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ABSTRACT

Understanding the distributions and behaviors of dopants in Si nanocrystal are the primary and necessary issues to realize the controllable doping at nanoscale and
develop the next generation of optoelectronic devices. This work reports the atomic-scale distributions of phosphorus and boron dopants in Si nanocrystals mul-
tilayers. The phosphorus-doped and boron-doped Si nanocrystals/SiOy multilayers are fabricated by PECVD and subsequently annealed at 1000 °C. It is found that
the locations of phosphorus are redistributed after the formation of Si nanocrystals due to the combined effects of formation energy and self-purification. Phosphorus
dopants are mainly distributed at the Si nanocrystals surfaces to passivate the dangling bonds, while part of them incorporate into Si nanocrystals lattice sites to
provide free electrons. However, boron dopants exhibit different distributions in contrast to phosphorus. The concentration of boron on Si nanocrystals surfaces can
reach as high as 40.0 at. %, which forms a dopant-shell covering on Si nanocrystals. Meanwhile, the boron dopant-shell can modify the surface states of Si nano-
crystals like Si-oxide related emission centers and dangling bonds, which is responsible for the luminescence properties. Moreover, the boron-aggregations with
concentration near 74.8 at. % are appeared inside Si nanocrystals and led to the damage of crystalline lattice.

1. Introduction

Due to the size-controllable bandgap and high recombination effi-
ciency under the quantum confinement effect, Si nanocrystal (Si NC) is
regarded as one of the most promising candidates of Si-based optical
materials [1-3]. The related applications in the new generation of op-
toelectronic devices, like LED [4], all Si-based tandem solar cells [5] and
neuromorphic computing [6] are also gradually reported. Recently,
phosphorus (P) and/or boron (B) doping in Si NCs are believed as
important methods to further develop novel optoelectronic properties
and have attracted extensive attentions [7-10]. However, achieving the
effective doping in Si NCs is a difficult and complex task due to the
quantum confinement effect, surfaces/interface states and surrounding
matrix material [11-13], which is also different from that in its bulk
counterpart.

Among of those relevant studies, the knowledge of dopant distribu-
tions and behaviors in Si NCs is the primary and necessary task to un-
derstand the doping induced physics properties and realize the

https://doi.org/10.1016/j.apsusc.2022.155260

controllable doping at nanoscale. Ni et al. theoretically studied the P and
B distributions in the 1.4 nm Si NC embedded in SiO3 matrix by ab-initio
calculations [14,15], and found that the formation energy of P at the Si/
SiO; interface or the surface of Si NCs was larger than that in the core.
The minimum formation energy of the B dopant was obtained at the sub-
interface region. Meanwhile, a lot of elemental analysis and spectro-
scopic methods, like secondary ion mass spectrometry (SIMS) [16,17],
electron energy loss spectroscopy (EELS) [18,19] and X-ray photo-
electron spectroscopy (XPS) [20,21] are performed to study the
dopant distribution and concentration in Si NCs materials. In our pre-
vious studies, the depth-profile XPS spectra indicated that P and B
dopants were mainly located at Si NCs inner and surfaces rather than the
surrounding matrix [22]. Zhou et al. estimated the activation efficiency
of B and P were 2.8-5.2% and 0.3-0.9%, respectively, by the absorption
spectra [23]. However, those measurements are mainly determined the
overall distribution and concentration of dopants in Si NCs sample. The
precise analysis at atomic-scale are still scarce.

Atom probe tomography (APT) is a potential method to characterize
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the element information at atomic-scale [24,25]. Trad et al. have re-
ported the influence of P dopants on the phase separation process and
optical properties of Si NCs by APT measurement [26]. In this study, we
fabricate P-doped and B-doped Si NCs/SiOy multilayers by plasma
enhanced chemical vapor deposition (PECVD) system. The atomic-scale
distributions and behaviors of P and B are studied by femtosecond laser-
assisted APT, Raman and electron spin resonance (ESR). Results reveal
that P dopants are mainly distributed at Si NCs surfaces to passivate
dangling bonds, while B dopants aggregate inside Si NCs inner with a
high concentration of 74.8 at. %, and lead to the damage of crystalline
lattice.

2. Experiment

PECVD system equipped with the radio frequency source of 13.56
MHz was adopted to fabricate P- and B- doped Si/SiOy multilayers. In
brief, SiH4 gas was ionized to deposit Si sublayer on silicon wafers and
quartz substrates. Meanwhile, PH3 (1 %, Hs dilution) and BoHg (1 %, Ha
dilution) were introduced into SiH,4 plasma to act as the dopant gas. The
thickness of Si sublayer was controlled by the deposition time. Then, in-
situ plasma oxidation was performed in oxygen plasma atmosphere to
form the thin SiO sublayer. Si sublayer deposition and in-situ oxidation
were alternately repeated to obtain the periodically stacked Si/SiO2
multilayers. The deposited samples were subsequently dehydrogenated
at 450 °C and annealed at 1000 °C under nitrogen gas ambient for 1 h,
respectively. In this study, the P-doped and B-doped Si NCs samples have
the identical nominal doping ratio (2.0 %), which is defined as molar
ratio of dopant gas to SiH4 during the deposition process.
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Cross-sectional TEM (Tecnai G2 F20 electron microscope) and
Raman spectrum (Horiba HR 800 Raman system, 514 nm laser) were
used to characterize the microstructures of Si NCs multilayers. Element
mapping and distribution were charactered by UV fermtosecond laser-
assisted APT system (CAMECA LAWATAP). Low temperature (20 K) X-
band ESR spectra were measured by Bruker EMX-10 with liquid-
nitrogen cooled spectrometer under the center field of 3250 G.

3. Results and discussions

Fig. 1 (a) shows the Raman spectra of P-doped Si NCs/SiOy multi-
layers. For the as-deposited sample, the Raman spectrum exhibits a
broad scattering packet near 470 cm ™' which is associated with the
transverse optical mode of amorphous Si and indicate the as-deposited Si
sublayers are un-crystallized [27]. After 1000 °C annealing, a sharp
Raman peak around 519 cm™! is observed, that is attributed to the
transverse optical mode of crystallized Si phase [28]. It indicates the
amorphous Si sublayers have been crystallized after 1000 °C high tem-
perature annealing. Further, high-resolution TEM was used to study the
cross-sectional microstructure of multilayers. As shown in Fig. 1 (b), the
stacked structures of multilayers can be easily distinguished. The
thickness of Si and SiO; sublayers are about 8.3 and 4.0 nm, respec-
tively. It can be observed that the Si NCs with ellipsoid shapes are uni-
formly distributed in Si sublayers. The longitudinal size of Si NCs is close
to the thickness of Si sublayers due to the constrained crystallization of
Si/Si0, multilayers. In addition, the stacked structures of SiOx (1 < x <
2)/8i0, multilayers are commonly adopted to fabricate the Si NCs
embedded in matrix. However, the enriched Si atoms in adjacent SiOx
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Fig. 1. (a) Raman spectra and (b) cross-sectional high-resolution TEM image of annealed P-doped Si NCs/SiO», multilayers; (¢) Raman spectra and (d) cross-sectional
high-resolution TEM image of annealed B-doped Si NCs/SiO, multilayers. The Raman spectra of as-deposited samples are also plotted for comparison.
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sublayers are easily across SiO, sublayers to form large Si NCs under
thermal annealing [29], which can break the constrained crystallization
effect of multilayers. Fig. 1 (c) also exhibits the Raman spectra of B-
doped Si NCs/SiO;, multilayers. After annealing, the Si-Si bonds related
Raman peak accompanying with an obvious redshift is detected. The
redshift has also observed in the B-doped Si nanowires, which is mainly
attributed to the B-doping induced tense stress in films. Meanwhile, a
weak and broad Raman peak around 628 cm™! is observed in Fig. S1,
which is believed arising from the Raman scattering related to the B-Si
local vibration signals and indicate the B atoms are doped in substitu-
tional sites of the Si NCs [30]. As shown in Fig. 1 (d), the sizes of B-doped
Si NCs within the thickness of the Si sublayers are also strictly obeyed.
To investigate more into details of the element distribution, the APT
measurements are performed. Fig. 2 (a) exhibits the elemental mapping
of Si and O compositions for as-deposited P-doped multilayers. Alter-
nately stacked structure is clearly observed. The aggregation regions of
O atoms (in green color) are corresponding to the SiO; sublayers with
the thickness near 4.0 nm, and the gathered regions of Si atoms are the Si
sublayers with the thickness about 8.3 nm. Indeed, the stacked structure
and thickness of sublayers from APT measurement are in good accord
with the high-resolution TEM results. Further, the concentration profiles
of Si and O compositions for as-deposited P-doped multilayers are shown
in Fig. 2 (b). The interfaces between Si and SiO; sublayers can be
visualized identified by the intersections of Si and O concentration
curves, where the values of Si and O concentrations are both 50.0 at. %,
respectively. For convenience, the position of one of the interfaces is
selected as the origin of the horizontal axis in the concentration profiles.
The negative and positive axis directions point towards the SiO5 or Si (or
Si NCs) sublayers. As shown in the profiles, the distance dependent Si
and O concentrations exhibit the periodic variations associating with the
structural characteristics of multilayers. From the APT results, the
averaged Si concentration in Si sublayers reach to 92.2 at. %. For the
SiO4 sublayers, the Si and O concentrations are 33.1 and 66.3 at. %
respectively, which meets the stoichiometric ratio of SiO,.
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Fig. 2 (c) shows the APT elemental mapping of annealed P-doped Si
NCs multilayers, and the Si and O compositions are separately recon-
structed for more intuitive observation on the structures and elements
distributions. It is found that the periodically stacked structures of
multilayers and the thickness of sublayers keep unchanged after 1000 °C
annealing for 1 h. The interfaces between Si NCs and SiO5 sublayers are
smooth and abrupt without the diffusion of O atoms into Si NCs sub-
layers. In Fig. 2 (d), the Si and O concentration profiles also exhibit
structure related periodic variations. The Si contents in Si NCs sublayers
reach to as high as 97.8 at. %, and the Si and O concentrations in SiO»
sublayers also keep at the stoichiometric ratios.

Further, the dopant distributions in the multilayers are focally
studied. Fig. 3 exhibits the concentration profiles of P dopants for the
unannealed and annealed P-doped Si NCs/SiO5 multilayers. For the as-
deposited sample, it is found that the P dopants are randomly distrib-
uted in Si sublayers and the averaged concentration is near 0.64 at. %.
Meanwhile, few P dopants are located at the SiO5 sublayers with a low
concentration near 0.25 at. %, which is because the SiO sublayers were
fabricated by in-situ oxidation of Si sublayers. After annealing, the P
dopants in Si sublayers are redistributed. First, P dopants are mainly
gathered at the interface regions i.e. the surfaces of Si NCs with a high
concentration near 1.36 at. %, and then decrease rapidly towards both
side directions, i.e. SiO5 and Si NCs sublayers. Then, the P concentra-
tions in SiO sublayers keep almost unchanged before and after
annealing. It is attributed to the stable stoichiometric ratios and
microstructure of SiO5 sublayers. Moreover, the averaged P concentra-
tion inside Si NCs sublayers decrease to 0.45 at. %, which is lower than
that of as-deposited Si sublayers. Hence, the P dopants gathered at in-
terfaces are mainly migrated from the diffusion of P dopants, which are
initially distributed in Si sublayers.

The redistributions of P dopants in Si sublayers are attributed to the
formation of Si NCs under high temperature annealing. APT results have
indicated that P dopants prefer to locate at the surfaces regions of Si NCs,
while part of them are incorporated into Si NCs inner. The distribution of
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Fig. 2. (a) APT elemental mapping and (b) concentration profiles of Si and O compositions for as-deposited P-doped multilayers; (c) APT elemental mapping and (d)
concentration profiles of Si and O compositions for annealed P-doped multilayers. Si and O are plotted in red and green color, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. P concentration profiles of unannealed (in pink color) and annealed (in
blue color) P-doped Si NCs multilayers. The backgrounds in purple and tur-
quoise colors represent the Si (Si NCs) and SiO, sublayers, respectively. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

P in Si NCs can be mainly attributed to two reasons, (i) during the
growth process, Si NCs tend to expel the dopants to their surfaces to keep
the stability of crystal structures, which is similar with the reported self-
purifications effects in Mn-doped CdSe nanocrystals [31]; (ii) P dopants
have the lowest formation energy when locating at the surface sites than

the inner sites of Si NCs [15]. As a result, the P dopants exhibit higher
distribution concentration at the surfaces regions than that of Si NCs
inner. Moreover, it is found the P-doped Si NCs sample is n-type with the
electron concentration of 1.80 x 102°/cm® [9]. The carrier concentra-
tions stand for the electrically activated dopants at lattice sites of Si NCs.
Using the estimated atomic density of the Si NCs (6.70 x 10%? atoms/
cm®), the calculated activation concentration of P dopants in Si NCs is
0.27 at. %, which is more than half of the value measured by APT. It
reveals that most of P dopants in Si NCs sublayers are substitutionally
incorporated into Si NCs inner.

The distribution of B dopants in Si NCs multilayers is also studied. As
shown in Fig. 4 (a), the distribution of B dopants in Si NCs sublayers is
more complex. Part of B dopants is gathered at the interfaces between
SiO9 and Si NCs sublayers, which is similar with the distribution of P
dopants. Besides, the B dopants at the interface regions diffuse into SiO5
sublayers to some extent. In order to gain more insight into the B dopant
distribution at interfaces regions i.e. the surfaces of Si NCs, the element
concentration of section I and II in the mapping image is studied and
shown in Fig. 4 (b) and (c), respectively. It is found that the B concen-
tration at the surfaces of Si NCs can reach as high as 40.0 at. %, and the
thickness of enriched B region is about 2.0 nm which is like the shells
covering on the Si NCs surfaces. In the optical study of B-doped Si NCs
multilayers, we have found that the optical emission originated from the
Si-oxide centers surrounding Si NCs surfaces are gradually quenching
with the increase of B-doping ratios [32]. The B dopant shells can cause
the segregation of Si and O atoms at the interfaces and suppress the
formation of Si-oxide emission centers on Si NCs surfaces, which may be
responsible for the quenching of Si-oxide surface states related optical
emission. As reported, B dopants are easily bonded with the surrounding
O atoms due to the large electronegativity differences between B and O
atoms [14]. It may result in the diffusion of B dopants into SiO5 sub-
layers as shown in the mapping image and concentration profiles.

More interesting, it is found that a lot of B dopants are also aggre-
gated near the middle of Si NCs sublayers, which is different from P
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Fig. 4. (a) APT elemental mapping of O and B compositions for annealed B-doped Si NCs multilayers; (b) and (c) are the element concentration profiles of the section
I and II; (d) slice view of Si atoms taken from the B aggregation region in Si NCs sublayer; (e) and (f) are the element concentration profiles of the section III and IV,
respectively. Si, O and B are plotted in red, green and black colors, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)


Etienne Talbot


dopants. The slice analysis taken from the B aggregation region is per-
formed to study the element composition, the results of Si atoms are
shown in Fig. 4 (c). In the slice image, the obvious aggregation of Si
atoms which usually standing for the Si NCs is not appeared. Meanwhile,
B dopants are enriched in the blank area of Si atoms, like section III and
IV. Fig. 4 (e) and (f) show the element concentration profiles of the
section III and IV, respectively. It is found the positions with the
maximal B concentration appear near the middle of Si sublayers, and the
value of B concentration can reach as high as 74.8 at. %. The high B
concentration in Si NCs/SiO5 multilayers is similar with the results of B
hyper-doped Si NCs fabricated by laser induced reactor under
nonequilibrium conditions [8]. For the as-deposited B-doped Si/SiO2
multilayers, the B dopants are initially uniformly distributed in the
amorphous silicon sublayers. During the high temperature annealing,
the doping process of B dopants is simultaneously accompanied with the
growth process of Si NCs. Besides the effect of thermodynamics, the B
dopants are also subject to the collisions from the surrounding Si atoms
with large atomic mass, which may lead to the B dopants also in a non—
or sub-thermodynamic equilibrium state. However, it is difficult to
pinpoint the location of this kind B-aggregations in Si NCs due to the two
main possibilities, (i) B-aggregation may locates at the surfaces of Si
NCs, which means the predesigned Si NC with size near 8.0 nm in the Si
layers are divided into two smaller Si NCs by B-aggregation; (ii) B-ag-
gregation locates at the Si NCs inner and act as part of nanocrystals.
Further, the low temperature (20 K) ESR measurement was per-
formed to study the dopants behaviors in Si NCs multilayers. As shown
in Fig. 5, a strong ESR signal with g = 2.005 is detected for both 450 °C
dehydrogenated P-doped and B-doped multilayers, which can be
assigned to the Si dangling bonds [33]. The Si dangling bonds are
generated due to the effusion of H from the Si/SiOy multilayers after
450 °C thermally annealing. In our previous studies, the Si dangling
bonds were still existed on the surfaces of un-doped Si NCs. After P-
doping, the ESR signal of Si dangling bonds disappeared. It can be

B-doped sample @ 20K

1000 °C annealed

|
L o= 2,003

P-doped sample
1000 °C annealed

B-doped sample:
450 °C
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Fig. 5. Low temperature (20 K) ESR spectra of P-doped and B-doped Si NCs/
Si02 multilayers.

3400

attributed to the passivation effect of P dopants locating at the surface
regions of Si NCs [33]. Mimura et al. have also theoretically reported
that P can passivate defects such as Si dangling bonds at the Si/SiO,
interfaces when Si NCs embedded in SiO, were doped with P dopants
[34]. Moreover, a strong signal of conductor electrons is detected with a
g value of 1.998. It is attributed to part of P dopants are substitutionally
incorporated into Si NCs lattice sites to provide free electrons [9,10].

After B-doping, the ESR signal of Si dangling bonds on Si NCs sur-
faces is also disappeared. APT results have revealed that the B dopants
locate at Si NCs surfaces and form the dopant-shell covering on the Si
NCs surfaces. The shell of B dopants can modify the surface states, such
as Si dangling bonds. Veettil et al. have reported the B dopants can
passivate the dangling bonds of self-assembled Si NCs [35]. Sugimoto
et al. also found the P/B co-doped Si NCs had an amorphous shell mainly
made from B, and the shell induced negative potential on the surface and
made co-doped Si NCs dispersible in water [36]. Hence, the disappear of
Si dangling bonds of B-doped Si NCs is attributed to the passivation ef-
fect of B dopants locating on the Si NCs surfaces regions. The strong ESR
signal with g = 2.003 in B-doped Si NCs is originated from the Si va-
cancy, which is caused by the damage of Si crystalline lattice. In the
study of hyper P-doped Si NCs, similar damage of crystalline lattice was
also observed due to the large amount of intensively moving P atoms
[33]. For our B-doped Si NCs, the Si vacancy is mainly due to the high
incorporation concentration of B in Si NCs inner. In our opinion, the B-
aggregations observed at the middle region of Si sublayers may locate
inside the Si NCs rather than on the surfaces of two small Si NCs.
Comparing with P and B dopants, both P and B are preferred to
distribute on the surface of Si NCs, which is mainly due to the self-
purification effect during the doping process. Moreover, a large num-
ber of defects on the surface of Si NCs generally have low formation
energy for dopants, which has been confirmed by ESR results. Ni et al.
and Rohani et al. have reported B dopants are easier than P to achieve
hyper-doping in Si NCs [8,37]. Ni et al. believe that the collision be-
tween Si NCs and B or P atoms is critical to the understanding on the
differences in the doping efficiency and dopant distribution between B
and P. The collision frequency for B with small atomic mass is larger
than that for P, which result in the high doping efficiency of B. In
addition to the easily forced collision of B dopants during the Si NCs
crystallization, the smaller binding energy of the B-B bond may be also
an important factor for the formations of B-aggregations in Si NCs inner
and the B-shells on the Si NC surfaces [14].

4. Conclusion

P-doped and B-doped Si/SiO, multilayers are fabricate by PECVD
system. Si NCs with uniform size distribution are obtained due to the
constrained crystallization effect of hetero-structured multilayers. APT
mapping reveals that the multilayers have the stable microstructure
even annealed under 1000 °C high temperature, and the P dopants in Si
sublayers are redistributed accompanying with the formation of Si NCs.
For the as-deposited sample, P dopants are randomly distributed in Si
sublayers with average concentration near 0.64 at. %. After annealing,
the P dopants gather at the surface regions with the concentration
reaching to 1.36 at. %. ESR results indicate that the dangling bonds on Si
NCs surface are passivated by P dopants, and part of P are also incor-
porated into Si NCs lattice sites to provide free electrons. In contrast, B
dopants inside Si NCs are gathered as aggregations to damage the
crystalline lattice. Meanwhile, the B dopants form a dopant-shell on Si
NCs surface with the thickness near 2 nm. The B dopant-shell can modify
the surfaces states of Si NCs, which may broad the application of Si NCs
in optical materials and water-soluble biomonitoring.
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