310027, China

Institute of Advanced Semiconductors & Zhejiang Provincial Key Laboratory of Power Semiconductor
Materials and Devices, Hangzhou Innovation Center, Zhejiang University, Hangzhou 311215, China

*  Correspondence: xdpi@zju.edu.cn

Abstract: Erbium-doped silicon (Er-doped Si) materials hold great potential for advancing Si photonic
devices. For Er-doped Si, the efficiency of energy transfer (17gr) from Si to Er** is crucial. In order
to achieve high #gr, we used nonthermal plasma to synthesize Si quantum dots (QDs) hyperdoped
with Er at the concentration of ~1% (i.e., ~5 x 10?0 cm™3). The QD surface was subsequently
modified by hydrosilylation using 1-dodecene. The Er-hyperdoped Si QDs emitted near-infrared
(NIR) light at wavelengths of ~830 and ~1540 nm. An ultrahigh #g (~93%) was obtained owing to
the effective energy transfer from Si QDs to Er®*, which led to the weakening of the NIR emission
at ~830 nm and the enhancement of the NIR emission at ~1540 nm. The coupling constant ()

3.s71. The temperature-

between Si QDs and Er®* was comparable to or greater than 1.8 x 10712 em
dependent photoluminescence and excitation rate of Er-hyperdoped Si QDs indicate that strong

coupling between Si QDs and Er3* allows Er®* to be efficiently excited.

Keywords: nonthermal plasma; Er-hyperdoped Si QDs; efficiency of energy transfer; coupling
constant; strong coupling

1. Introduction

Silicon (Si) photonics has been intensively investigated due to its excellent compatibil-
ity with Si-based complementary metal oxide semiconductor (CMOS) technologies [1,2].
While monolithic Si-compatible solutions for various devices such as detectors, waveguides,
and modulators have been available for years, the development of Si photonics has been
impeded by the lack of monolithic energy-efficient and cost-effective light sources [3,4].
Owing to a spectroscopically sharp and environment-stable radiative transition at the
wavelength (M) of 1.54 um that is highly desired for Si photonics [5], Er-doped Si is an ideal
material for the fabrication of light sources in Si photonics. However, the significant thermal
quenching of Er-doped bulk Si restricts or even forbids its use in optoelectronic devices [6,7].
Because Er-doped Si QDs can effectively emit at a wavelength of 1.54 um at room tem-
perature with mild thermal quenching, they have attracted enormous attention [8]. The
photoluminescence (PL) of 1.54 um originates from the transfer from the exciton energy
of Si QDs to Er®* and the following inter-4f transition of Er®*. Hence, the g plays a
significant role in the practical applications of Er-doped Si QDs. The %t can be described

by [9]
nET = 1_ TEr—Si QDs (1)

TSi QDs

where Tg;_g; ops and Ts; gps are the PL lifetime of Er-doped and undoped Si QDs, respec-
tively. H. Rinnert et al. reported Er-doped Si QDs embedded in SiO/SiO, multilayers,
whose g1 was estimated as ~50% [10]. Timoshenko et al. also reported similar 77 (~50%)
for Er-doped Si QDs embedded in S5iO/SiO, multilayers [11]. Despite this, earlier studies

25



Nanomaterials 2023, 13, 277

demonstrated that Er®* was only found in close proximity to Si QDs inside a dielectric
matrix, resulting in a system with a low degree of coupling [12]. The weakly coupled
system hindered exciton-to-Er®* energy transfer in Er-doped Si QDs because of the variable
distance between Si QDs and Er®*. Notably, the exciton-to-Er>* energy transfer should
be most effective if Er** is present in the Si QD in order to facilitate the overlap of elec-
tron wavefunctions [13]. This motivates the development of Si QDs into which Er?t is
incorporated as a dopant.

Here, nonthermal plasma was used to fabricate Er-hyperdoped Si QDs at an atomic
concentration of 1% (5 x 10%° cm™~3), surpassing its solubility. Er-hyperdoped Si QDs
were found to emit NIR light at 830 and 1540 nm, with the majority of the Er** located
in the subsurface area. As a result of the effective transfer of energy from Si QDs to
Er?*, the Er-hyperdoped Si QDs exhibited an ultrahigh 7£r of ~93%, emitting at 1540 nm.
Meanwhile, the efficient energy transfer from Si QDs to Er®* greatly reduced the 830 nm
NIR emission. Additionally, a high effective excitation cross section of Er** (of,) was
obtained, with a value of 1.5 x 10717 cm?2. Furthermore, the coupling constant (y) between
Si QD and Er** was greater than or equal to 1.8 x 107!2 cm®.s~!. The temperature-
dependent photoluminescence and excitation rate of Er-hyperdoped Si QDs indicate that
strong coupling between Si QDs and Er®* allows Er®* to be efficiently excited.

2. Materials and Methods
2.1. Materials

Er(tmhd)s (tris(2,2,6,6-tetramethyl-3,5-heptanedionate)) (99.999%) was purchased from
Nanjing Aimouyuan Scientific equipment Co., Ltd. (Nanjing, China). SiH4/Ar (20%/80%
in volume) was obtained from Linde Electronic & Specialty Gases Co., Ltd. (Suzhou, China).
Mesitylene (97%) and 1-dodecene (97%) were purchased from Aladdin (Shanghai, China).
Methanol (>98.5%), hydrofluoric (HF) acid (>40%), and toluene (>99.5%) were obtained
from J&K Scientific (Beijing, China). Reference solutions of Er (100 pg-mL~! in nitric acid)
and Si (1000 pg-mL~! in nitric acid) were purchased from Qingdao Qingyao Biological
Engineering Co., Ltd. (Qingdao, China) and Sigma-Aldrich Trading Co., Ltd. (Shanghai,
China), respectively.

2.2. Synthesis of Er-Hyperdoped Si QDs

A mechanical pump was used to pump the pressure within the plasma chamber to
8 x 10~2 mBar, and a heating strip was used to increase the temperature of the pipeline and
the erbium precursor Er(tmhd); to 200 °C. The plasma chamber was filled with 4.8 sccm of
a 20% SiH4 / Ar mixture and 500 sccm of Ar-loaded Er(tmhd); (Figure 1a). The pressure of
the plasma chamber was adjusted to ~3 mBar. Making use of a matching network and a
power source operating at 13.56 MHz, the plasma was generated. The actual output power
was stabilized at 70 W. Methanol was used to disperse the powder of Er-hyperhoped Si QDs
for surface hydrosilylation (Figure 1b). After that, HF acid was used to strip the surface
oxide off. An amount of 15 mL of mesilytene and 5 mL of 1-dodecene were combined,
and then the precipitate was added into the mixture after centrifugation. The solution
was heated at 180 °C for 3 h in an Ar environment. In order to remove the hydrosilylated
Er-hyperdoped Si QDs from the solution, rotary evaporation was used. Finally, the toluene
was used to disperse the prepared hydrosilylated Er-hyperdoped Si QDs.

2.3. Characterization

An FEI Tecnai G2 F20 S-TWIN (FEI, Hillsboro, OR, USA) was used to capture the
TEM images, operating at an acceleration voltage of 200 kV. High-angle annular darkfield
scanning transmission electron microscopy (HAADF-STEM) was performed and element
map images were obtained using the FEI Titan G2 80-200 (FEI, Hillsboro, OR, USA) operated
at an acceleration voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was used to
examine the oxidation states in each sample (Kratos Shimadzu, AXIS Supra, Manchester,
UK). Er concentration was calculated using ICP-MS (iCAP6300, Thermo, Waltham, MA,
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USA). The Shimadzu-7000 (Shimadzu, Kyoto, Japan) was used for the X-ray diffraction
(XRD) tests. Raman spectra were obtained to analyze the strain (Alpha300R, WITec, Ulm,
Germany). Using FLS1000 PL equipment (Edinburgh Instruments Ltd., Edinburgh, UK),
we obtained the PL and PLE spectra. A 405 nm laser was used to excite the transient PL,
and an NIR photomultiplier (PMT928, Hamamatsu, Kyoto, Japan) was used to detect it.
The effect of temperature on PL was investigated using a cryostat (OptistatDN2, Oxford
Instruments, Abingdon, UK). Electron paramagnetic resonance (EPR) spectroscopy on a
Bruker ESRA-300 (Bruker, Berlin-Adlershof, Germany) was used to analyze the Si dangling
bond. Details of spectral analysis can be found in [14].

(a) Ar, SiH,, Er(tmhd), (b)

W

180 °C

to vacuum pump

Figure 1. (a) Diagram depicting the nonthermal plasma. (b) Schematic of the surface hydrosilylation process.

3. Results and Discussion

Figure 1 shows the process for the fabrication of Er-hyperdoped Si QDs. Data in
prior publications have shown that 1% Er is a comparatively optimal concentration [15,16].
Nonthermal plasma, representative of far from thermal equilibrium, was used to produce
Er-hyperdoped Si QDs with a 1% Er concentration (5 x 1020 cm—3) [17]. The QD surface was
subsequently modified by hydrosilylation using 1-dodecene (Figure 1b) [18]. To put this in
perspective, the Er solubility in crystalline Si is only ~10'® cm~3 [19], and therefore the Er
concentration in this work was increased by two orders of magnitude. In the following, we
discuss the 1% Er-hyperdoped Si QDs considered in this work.

The transmission electron microscopy (TEM) images of undoped and Er-hyperdoped
Si QD are presented in Figure 2a,d. All of them show a sphere-like morphology, demon-
strating that the morphological alteration induced by the hyperdoping of Er in Si QDs
was negligible. The inset of Figure 2d shows a high-resolution TEM (HR-TEM) image of
Er-hyperdoped Si QDs. The clear lattice fringe exhibits the excellent crystallinity in the
Er-hyperdoped Si QDs. Moreover, good crystallinity was also observed in undoped Si
QDs, as seen in the inset of Figure 2a. Figure 2a,d show that the Si (111) lattice spacing (d)
increased from 0.314 nm for undoped Si QDs to 0.328 nm for Er-hyperdoped Si QDs. This
may have resulted from the presence of sites of interstitial tetrahedral Er [20]. As shown
in Figure 2b,e, the average diameters of both undoped and Er-hyperdoped Si QDs were
4.1 + 0.4 nm. In addition, Figure 2f shows an HAADF-STEM image of an Er-hyperdoped
Si QD, in which the brightest point is an Er atom. The Er atom was not present in undoped
5i QDs (Figure 2c). The element maps indicate that that Er was closely associated to the Si
element (Figure 2g—-i), proving the Er atoms were incorporated into the Si QDs. Further-
more, the XRD patterns are presented in Figure S1. The pure diamond phases of Si QDs
were detected in all samples, proving their high crystallinity (Figure S1). We thus draw the
conclusion that hyperdoping did not alter the intrinsic diamond structure of Si QDs.
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Figure 2. TEM images, size distribution, and HAADF-STEM images of (a-c¢) undoped and

(d—f) Er-hyperdoped Si QDs. (g) HAADF-STEM image of Er-hyperdoped Si QDs and corresponding
element maps for (h) Si and (i) Er.

In undoped Si QDs, Si-S5i bonds were related to the Raman signal at ~506 cm !
(Figure 3a). The phonon confinement effect is responsible for the redshift of the Raman
signal for Si-Si bonds in bulk Si from its original position (~520 cm~!) [21]. The Si-Si bond
Raman peak was found to have blueshifted from ~506 to 515 cm ™! after Er hyperdoping.
This blueshift was brought on by the compressive strain caused by the presence of sites of
tetrahedral interstitial Er [21]. It is reasonable to make an approximation of the compressive
strain (e) using [22]

Av o
£ = <691.2> x 100% 2)

where Av denotes the shift of the Raman peak. We observed a 9 cm~! shift in the Raman
peak, which suggests € = ~1.3%. On the other hand, Raman peak broadening of the Si-Si
bonds suggests that these bonds were deformed when Er®* was doped [22]. This provides
more evidence that Er was present in the Si QDs. After 15 days of exposure in ambient air,
Si 2p XPS spectra were obtained and are presented in Figure 3b. An in-depth analysis of
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the XPS data was conducted using the method given in [9]. The XPS data are consistent
with the fact that Er hyperdoping generates a compressive strain in Si QDs [23], suggesting
that Er greatly reduced oxidation in the Si QDs, as shown in Figure 3b. The surface SiOy
thickness of Si QDs was reduced from 0.8 nm to 0.6 nm after Er hyperdoping, allowing for a
corresponding SiOy stoichiometric shift from SiO; g to SiOp 7 (Table S1). XPS measurements
of Er 4d are shown side by side in Figure 3c. Only the Er-hyperdoped Si QDs showed the
characteristic binding energy peak corresponding to Er 4d. There have also been attempts
to fit this Er 4d peak with mixed singlets. There is a 2 eV spin-orbit splitting in the Er
4d peak for Er-hyperdoped Si QDs [24], similar to that seen in Er;O3;. As Er in Er,O3
is in the optically active valence of +3 [25], we may assume that the Er3* was preserved
throughout the hyperdoping process. The radial distribution of Er was evaluated after
exposing Er-hyperdoped Si QDs to air at room temperature for varied durations of time.
Figure 3d shows the Er concentration after the surface oxide had been etched away. Er
concentrations clearly increased at the beginning of the oxidation process and decreased
over time. Figure 3d shows that the maximum Er concentration of ~2.22% was attained
after etching away the oxide produced over the period of 8 days. As a result, we can deduce
that subsurface regions of the Si QDs may have contained the majority of the Er.
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Figure 3. (a) Raman spectra, (b) Si 2p XPS spectra, and (c) Er 4d XPS spectra of Si QDs with pristine
and Er hyperdoping. (d) Er concentration as a function of oxidation time.

As can be seen in Figure 4a, there was only one PL peak at 830 nm for undoped Si QDs.
This peak was caused by the band gap transitions that occur in Si QDs [26,27]. Furthermore,
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Figure 2b,e show that undoped and Er-hyperdoped Si QDs had almost the same size
distribution, resulting in invariable emission at 830 nm for undoped and Er-hyperdoped Si
QDs. In addition, this result is commensurate with the quantum confinement effect [28,29].
On the other hand, following Er hyperdoping, a distinct PL peak appeared at 1540 nm. The
1540 nm emission is ascribable to the 4I;; /2 — 445 /2 transition of Er’* [30]. In Figure 4a,
a significant reduction in the intensity of the 830 nm emission after hyperdoping can be
seen. Energy transfer to the Er>* ions, previously seen in the literature, may account for this
decrease [10]. In terms of the PL excitation (PLE) spectra, the peak for the 830 nm emission
occurred at 405 nm, as shown in Figure 4b. This is because the exciton occupancy probability
at 1.49 eV (A = 830 nm) drops precipitously after exceeding 3.06 eV (i.e., A <405 nm) [31].
The PLE spectrum shows a broad peak for the 1540 nm emission, superimposed over the
resonance peaks at 408 nm (*Hy /2 — 5 /2) and 460 nm (*Fs /2~ s /2)- The synchronicity
of the PLE spectrum for the 830 and 1540 nm emissions suggests that Er’* was excited
through an efficient energy transfer from Si QDs to Er’*, which is the critical attribute
responsible for the emission of Er**. The PL lifetime was shown to drop from 275.1 s
to 19.5 s due to Er hyperdoping (Figure 4c and Note S1). Using the first-derivative EPR
spectra in Figure 4d, we estimated that the area density of dangling bonds at the surface
of undoped Si QDs was 1.3 x 10!2 cm~?2 (corresponding to 0.6 dangling bonds per QD)
whereas that at the surface of Er-hyperdoped Si QDs was 6.9 x 10! cm~2 (corresponding
to 0.4 dangling bonds per QD) (details can be found in [14]). Hence, the decreased area
density of dangling bonds excluded the contribution of surface dangling bonds to the
decrease of the PL lifetime.
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Figure 4. (a) NIR PL emission of Si QDs, pristine and with Er hyperdoping. (b) PLE spectra of Si QDs
with Er hyperdoping. (c) The 830 nm PL decay curves of Si QDs, pristine and with Er hyperdoping.
Aex = 405 nm. (d) First-derivative EPR spectra. (e) PL intensity detected at different excitation power,
measured at 830 or 1540 nm. Aex = 405 nm. (f) PL decay monitored at 1540 nm (Aex = 405 nm) and the
fitted curve. (g) The dependence of integrated PL intensity of the Er-related luminescence (1540 nm)
on the reciprocal of photon flux. A line fitting the data is also shown. (h) Transient PL intensity at
1540 nm, normalized to the maximum value. (i) Photon-flux-dependent reciprocal of Ty.

30



Nanomaterials 2023, 13, 277

It was shown that the radiative recombination lifetime of Si QDs was not strongly
influenced by compression because the compression hardly changed the HOMO-LUMO
transition [32]. This means that the compressive strain hardly affected the PL lifetime. This
suggest that the decrease of the PL lifetime is mainly induced by the transfer of energy
from a Si QD to Er®*, assuming that no other factors play a role. Using Equation (1), we
obtain an ultrahigh 7t of ~93%, which is substantially larger than the previously reported
~50% for Si QDs with neighboring Er3* [10,11,33].

As seen in Figure 4e, the intensity of the PL at 830 nm (Ig3p nm) increased linearly with
the increase of excitation power until the excitation power was so high that the PL tended
to be saturated. For Si QDs, Auger recombination is responsible for this saturation [34].
Like Ig30 nm, the PL intensity at 1540 nm (I3540 nm) Was proportional to the power of the
405 nm laser. Since this indicates that the Ij540 nm is constrained by the total amount of
excitons transferred from Si QDs, this observation provides more evidence for the existence
of excitonic energy transfer to Er>* in Si QDs. We can calculate the effective excitation cross
section of Er®* (0g,) using [35]

I 1

I _ 11
1540 nm—max 1+ P 27

where ¢ represents the photon flux and Tfr is the total lifetime of Er** in level *1;3,,. By
fitting the data in Figure 4f,g, the value of o, was obtained as 1.5 x 10~ cm?, an increase
by four orders of magnitude compared with the value obtained for the direct excitation of
Er®* (8 x 1072! cm?) [35]. The following equation describes the rise time (7,,) obtained for
the 1540 nm light emission [36]

1 _ 1 1)

Ton = UEr@ + TdEr (

Hence, we can calculate o, by fitting Equation (4). We monitored the excitation-
power-dependent rise for the 1540 nm light emission over time (Figure 4h). Figure 4i shows
the fitting results, leading to a value of 1.4 x 10717 cm? for ¢, which is quite similar to
the result obtained using the data in Figure 4g. By assuming a strong coupling between
a Si QD and Er’*, we were able to derive a consistent description on the ultrahigh 77¢7
and or,. The coupling constant () between a Si QD and Er3* was calculated using the
formula in the literature [37] with the assumption of 0'g; op = 10716 em?, ¢ =10* cm™2.571,
TdSZ Qb -10-5 s, Tf’ =5.6 x 107° s and Ay < 107 cm~3, where oy; op is the absorption
cross section of Si QD, T;l QD s the Si QD PL lifetime, and Ay is the initial state of the
Si QD. Finally, we obtained that the v was comparable to or greater than the value of
1.8 x 10712 cm3-s7!, an increase by three orders of magnitude compared with the - in Er-
doped silicon-rich silica (3 x 1071 cm3-s71) [36]. Therefore, the strong coupling between
Si QDs and Er®* allows Er®* to be efficiently excited, resulting in the ultrahigh 71 and o,
The dependence of the integrated PL intensity on temperature was studied to further
verify the strong coupling. Figure 5a shows that Ig3g nm decreased with the increase of
temperature from 77 to 237 K while it increased with the increase of temperature from
237 K to room temperature. However, there was only a monotonic decrease in Ig3p nm with
the increase of temperature in undoped Si QDs (Figure S2). Thermal quenching accounts
for the decrease of Ig3y nm between 77 K and 237 K [38]. In contrast, Ig3p nm increased as
the temperature increased from 237 K to room temperature due to the phonon-mediated
energy backtransfer from Er®* [39]. Please note that the reverse trend was found for the
I1540 nm- In the weak excitation regime, we have [40]
(i
I ~ UErq)NErT? ®)

rad

where N, is the excited Er®* concentration and Tr’ffd is the radiative lifetime of excited

Er**. Furthermore, assuming that Ng, and 1"} are temperature-independent, g, can be
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obtained by Equation (5). Thus, 0¢, is proportional to I/t}". As shown in Figure 5b, the
temperature dependence of og, ~ I/ TdE’ has the same tendency as I1540 nm- Therefore, the
temperature-dependent of, results in the trend of 11549 nm With the increase of temperature.
Moreover, the reverse temperature-dependent PL tendency between Ig30 nm and I1540 nm
demonstrates the effective energy transfer of excitons between Si QDs and Er>*, further
supporting the strong coupling mechanism.
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Figure 5. (a) Temperature dependence of the integrated PL intensity. (b) Temperature dependence of
0rr ~ I1540 am/ T{ff . PL rise time and decay time for (c) Si QDs (830 nm) and (d) Er’* (1540 nm) at a
pump power of 2 mW.

Both the rise time (7,,) and decay time (7,) of Si QDs (Figure 5c) and Er3* (Figure 5d)
were monitored in order to calculate the excitation rate. The excitation rate, denoted by
R = (1/ton — 1/14), was calculated, showing that Rg;op = 7962 s~! for Si QDs and
Rg, = 7768 s~ ! for Er’*. The observed R, is close to Rg; op, which is also in agreement with
the strong coupling mechanism [33].

4. Conclusions

The synthesis of Er-hyperdoped Si QDs was accomplished by employing nonthermal
plasma. Both 830 and 1540 nm NIR light were emitted from Er-hyperdoped Si QDs under
405 nm excitation. PLE and PL decay measurements showed that energy transfer occurred
between Si QDs and Er**. For Er-hyperdoped Si QDs, an ultrahigh 771 and a high o,
were obtained. Moreover, the quantitative study of the coupling constant demonstrates
the strong coupling between Si QDs and Er>*. The strong coupling was also manifested
by the temperature-dependent PL and excitation rate of Er-hyperdoped Si QDs. All these
findings suggest that Er-hyperdoped Si QDs have great potential for the fabrication of
high-performance NIR light-emitting devices.

Supplementary Materials: The following supporting information can be downloaded at: https://

www.mdpi.com/article/10.3390 /nano13020277 /s1, Figure S1: XRD patterns of Si QDs, pristine and
with Er hyperdoping; Figure S2: Temperature-dependent integrated emission intensities of undoped
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Si QDs; Table S1: Atomic fraction of various charge states of Si; Note S1: The fitting of PL decay
curves and the determination of PL lifetime. Reference [9] is cited in the supplementary materials.
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Abstract: We have demonstrated the high—density formation of super-atom-like Si quantum dots
with Ge—core on ultrathin SiO, with control of high—selective chemical-vapor deposition and applied
them to an active layer of light-emitting diodes (LEDs). Through luminescence measurements,
we have reported characteristics carrier confinement and recombination properties in the Ge—core,
reflecting the type II energy band discontinuity between the Si—clad and Ge—core. Additionally, under
forward bias conditions over a threshold bias for LEDs, electroluminescence becomes observable at
room temperature in the near-infrared region and is attributed to radiative recombination between
quantized states in the Ge—core with a deep potential well for holes caused by electron/hole simulta-
neous injection from the gate and substrate, respectively. The results will lead to the development
of Si-based light-emitting devices that are highly compatible with Si—ultra-large—scale integration
processing, which has been believed to have extreme difficulty in realizing silicon photonics.

Keywords: Si quantum dots; core/shell structure; CVD

1. Introduction

Monolithic integration of Si/Ge-based optoelectronic devices into Si-ULSI circuits is of
great interest to further extend the functionality of complementary metal-oxide-semiconductor
(CMOS) technologies according to a “more than Moore” approach [1-16]. Thus, light
emission from Si/Ge-based quantum dots (QDs) has attracted much attention as an active
element of optical applications because it has the advantages of photonic signal processing
capabilities and combines them with electronic logic control and data storage. In recent
years, intensive research has been dedicated to the growth and optoelectronic charac-
terization of Si and/or Ge nanostructures using various fabrication techniques such as
molecular beam epitaxy, chemical vapor deposition (CVD), and magnetron sputtering
deposition [17-21]. However, the development of a growth technology for QDs with high
areal density, uniform shape, and narrow size distribution for large-scale production is a
crucial factor in realizing stable light emission from the QDs. In addition, to integrate opto-
electronic devices into the CMOS technology, remarkable improvements in light emission
efficiency and its stability for practical use are major technological challenges because of
the difficulty in achieving a good balance between charge injection and confinement in the
QDs. To satisfy both strong confinement and smooth injections of carriers, Ge-QDs and
their self-aligned stack structures embedded in Si have so far been fabricated by control-
ling strain-induced self-assembling in the early stages of Ge heteroepitaxy on Si. So, we
have focused on superatom-like Ge—core/Si—shell QDs (Si-QDs with Ge—core) formed on
ultrathin SiO, because of their potential to realize a good balance between charge injection
and confinement in the QDs, which can improve light emission efficiency and stability.
Additionally, defect control at interfaces between Si and SiO», is established. In our previous
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works, we have studied the highly selective growth of Ge on pre-grown Si-QDs and the
subsequent coverage with a Si—cap that enables us to superatom-like Ge—core/Si—shell
QDs and characterized their unique electron/hole storage properties, reflecting the type II
energy band discontinuity between Si-QDs and Ge core [22-26]. More recently, we also
demonstrated photoluminescence (PL) from the Si-QDs with Ge—core and discussed the
origin of their PL properties, with PL having less dependence on temperature change.
Therefore, we concluded that hole confinement in the Ge core plays an important role in
radiative recombination in Si/Ge QDs. In addition, we also reported electroluminescence
(EL) from the light-emitting diode structure with the 3—fold stacked Si-QDs with Ge core
by application of continuous square-wave pulsed bias under cold light illumination, where
EL signal was observed from the backside through the c-Si substrate caused by alternate
electron/hole injection from the p-Si(100). In this work, we developed fabrication processes
of the Si-QDs with Ge—core structure by means of a commercial reduced pressure (RP)
CVD system [27-30] using SiH4 and GeH, gases with H; carriers, which has been in practi-
cal use for the mass production of bipolar CMOS, for the fabrication of the Si-QDs with
Ge—core on ultrathin SiO; layers, and evaluated their PL and EL characteristics without
light illumination at room temperature.

2. Materials and Methods

The fabrication of Si-QDs with Ge—core was carried out using an RPCVD system. After
a standard RCA cleaning step, ~7-nm-thick SiO; was grown on a p-5i(100) wafer by H, /O,
oxidation at 650°C. Furthermore, diluted HF dip is performed. At this point, residual SiO,
thickness is ~2.0 nm. After that, the SiO,/Si(100) wafer was loaded into the RPCVD reactor
and baked at 850°C in RP-H; to control OH bond the SiO, surface. Subsequently, the
wafer was cooled down to 650°C in RP-H,. After temperature stabilization, Si-QDs were
deposited using a Hy—SiH4 mixture gas by controlling the early stages of Si nucleation.
Directly after that the wafer was cooled down to 550 °C in the RP-H, environment and Ge
was selectively grown on the pre-grown Si-QDs by Hy—GeHy. Afterwards, the wafer was
heated again up to 650 °C in a H, environment and Si cap was selectively deposited on
the Ge on the Si-QDs by H,-SiHy gas system. In order to maintain selectivity, lower SiHy
partial pressure is used for the Si cap growth.

Areal density and average height of the Si-QD with Ge—core were evaluated by atomic
force microscopy (AFM), where average dot heights were determined by
log-normal functions. The dot height of the Si and Ge in the Si-QDs with a Ge—core
was also characterized by cross—section transmission electron microscopy (TEM) and
energy—dispersive X-ray spectroscopy (EDX) mapping. PL measurements were carried out
by using a 976-nm light as an excitation source with an input power of 0.33 W/cm?.

For the fabrication of the LED structure, ~200-nm-thick amorphous Si was deposited
on the S5i-QDs with Ge—core by electron beam evaporation at room temperature after the
chemical oxidation of the dots surface. Then, phosphorus atom implantation at 45 keV
was conducted. Subsequently, the sample was annealed at 300 °C. Then, the amorphous
Si layer was etched by Cl, plasma to isolate each device. Finally, ring—patterned Al-top
electrodes with an aperture of ~78.5 mm? and backside electrodes were fabricated by
thermal evaporation. For the PL and EL measurements, thermoelectrically cooled InGaAs
photodiodes were used as detectors in this work.

3. Results and Discussion

The formation of high—density Si-QDs with Ge—core on the ultrathin SiO, surface was
confirmed by AFM and EDX mapping image measurements, as shown in Figures 1 and 2.
The AFM topographic image taken after the RPCVD using a Hp,-SiH, mixture gas at 650 °C
confirms that hemispherical Si-QDs with an areal density as high as
~1.0 x 10" cm~? were self-assembled on the SiO, surface. Additionally, the AFM images
taken after each deposition step confirm that the areal dot density remains unchanged
after the Ge deposition and subsequent Si deposition using the high selectivity process
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condition. These results indicate that the Ge deposition and the Si—cap formation occur very
selectively on each of the isolated dots, and no new dots nucleate on the SiO; layer during
the Ge deposition and Si—cap formation. From dot height distributions evaluated from
cross—sectional topographic images, we also confirm that the dot height is increased by
~1.6 nm and by ~1.0 nm after the Ge deposition and subsequent Si—cap formation, re-
spectively. In our previous report on the formation of the Si-QDs with Ge—core using
LPCVD [26], the full-width at half~maximum value of the size distribution after Si—cap
formation is ~7 nm, whereas it is ~3 nm for RPCVD, indicating that dots of extremely
uniform size can be formed. Highly selective deposition of Ge and subsequent Si on the
dots was also verified from the cross—section TEM-EDX analysis, as indicated in Figure 2.
After the H,~GeH;—RPCVD, an EDX mapping image shows that Ge was deposited on
the pre-grown Si-QDs conformally, although there is no deposition on the SiO, surface
in-between the pre-grown Si-QDs. After the subsequent H,-SiH4—RPCVD,
Ge-core/Si—shell structure was clearly detected. In addition, the heights of the pre—grown
5i-QD, Ge-core, and Si—cap are very consistent with the values estimated from the size
distribution shown in Figure 1d. It is interesting to note that the EDX mapping image of
the dots after the Si—cap deposition shows that Ge has a rather spherical shape in contrast
to the as—deposited Ge selectively on pre-grown hemispherical-shaped Si-QDs. To get an
insight into the change in the Ge—core shape, we also performed plane-view TEM-EDX
analysis, as shown in Figure 3. After the Ge deposition, the color contrast of the Ge in
the peripheral region of the dots is somewhat deeper than that in the center of the dots,
which indicates that Ge was deposited conformally on the pre-grown Si-QDs because color
contrast depends on the thickness. Contrary to this, after annealing at 650 °C and/or Si-cap
deposition at 650 °C, it turned out to have a dark color in the central part. This result can
be attributable to Ge reflow onto the pre—grown Si-QDs due to relaxation of surface energy
or high structural strain at the Ge/Si interface. Consequently, a spherical-shaped Ge-core
with an abrupt Ge/Si interface was formed. In fact, Raman scattering spectra for the dots
indicate that compositional mixing hardly occurs at Si/Ge interfaces during the sample
preparation, as verified by the relative intensity of the Si-Ge phonon mode with respect to
the Si-Si and Ge—-Ge phonon modes (not shown).
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Figure 1. Typical AFM images of (a) pre-grown Si-QDs, (b) after Ge deposition, (c) after Si—cap
formation, and (d) dot height distribution of the samples shown in (a—c). The corresponding curves
denote log-normal functions well-fitted to the measured size distribution.
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Figure 2. Cross—sectional EDX mapping images of (a) Ge deposition on the pre-grown Si-QDs,
(b) after annealing at 650 °C, and (c) Si—cap formation at 650 °C. Images (a’) and (c’) are enlarged
view corresponding to (a) and (c), respectively.

20nm
Onm
SI ---

Figure 3. Room temperature PL spectra of the Si-QDs with Ge—core and their deconvoluted spectra

evaluated from the spectral analysis using the Gaussian curve fitting method. In-plane EDX mapping
images of (a) and (a”) Ge deposition on the pre—grown Si-QDs, (b) and (b’) after annealing at
650 °C, and (c) and (c) Si—cap formation at 650 °C. Blue and red colors are corresponding to Ge and
Si, respectively.

Under 976-nm light excitation at an input power of 0.33 W/cm? of the Si-QDs with
Ge—core using a semiconductor laser, a stable PL signal consisting of four Gaussian com-
ponents in the energy region from 0.66 to 0.83 eV was detected at room temperature, as
shown in Figure 4. As verified from the dot size dependence of PL peak energy and
the temperature dependence of PL properties discussed in [25], these components are
attributable to radiative recombination through quantized states in QDs. Based on our
previous discussion, Comp. 2 is attributable to the radiative recombination between the
conduction and valence bands of the Ge—core through the first quantized states, as shown
in Figure 5a. Therefore, providing that the selection rule in quantum mechanics is valid,
the higher energy components, Comp. 3 and 4, can be explained by the radiative transition
between the higher order quantized states in the conduction and balance bands of Ge core.
Considering type II energy band diagram of the Ge—core/Si—shell structure, component 1
might be attributable to radiative recombination between the quantized state of electron in
the Si clad and the quantized state of hole in the Ge core because the Si clad acts as a shallow
potential well for electron in which electron wave function can penetrate the Ge core, as
indicated in Figure 5b. It should be noted that the full width at half maximum (FWHM)
values of these components are ~38 meV for all components, which can be explained by
a size variation of the Ge—core. However, compared with our previous report, where PL
signal in the range from 0.65 to 0.88eV was observed from the Si-QDs with Ge—core formed

38



Nanomaterials 2023, 13, 1475

by a low—pressure CVD, the observed PL spectra in this work are narrower due to the
formation of extremely uniform-sized dots.

WAVELENGTH (nm)

1900 1800 1700 1600 1500
— — —Synthetic spectrum RT
Comp. 1(0.70 eV) )
FWHM:38 meV ——1g P& Comp.2(0.74eV)
_ ‘\‘\ .qu FWHM: 38 meV
=: ’ \\\ \v/ 6
© C0 b
= [ ®  Comp.3(0.77eV)
- [ FWHM: 38 meV
2+ ‘¢ 1
= / ‘ \ Comp. 4 (0.80 eV)
=z Ji ' ®  [FWHM: 38 meV
= B BT
" :’ :
0.65 0.70 0.75 0.80 0.85
ENERGY (eV)

Figure 4. Room temperature PL spectra of the Si-QDs with Ge—core and their deconvoluted spectra

evaluated from the spectral analysis using the Gaussian curve fitting method.
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Figure 5. Energy band diagram of Si-QDs with Ge—core, illustrating radiative transition correspond-
ing to (a) PL components 2—4, and (b) component 1 as shown in Figure 4.

The I-V characteristics of light-emitting diodes (LEDs) on p-Si(100), as schematically
illustrated in the inset of Figure 6, show a clear rectification property reflecting the work
function difference between the n-type amorphous Si electrode and p-5i(100) substrate
(not shown). With the application of continuous square-wave pulsed bias in the negative
half cycle with peak-to-peak amplitude over 1.0 V to the top electrodes, EL signals having
similar components to PL signals became observable from the topside of the LED structure
through the a-Si layer even at room temperature, as shown in Figure 5. Notice that the
observed EL spectra consist of four Gaussian components. It should be noted that their peak
energies and FWHM values are almost the same as those as the corresponding components
evaluated from the PL signal shown in Figure 4 were detected at room temperature. This
suggests that the recombination mechanism for the EL is the same as that of the PL. In
addition, a significant change in each of the peak positions was confirmed with an increase
in applied bias. No EL signals were detected in the positive half cycle bias condition.
Therefore, the EL can be explained by radiative recombination of electrons and holes
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caused by electron injection from the P-doped a-Si and hole injection from the p-5i(100).
With an increase in the bias amplitude, the EL intensity increased with almost no change in
the peak energy of each component, and then higher emission energy components became
dominant, as shown in Figure 7. It should be noted that, by applying a square-wave bias of
—4 to 0V, the EL signal peaked at ~0.8 eV, which is the same energy as that of component
4 evaluated from the PL spectrum is dominant, implying that electrons and holes were
injected into higher—order quantized states. From the negative-bias amplitude dependence
of the EL intensity, we have found that radiative recombinations between higher-order
quantized states become a major factor for EL at —4 V as a result of which single—peak
emission can be realized. Results obtained in this research will lead to the realization of
Si-based optoelectronic devices by introducing a Ge—core into the Si-QDs (pseudo-super
atom structure), which has the advantage of stimulating radiation due to a narrow emission
wavelength spectrum in a low—voltage application.
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Figure 6. Room temperature EL spectra taken at different applied biases from LEDs having Si-QDs
with Ge—core and their deconvoluted spectra evaluated from the spectral analysis using the Gaussian
curve fitting method. A schematic illustration of the LED is also shown in the inset.
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4. Conclusions

In summary, high—density Si-QDs with Ge—core show PL in the near-infrared region at
room temperature, which indicates that the hole confinement in Ge—core plays an important
role in radiative recombination into the Ge—core. We have also demonstrated stable EL
in the near—infrared region from light-emitting devices having Si-QDs with a Ge—core
caused by electron injection from the top electrodes simultaneously with hole injection
from the substrate under continuous square-wave pulsed bias in negative half-cycle
applications. From a technological point of view, it is quite important that such a stable EL
caused by electron/hole simultaneous injection from the gate and substrate, respectively,
at room temperature was realized by using Si-QDs with Ge core, which is compatible with
Si-ULSI processing.
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