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ABSTRACT: Co-doping in Si nanocrystals (Si NCs) is an intriguing research
topic as the co-doping mechanism at the nanoscale is considerably more complex
than the bulk Si. In this study, we utilized ab initio molecular dynamics simulations
to investigate the impact of phosphorus (P) and boron (B) co-doping on the
properties of Si NCs in the SiO, matrix. Our findings demonstrate that P and B
impurities exhibit a tendency to aggregate within sub-interfaces and interfacial
regions. Furthermore, introducing B impurities during the co-doping process
facilitates bonding between P and B near the interface to form P—B pairs. The
results of ionic conductivity derived from the diffusion coefficient indicate that
with increasing B concentration, the conductance activation energy first decreases
before increasing, implying that the introduction of B impurity leads to greater
bonding of P impurity to Si or B atoms. Vibrational simulations and bonding
configurations on the structure reveal that P—B pair formation weakens the
intensity of the vibrational density peak due to the P—B co-doping process, thereby
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stabilizing the structure.

1. INTRODUCTION

Doping in the nanoscale is a critical issue for improving the
functionality of Si nanocrystals (Si NCs)-based devices."”
Generally, Si NCs mainly refer to silicon particles with a
diameter between 1 and 10 nm and can be formed by a laser or
high-temperature annealing process.” In recent years, the
great influence of doping on the performance of Si NCs has
attracted extensive attention. Doping offers a promising
approach for improving the performance of Si NCs devices,
such as enhancing their conductivity,” which can be applied to
electronic devices. Moreover, doping can also lead to localized
surface plasmon resonance in Si NCs,%” which has garnered
interest as a potential application in sensing and optoelec-
tronics.”” In our previous study, doping Si NCs with
phosphorus (P) or boron (B) can significantly modify their
electronic and optical properties. Moreover, we found that the
introduction of P impurities can achieve sub-band lumines-
cence and improve the optical properties and can also improve
the conductivity by changing the carrier transport behaviors
through doping.10_13 Meanwhile, we also found that P and B
co-doping can further improve the sub-band luminescence of
Si NCs.'* To further unravel the underlying doping
mechanism governing these phenomena, we leveraged the
cutting-edge atom probe tomography technology to conduct
meticulous examinations of the positional and distributional
aspects of B and P impurities within Si NCs."> However, the
formation mechanism and distribution of doping impurities
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and their bonding configuration changes during the annealing
process are still unclear.

Ab initio molecular dynamics (AIMD) simulations are a
powerful tool that can provide a viable complementary
approach to experimental investigations and can effectively
surmount the limitations encountered in conventional
empirical methods.'® Several studies have reported on the
molecular dynamics of Si NCs, including investigations into
freestanding structures outside the encapsulation of hydrogen
atoms, as well as models focusing on the encapsulation of N
and O within the external environment of Si.'’ 2 However,
limited research has been conducted on the Si/SiO, structure
of the core—shell model, which is constructed similarly to our
model. Additionally, there has been minimal exploration into
the mechanism of co-doping.

In this work, we employ AIMD to investigate the co-doping
mechanism of P-doped and P/B co-doped in Si NCs/SiO,
structures of 2.5 nm. We perform optimization and processing
on the structures, followed by doping with varying proportions
of P and B. The doped structures undergo amorphization
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Figure 1. (a—c) Molecular dynamics process of annealing at 1300 K for 10 ps representing for P-doped, B-doped, and co-doped (P:B = 1:1) Si
NCs/SiO, structures. The red, yellow, purple, and blue balls represent the O atoms, Si atoms, P atoms, and B atoms, respectively. (d, e) Schematic
illustration of the atomic position distribution ratio of P/B atoms in singly doped and co-doped Si NCs/SiO, structures.

treatment at 3000 K and simulated annealing at 1300 K to
show the evolution of the structure and impurity distribution.
Our findings reveal that in the co-doped Si NCs/SiO,
structures, P and B atoms exhibit a strong preference for the
sub-interface and interface regions, forming a specific ratio of
P/B impurities within the structure. The distribution pattern of
P and B atoms is primarily concentrated near the interface,
indicating their tendency to form bonds in proximity to the
interface. Compared to the singly doped structure, the co-
doped structure demonstrates a lower conductance activation
energy, while the diffusion coefficient of P atoms gradually
increases with temperature, and P/B atoms exhibit varying
degrees of diffusion. These results underscore the significance
of AIMD simulations in gaining a comprehensive under-
standing of the microscopic co-doping mechanism of P and B
in Si NCs. This study holds promise in advancing the design
and development of next-generation nano-electronic devices.
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2. COMPUTATIONAL MODELS AND METHODS

In our previous experiments, we successfully fabricated
multilayers of doped Si NCs embedded in the SiO, matrix,
as reported in several scientific publications.'”*' Notably, the
surfaces of Si NCs with varying sizes are enveloped by oxygen,
with the outermost layer comprising amorphous SiO,. Initially,
we optimized the structure by hydrogen-bonding capping,
followed by dehydrogenation to align with the experimental
model. Subsequently, we generated doped models
(8i1840110P16 Si1540110B16 Si1es0110P16B1er SiizeO110P16Bss
and Si;500;10P;¢Bs) with varying ratios for conducting
molecular dynamics simulations. Then, we initiated the
amorphization treatment on our 2.5 nm Si NCs/SiO, model
at a temperature of 3000 K. Subsequently, after the completion
of the entire process, we performed an annealing treatment
with a temperature gradient. Figure la—c shows the kinetic
process of our structural model at 1300 K for a duration of 10
ps following amorphization, respectively. Following annealing
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at 1300 K, the structures exhibited good stability, as evidenced
by Figure S1 in the Supporting Information, which provides a
comprehensive depiction of the energy and temperature curve
variations.

In our work, all AIMD simulations were performed using the
density functional theory’”> combined with projector aug-
mented wave potentials,”” which was performed by the Vienna
Ab initio Simulation Package (VASP).”** The electronic wave
function was expanded using plane waves, with a cutoft energy
of 400 eV. Integrations in the reciprocal space were performed
using a I'-centered grid of k-points, ensuring the smallest
spacing between k-points to be 0.5 A™' within the Brillouin
zone corresponding to the primitive cell. To accurately
describe electron interactions, the generalized gradient
approximation based on the Perdew—Burke—Ernzerhof para-
metrization was utilized.”®*” The constant number of atoms,
volume, and temperature ensemble was applied with the
Nosé—Hoover thermostat.”**” The duration of the entire MD
process is 10 ps, and the time step is set to 2 fs, and the
temperature is set at 300, 500, 800, 1000, and 1300 K. The
total energy converged to 107> eV per cell in each self-
consistent loop.

Mean squared displacement (MSD) is a measure of the
deviation of the position of a particle with respect to a
reference position over time. It can be calculated using the

- L 30-32 1.1
Einstein equation, which is expressed as follows:

1 N
MSD(r,) = <ﬁzi=1 rg = ri(to)P>, W
where N is the number of equivalent particles, r are their
coordinates, and d is the desired dimensionality of the MSD.
As in the experiments,””* AIMD simulations can be
performed at multiple temperatures to obtain the Arrhenius
relation of D as a function of T:

D=D (_E]
= OSR Ter @)

The activation energy E, can be determined by fitting the data
of lgD (logarithm of diffusivity) vs 1/T (reciprocal of
temperature) to the Arrhenius relationship. This fitting allows
for the extrapolation of diffusivity D and conductivity o to
different temperatures. It is important to note that when
extrapolating the Arrhenius relationship to other temperatures,
it assumes the same diffusion mechanism at those temper-
atures.

From the diffusivity D, the ionic conductivity o is calculated
by the equation™

qu
o= ——
VkyT 3)

where Vis the total volume of the model, g is the charge of the
mobile-ion species, T is the temperature, and ky is the
Boltzmann constant.

The radial distribution function (RDF) defines the
probability of finding a particle at distance r from another
tagged particle. And the g(r) of the RDF can be expressed as
follows:

s )
g(r) a NZ[ Z 47r2Ar]

i=1

(4)

where L is the length of structures, which have adapted to the
change of temperature, N is the total atom number, and n(r) is
the number of atoms around one central atom within the
distance interval between r and r + Ar.

The velocity-autocorrelation function (VACF) is a prime
example of a time-dependent correlation function and is
important because it reveals the underlying nature of the
dynamical processes operating in a molecular system. It can be
defined as follows:*°

No Ny

— 3 D)+ 0

NoNy j=1 i=1 (5)

where v is the velocity vector of atoms and N and N are the
number of time origins spaced by t and number of ions,
respectively.

VACF(t) =

3. RESULTS AND DISCUSSION

As shown in Figure 1, it depicts the AIMD process in both
singly doped and co-doped SiO,/Si NCs structures. The
simulation, conducted for a duration of 10 ps, reveals distinct
distributions and behaviors of different elements. Specifically,
Si exhibits partial crystallization and forms a Si core in the
central region. P shows a more dispersed distribution in the
sublayer and at the Si/SiO, interface. On the other hand, B is
mainly concentrated at the interface and forms bonds with
oxygen atoms in SiO,. Furthermore, Figure 1 illustrates the
formation of P—B pairs near the Si/SiO, interface. This is
consistent with some previous experimental results.">*”** To
further analyze the distribution of dopant atoms in Si, we
conducted a thorough investigation of the distribution ratio of
impurity atoms. In Figure 1d, the results illustrate that
following the AIMD process, 46% of the P atoms are
distributed at the sub-interface in the singly doped SiO,/Si
NCs structures, while 35% are found at the Si/SiO, interface.
Meanwhile, only 14% of the P atoms are distributed within the
Si NCs, and a mere 5% within the SiO, layer. These findings
clearly indicate the preference of P atoms to reside in sublayers
and interfaces, with only a small fraction being successfully
doped into the center of Si NCs to form bonds with Si. It is
worth noting that it is difficult for P atoms to enter the SiO,
layer. Unlike P atoms, 44 and 39% of B atoms are distributed
near the SiO, and Si/SiO, interfaces and only 2% are
distributed in Si NCs. This also shows that B impurities are
more difficult to dope into Si NCs but tend to exist at the
interfacial regions and SiO,.

As for the co-doped case, Figure le depicts the distribution
proportions of P and B atoms that differ across various
positions within the co-doped SiO,/Si NCs structures. At the
sub-interface position, P atoms constitute 58% of the
distribution, while B atoms account for 22%. Moving to the
Si/Si0, interface, the distribution ratios shift to 24% for P
atoms and 38% for B atoms. Within the Si NCs, the
proportions of P and B atoms are comparatively lower at 15
and 13%, respectively. However, in the SiO, layer, the
distribution ratio of B atoms is 27%, while P atoms only
comprise 3%.

These results suggest that in the case of co-doping, P and B
atoms still tend to be distributed in sub-interfaces and
interfacial regions. Additionally, compared with P, a part of
B atoms is still in SiO,, which is also consistent with the
phenomenon found in the experiment that B atoms gather in
SiO, to form a shell. Overall, the distribution pattern of P and
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Figure 2. (a) MSD of P atoms as a function of time increment for different thermodynamic temperatures. (b) MSD of P/B atoms as a function of
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Figure 3. (a—d) VACF of Si, P/B atoms in singly doped and co-doped Si NCs/SiO, structures. The simulations have been performed in the

thermodynamic at a temperature of T = 1300 K.

B atoms in the co-doped SiO,/Si NCs structures concentrates
near the interface. This observation aligns with the notion that
P and B atoms tend to form bonds in close proximity to the
interface, particularly the formation of the P—B pair.
Additionally, the distribution of P atoms near the interface
region contributes to an enhanced proportion of impurity
atoms doped into the interior of Si NCs.

To investigate the dynamical properties of SiO,/Si NCs
structures, we computed the MSD of P atoms at different
temperatures for singly doped and compared the MSD of P/B

17612

atoms under co-doped SiO,/Si NCs structures with different
ratios. Figure 2a suggests that the MSD curve of the P atom
exhibits a linear increase over time, implying continuous
diffusion of P atoms within the structures and an escalation in
diffusion intensity as the temperature increases. This is because
impurity atoms tend to find more stable positions to bond with
surrounding atoms, and the diffusion coeflicient of atomic
motion changes with temperature. Figure 2b shows that P
atoms with singly doped exhibit a greater diffusion coefficient
at a fixed temperature of 1300 K with the passage of time.

https://doi.org/10.1021/acs.jpcc.3c04190
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Figure 4. (a—d) Vibrational density of states (VDOS) of Si, P/B atoms in singly doped and co-doped Si NCs/SiO, structures. The simulations
have been performed in the thermodynamic at a temperature of T = 1300 K.

Moreover, the diffusion degree is higher for co-doped P and B
in a 1:1 proportion as compared with those in ratios of 1:0.5
and 1:0.2S. It is worth noting that the slope of the MSD of
impurity atoms is found to be smaller at the P—B co-doped
ratio of 1:0.5 compared to the P—B co-doped ratio of 1:0.25.
Therefore, we speculate that the gradual bonding of P and B
atoms at a certain doping ratio leads to a decrease in MSD,
while an increase in the number of atoms at higher doping
ratios causes a further increase in MSD.

To further understand the changes of ionic conductivity ¢ of
singly doped and co-doped Si NCs/SiO, structures, we
performed the process of AIMD in the temperature range of
300—1300 K and analyzed the results. The Ino curves of the
diftusion coefficient versus temperature are shown in Figure 2c.
The linear relationship between the conductivity and the
reciprocal of the temperature can be observed, which is
described as with the Arrhenius relationship, which is also
consistent with the carrier transport mechanism of Si NCs in
the experiment.'”'® Figure 2c reveals that the singly doped
structures have a higher conductivity activation energy (E,)
than the co-doped structures. This indicates that the diffusion
of dopant atoms in the co-doped structures leads to the
existence of more carriers. Thus, as more donors or acceptors
are introduced into Si NCs, the Fermi level shifts. In particular,
when the ratio of P to B is 1:0.5, the value of E, is as low as
28.3 meV. It is speculated that this may be due to the
reduction of carriers caused by P—B bonding at high-
concentration co-doping at this time. Compared with a P:B
ratio of 1:0.25, the lower concentration of B doping results in
insufficient carrier concentration. The overall E, value of 28.3—
145.2 meV is due to the smaller Si NCs structure, which makes
it more difficult to dope impurity atoms, resulting in a larger E,
value. This is also consistent with the results observed in the
experiment.”’40
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To better study the origin of interactions between impurity
atoms and Si atoms, we plot the VACEF for the Si, P/B atoms in
singly doped and co-doped Si NCs/SiO, structures. The
VACF analysis of the AIMD process is used to study the
change in the interaction strength between the dopant atom
and the surrounding bonded atomic grid, where the negative
value of the VACF curve indicates that the dopant atom is
bonded to the surrounding atoms. In Figure 3a, at the initial
position of the time-dependent function, the VACF of P atoms
has a larger amplitude vibration than Si, and the vibration
decays to zero slower.”' Figure 3b—d demonstrates that in the
co-doped structures, when the doping ratio of P atoms is fixed,
as the B doping concentration increases, the VACF amplitudes
of both B and P atoms decrease, which also proves that the P
atom is the reason for forming a bond with the B atom to form
P—B pairs. Overall, the gradual weakening of the oscillation
frequency of the VACF curve indicates the stability of the
structure and the relative stability of the atomic position.

The VDOS was calculated as Fourier transform of the
VACEF, as shown in Figure 4a—d. The VDOS curve of Si atoms
in the terahertz range of 0—15 THz shows stable peak
positions and intensities for both transverse acoustic mode and
longitudinal acoustic mode.*' = However, the position of the
longitudinal optical mode peak at 19 THz is slightly increased,
while the higher-frequency transverse optical mode peak is
small due to the small size of Si NCs/SiO, structures
(approximately 2.5 nm). The VDOS curve of P impurities is
similar to that of Si, indicating stability in both singly doped
and co-doped structures. On the other hand, the VDOS curve
of B impurities exhibits an increase in peak intensity at the
position of 15 THz when doped at a low concentration. Figure
4b—d reveals that with the increase of B concentration, the
intensity of the VDOS peak of B at 25 THz decreases, and the
range of the peak also broadens between 15 and 20 THz.
These results indicate that B atoms vibrate more vigorously at

https://doi.org/10.1021/acs.jpcc.3c04190
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Figure S. (a—g) RDF of Si-X (X = Si, P, B, and O), P-X (X = P and O), and B-X (X = B and O) in singly doped and co-doped Si NCs/SiO,

structures at T = 1300 K.

low doping concentrations, and the degree of bonding with P
atoms and Si atoms increases with increasing doping
concentrations. Furthermore, P—B pairs are more likely to
exist when the concentrations of P and B are consistent, which
reduces the intensity of the VDOS.

To better understand the bonding configuration of the Si
NCs/SiO, structures, we further calculated the RDF between
atoms. Figure Sa—d shows that the first peak position of the
Si—Si RDF is around 2.3—2.5 A, indicating the formation of
Si—Si bonds through Si crystallization. The second peak
position is around 3—4.3 A. This distribution corresponds to
the Si—Si bond distribution in amorphous silicon and the Si—
Si bond distribution in the amorphous SiO, matrix, which is
consistent with results reported in the literature.”**> The first
peak position of the Si—O RDF is around 1.6—1.7 A, which is
consistent with the bond length of the Si—O bond at around
1.6 A. Overall, the minimal change at a temperature of 1300 K
demonstrates the stability of the SiO, matrix. With the doping
of P impurity atoms, the RDF of Si—P is observed to be
between 2.2 and 2.3 A, indicating the formation of Si—P
bonds. Additionally, the RDF of P—P is also observed in the
singly doped structures, which is also in good agreement with
the P—P bond lengths (2.2—2.25 A).*® On the other hand, for
the Si—B RDF, the peak position around 2 A indicates the
formation of Si—B bonds (1.8—2 A). The formation of Si—B
bonds also corresponds to the change trend of the Si—B—Si
bond angle, as shown in Figure S2. The Si—B RDF peak tends
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to decrease first and then increase with increasing doping
concentration. This also confirms the previous analysis of P—B
pair formation. In the co-doped structures, the B—B RDF peak
is observed to be around 1.6—1.8 A, corresponding to the
formation of B—B bonds. This can also explain the a%%regation
of B atoms observed in the experiment into a shell.'>”” At the
same time, the RDF peak of B—O around 1.3 A corresponds to
the formation of B—O bonds, with the larger peak indicating
that B is more likely to exist at the Si/SiO, interface and SiO,
matrix and form bonds with O atoms. As the B doping
concentration increases, the RDF intensity of B—B decreases
while that of P—B increases, indicating the formation of P—B
bonds. Additionally, the peak positions and intensities of the
RDF of P—O and B—O remain relatively stable, suggesting that
impurities bonded to O atoms near the interface are stable.
These results are consistent with experimental observations
and provide a theoretical explanation for the doping
mechanism.'>*’

4. CONCLUSIONS

In summary, we investigated the effect of temperature-
dependent P/B co-doping on Si NCs using the AIMD
simulation method. Our study shows that both P and B
atoms tend to aggregate at sub-interfaces and interfacial
regions in general. Moreover, P atoms are more tightly
distributed near the sub-interface, while B atoms are more
widely distributed at the Si/SiO, interface and in SiO,,
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consistent with the experimental observations. The introduc-
tion of B impurities facilitates bonding between P and B near
the interface to form a P—B pair. Furthermore, we found that
P-doped and P/B co-doped significantly affect the ionic
conductivity of Si NCs differently. The results reveal that the
co-doped structure exhibits a lower conductivity activation
energy than the P-doped structure. Interestingly, with
increasing B concentration, the conductivity activation energy
initially decreases before increasing, indicating that the
introduction of B impurities leads to more bonding of P
impurities with Si or B atoms. Moreover, the results of the
vibration simulation show that the presence of P—B pairs
weakens the intensity of the vibration density peak, thereby
stabilizing the structure. Finally, our study of bonding
configurations indicates that the P/B co-doped structure
tends to form P—B bonds near the interface region more
likely than the P-doped structure.
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