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The properties of silicon nanocrystals (Si NCs) that are usually a few nanometers in size can be exquisitely tuned by boron (B)
and phosphorus (P) doping. Recent progress in the simulation of B- and P-doped Si NCs has led to improved explanation for B-
and P-doping-induced changes in the optical properties of Si NCs. This is mainly enabled by comprehensive investigation on the
locations of B and P in Si NCs and the electronic properties of B- and P-doped Si NCs. I remarks on the implications of newly
gained insights on B- and P-doped Si NCs. Continuous research to advance the understanding of the doping of Si NCs with B and
P is envisioned.

1. Introduction

The electronic, optical, and magnetic properties of semicon-
ductor nanocrystals (NCs) can be accurately tuned by con-
trolling their size, shape, surface chemistry, and composition
[1–3]. This enables great freedom for the applications of
semiconductor NCs in a variety of fields such as electron-
ics, optoelectronics, photovoltaics, and bioimaging [4, 5].
Among all the means for the tuning of the properties of semi-
conductor NCs, doping that only slightly modifies the com-
position of semiconductor NCs has been the focus in the past
few years [6–8]. It is believed that new technologies based on
semiconductor NCs may ultimately depend on doping, anal-
ogous to the critical role of doping in traditional semicon-
ductor technologies.

Among all kinds of semiconductor NCs, silicon (Si) NCs
are very attractive given the abundance and nontoxicity of
Si [9]. It is well known that boron (B) and phosphorus (P)
are the most widely used p-type and n-type dopants for bulk
Si, respectively [10]. This leads to the doping of Si NCs by
routinely using B and P [11–26]. In fact, concerns about
unintentionally incorporated B and P in Si NCs appeared
shortly after the discovery of efficient room-temperature
light emission from porous Si, in which Si NCs were present
[27–29]. Porous Si was obtained by electrochemically etching
B- or P-doped Si wafers. B or P might unavoidably remain
in the resulting porous structures. In late 1990s, Fujii et al.

[11, 12] initiated the experimental study on the intentional
doping of Si NCs that were embedded in silicon oxide. In the
past few years, theoretical calculations have been carried out
to elucidate the mechanisms underlying the doping-induced
changes of the properties of Si NCs [30–38]. Experimental
work has also been extended to the doping of freestanding Si
NCs [17, 18, 21, 25].

Since the technological importance of Si NCs largely
originates from their efficient light emission at room temper-
ature [9, 39, 40], the effect of B and P doping on the optical
properties of Si NCs is clearly the central research topic. Fujii
has devoted one review to this topic based on the related
work published before 2009 [41]. The current review deals
with the progress in the research on the B and P doping of Si
NCs with a focus on improved theoretical understanding. We
start with the study of dopant locations. The discussion on
the electronic and optical properties of Si NCs then follows.
In the end, remarks and outlook are provided for the study
of the doping of Si NCs with B and P.

2. Dopant Locations

It is generally believed that B and P atoms substitute Si
atoms in bulk Si. Both B and P introduce very shallow
energy levels in the bandgap of bulk Si (0.044 eV above
the valence band for B and 0.045 eV below the conduction
band for P) [10]. This causes B and P to be efficiently
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ionized by thermal energy at room temperature, providing
free carriers (holes induced by B and electrons induced by
P) for electrical conduction in bulk Si. Given the large-scale
practice of doping bulk Si with B and P in microelectronics,
it is supposed that Si NCs should also be doped with B and P
to facilitate the electronic transport in Si-NC-based devices.
When we move to the nanometer-sized regime, however,
the doping is complicated by the enormous surface area of
Si NCs. B and P atoms may not only substitute Si atoms
inside Si NCs, but also reside at the NC surface [36, 37]. The
variation of dopant locations should significantly affect the
electrical activity of B and P. Although the doping of B and
P essentially aims to tune the electrical properties of Si NCs,
it turns out that the remarkable optical properties of Si NCs
are severely impacted [11, 12, 16, 17]. The optical activity of
B and P may also be closely related to dopant locations.

It is rather challenging to experimentally determine the
dopant locations for Si NCs that are a few nanometers
large. Therefore, theoretical calculations have been playing a
critical role in this aspect. It was initially shown that dopants
preferred the near-surface region of Si NCs [30, 32]. Chen
et al. [36] and Pi et al. [37] have recently demonstrated that
the most feasible locations of dopants are actually at the NC
surface by considering a variety of bonding configurations of
dopants both inside Si NCs and at the NC surface.

2.1. B Doping. Figure 1 shows the formation energy (Ef ) of
selected B-doped Si NCs that are ∼2.2 nm in diameter [37].
For all the doped Si NCs with substitutional B inside, the
stability of a doped Si NC increases when B moves from
the NC center to the NC surface (6 → 5 → 4 (4′) → 3
(3′)→ 2 (2′)). There are 20 B configurations at the NC sur-
face with Ef smaller than that for B2′ (one type of B located
at the subsurface). This indicates that B prefers residing at
the surface of Si NCs. Because the value of Ef for a Si NC
with BB2pH2 (B passivating a surface Si atom that is origi-
nally passivated by two H atoms and being passivated by
two H atoms, refer to [37] for detailed description on the
configurations of B) is the lowest (Figure 1), B is most
likely incorporated at the NC surface in the configuration
of BB2pH2. As NC synthesis conditions change (e.g., the
doping level of B increases), doped Si NCs with larger Ef

may be formed. This predicts that following the formation
of BB2pH2, other configurations of B such as BC1sH2, BA2pH2,
BA1pH2, BB1pH2, BB1sH, BH(α), BB2sH, BH(β), BC1pH2,
BC2sH2, BC2pH2, BA1s, BA2s, BA1pH3, BA1sH, BA2pH3, BB1sH2,
BC1pH3, and BH2(α) should appear in sequence. Among
these configurations BH(α), BH(β), and BH2(α) result from
surface restructuring [37]. It is interesting that B in most of
the 20 B configurations at the NC surface (from BB2pH2 to
BA2s) is three-coordinated. This agrees with Polisski et al.’s
speculation regarding Si NCs present in porous Si [29].

Pi et al.’s previous oxidation-etching experiment implied
that B might be predominantly doped inside Si NCs because
after the removal of surface oxide of oxidized B-doped Si
NCs by hydrofluoric acid etching the concentration of B
increased [17]. Such a result is in contrast with the theore-
tical prediction. The increase of B concentration may be due
to the incorporation of B at the new NC surface during
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Figure 1: Formation energy of Si NCs doped with B in a variety
of configurations. Among B configurations at the NC surface, only
those with the formation energy of Si NCs smaller than that of
a Si NC doped with B2′ are presented. They are BB2pH2, BC1sH2,
BA2pH2, BA1pH2, BB1pH2, BB1sH, BH(α), BB2sH, BH(β), BC1pH2,
BC2sH2, BC2pH2, BA1s, BA2s, BA1pH3, BA1sH, BA2pH3, BB1sH2, BC1pH3,
and BH2(α). Internal substitutional B atoms from subsurface to the
NC center (2 (2′) → 3 (3′) → 4 (4′) → 5 → 6) are all shown.
(Reprinted from [37] copyright 2011 American Chemical Society.)

electrochemical etching. It is also possible that B at the NC
surface is pushed toward the NC core in the oxidation-
induced restructuring process. Ma et al. have recently calcu-
lated the formation energy of B in Si NCs with hydrogen
deficiency at the NC surface [42]. They showed that B has
a better chance to extend from the NC surface to the NC
core when the NC surface is oxidized. Sugimoto et al. stud-
ied B-doped Si NCs derived from the HF etching of Si NC-
embedding borosilicate glass [24]. They concluded that the
surface of B-doped Si NCs was B-rich, consistent with theo-
retical prediction. It looks that this consistency is related to
the guaranteed H passivation of Si NCs in Sugimoto’s experi-
ment.

2.2. P Doping. P is found to be most likely incorporated at
the NC surface in the configurations of PApH2 (P passivating
a surface Si atom that is originally passivated by one H
atom and being passivated by two H atoms, refer to [36]
for detailed description on the configurations of P) and PAs

because the values of Ef for a Si NC with PApH2 and PAs

are the lowest (Figure 2) [36]. At a given synthesis tem-
perature, doped Si NCs with higher Ef may actually be
formed when the doping level increases. We expect that
following the formation of PApH2 and PAs, other config-
urations of P such as PBsH, PCpH2, PBpH2, and PCsH2
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Figure 2: Formation energy of Si NCs doped with P in a variety
of configurations. Among P configurations at the NC surface, only
those with the formation energy of Si NCs smaller than that of a
Si NC doped with P2′ are presented. They are PApH2, PAs, PBsH,
PCpH2, PBpH2, and PCsH2. Internal substitutional P atoms from
subsurface to the NC center (2 (2′) → 3 (3′) → 4 (4′) → 5 →
6) are all shown. (Adapted from [36].)

should appear in sequence as the doping level increases. P
in all these configurations at the NC surface is three-coordi-
nated, especially without dangling bonds. Therefore, the
incorporation of P in these configurations effectively disables
the formation of defects (dangling bonds) at the NC surface,
suppressing defect-induced nonradiative events [43]. Recent
experimental work has indicated that P is indeed preferen-
tially incorporated at the surface of Si NCs [17, 21].

In addition, we should notice that the values of Ef for
P-doped Si NCs are more than ∼1 eV smaller than those for
B-doped Si NCs (Figures 1 and 2). Such a difference in Ef

may explain that the doping of P is more efficient than that
of B for Si NCs that are a few nanometers large [17].

2.3. B and P Codoping. Since B and P are most likely located
at the NC surface, we may assume that the incorporation of
B and P inside the NC core only occurs during heavy doping.
When we consider the codoping of Si NCs with B and P, B
and P may be all located at the NC surface in the case of light
doping [38]. Figure 3 shows the values of Ef for undoped, B-
doped, P-doped, and lightly codoped Si NCs. B and P are
in the configurations of BB2pH2 and PAs, respectively. For
the three configurations in the codoping: BP-1 (P nearest
neighbors B), BP-2 (P is 90◦ apart from B), and BP-3 (P and
B are in crossing-diameter locations), the values of Ef for
the lightly codoped NCs fall between those for the B- and
P-doped NCs. The distance between B and P hardly affects
the values of Ef for the lightly codoped NCs. Ossicini et al.
previously investigated the codoping of Si NCs with B and P
in the subsurface layer [31, 33]. They found that codoping
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Figure 3: Formation energies of undoped, B-doped, P-doped,
and lightly codoped Si NCs. (Reprinted from [38] copyright 2012
Springer.)

was always energetically favored with respect to B or P
doping. B and P tended to occupy the nearest neighboring
sites in the subsurface layer. Clearly, these are in contrast to
the case of light codoping. The current difference highlights
the critical role of dopant location in the study of doped Si
NCs. For light codoping B, and P atoms are at the NC surface,
where there exists enough space for the steric relaxation of
dopants. This leads to the negligible dependence of structural
deformation on the dopant distance [31, 33].

3. Electronic and Optical Properties of
Doped Si NCs

3.1. B Doping. Figure 4 shows energy-level diagrams for an
undoped Si NC and doped Si NCs with Ef up to that of
a Si NC doped with B6 (B in the NC center) [37]. The
energy-level diagrams are arranged by the ascendant order
of Ef for doped Si NCs. It is clear that the incorporation
of all the B configurations in Figure 4 does not significantly
modify the NC bandgap. B in doped Si NCs concerned
in Figure 4(a) is all three-coordinated, consistent with the
fact that B prefers sp2-hybridation. The ground state of all
the doped Si NCs in Figure 4(a) is singlet. We see that the
majority of B configurations in Figure 4(a) introduce deep
energy levels in the bandgap of Si NCs. These deep energy
levels are induced by the localized empty 2pz orbitals of B.
For a Si NC with small or moderate quantum confinement,
deep energy levels introduced by Si dangling bonds at the
NC surface may quench the band-edge light emission from
Si NCs [43]. In this study, the quantum confinement of
2.2 nm Si NCs is moderate. It is likely that deep energy
levels introduced by B doping also quench the band-edge
light emission from Si NCs. Therefore, the formation of a
doped Si NC with Ef larger than that of a Si NC doped
with BA2pH2 should be disabled to avoid the doping-induced
quenching of band-edge light emission from Si NCs. By
only considering nonphonon-assisted radiative band-edge
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Figure 4: Energy-level diagram for an undoped or B-doped SiNC. B in the B configurations shown in (a) is all three-coordinated. Except
for BH(γ and δ), B in the B configurations shown in (b) and (c) is all four-coordinated. Filled (empty) circles indicate that B-induced defect
energy levels are occupied (unoccupied) by electrons. When B is four-coordinated, spin split occurs to the B-induced defect energy levels.
(Reprinted from [37] copyright 2011 American Chemical Society.)
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Figure 5: Energy-level diagram for an undoped or P-doped Si
NC. P is in the configuration of PAs, PApH2, PBsH, PCpH2, PBpH2,
and PCsH2, which are all at the NC surface. (Reprinted from [36]
copyright 2011 American Chemical Society.)

recombination (τ−1
R ) in Si NCs [36–38], we obtain that the

values of τ−1
R for an undoped Si NC and Si NCs doped with

BB2pH2, BC1sH2, and BA2pH2 are 2.4 × 105, 6.7 × 106, 2.8 ×
105, and 1.1 × 107 s−1, respectively. This indicates that the
doping of B may actually enhance the band-edge light emis-
sion from Si NCs if the formation of B configurations is
limited to those with the three lowest values of Ef (i.e.,
BB2pH2, BC1sH2, and BA2pH2). In practice, it may be rather
hard to exclusively dope Si NCs with BB2pH2, BC1sH2, and
BA2pH2 given the required accurate experimental control.
Besides the formation of these three B configurations, other

B configurations may be routinely formed in experiments
(please see their similar values of Ef in Figure 1), leading to
the quenching of band-edge light emission from Si NCs.

Except for B in BH(γ) and BH(δ), B in the configurations
concerned in Figures 4(b) and 4(c) is all four-coordinated.
The originally empty 2pz orbital of B forms a partial bond
with a neighboring atom, which is also the case for B in
bulk Si. This results in the doublet ground state. For all the
four-coordinated B, B-induced energy levels are spin-split.
The unoccupied energy levels of B are 0.2–0.8 eV away from
the valence band. This means that all the four-coordinated
B introduces deep energy levels, which may also lead to the
quenching of the band-edge light emission from Si NCs.
During the doping of Si NCs with B, only three-coordinated
B configurations whose values of Ef for Si NCs are low likely
appear. Electronic transitions from the valence band to the
energy levels induced by these three-coordinated B are not
in the infrared. This may explain the absence of the infrared
absorption of B-doped Si NCs.

3.2. P Doping. P in the configurations of PAs, PApH2, PBsH,
PCpH2, PBpH2, and PCsH2 does not introduce any defect
energy levels in the bandgap of Si NCs, as shown in Figure 5
[36]. This may be understood by considering the fact that
the number of electrons in a Si NC doped with P in these
configurations is even. The values of τ−1

R in Si NCs with P
in the configurations of PAs, PApH2, PBsH, PCpH2, PBpH2,
and PCsH2 are shown in Figure 6 [36]. It is seen that τ−1

R is
enhanced by a factor of at least 4, except for the only case of
the formation of PBpH2 at the NC surface. The enhancement
of τ−1

R together with the suppression of nonradiative events
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explains the increase in the PL efficiency of Si NCs as the
doping level of P is low [12, 17, 22], since at a low doping
level P is most likely incorporated at the surface of Si NCs
in the configurations of PAs, PApH2, PBsH, PCpH2, PBpH2,
and PCsH2. It was shown that the lifetime of PL (τPL) from
Si NCs also increased at a low doping level of P [12]. Given
τ−1

PL = τ−1
R + τ−1

NR, τ−1
NR should significantly decrease to counter

the increase of τ−1
R , ensuring a reduced τ−1

PL . This means that
the suppression of nonradiative events (i.e., the decrease of
τ−1

NR) plays a more important role in the enhancement of PL
efficiency than the increase of τ−1

R .
Figure 7 demonstrates that P in the configurations with

higher Ef all introduces defect energy levels in the bandgap
of Si NCs [36]. The introduction of defect energy levels is
apparently related to the odd number of electrons in a Si NC
doped with P. The spin splitting of P-doping induced defect
states is caused by spin-orbit coupling. It can be concluded
that P in all the configurations with high Ef results in the
quenching of the band-edge light emission from Si NCs. This
is consistent with experimental observation that the PL effi-
ciency of Si NCs always decreases as the doping level of P is
high [12, 17].

When the doping level of P is high, the number of doped
P atoms per NC may be more than one. If we only con-
sider combinations among the P configurations shown in
Figure 7, a fair statistical analysis can be obtained to simulate
the infrared absorption of P-doped Si NCs [36]. A variety
of transitions involving P-induced defect energy levels may
occur. The oscillator strengths of all the transitions that fall
in the infrared region are illustrated in Figure 8. Data fitting
gives f ∝ λ1.9 with a standard deviation of 0.4 in the power
( f is oscillator strength and λ is wavelength). Since oscillator
strength is proportional to absorption coefficient, the current
result is basically similar to Mimura et al.’s observation on the
variation of infrared absorption coefficient with wavelength
for P-doped Si NCs [13].

3.3. B and P Codoping. For the light codoping that leads
to the incorporation of dopants at the NC surface, a com-
parative study on the energy-level schemes of Si NCs is illu-
strated in Figure 9 [38]. It is seen that the incorporation of
B slightly reduces the NC bandgap by lowering the lowest
unoccupied molecular orbital (LUMO). The bandgaps of the
P-doped Si NC and lightly codoped Si NCs are all reduced
by ∼0.15 eV. These reductions are mainly due to the P-
induced increase of the highest occupied molecular orbital
(HOMO). The energy levels of lightly codoped Si NCs are
not significantly affected by the distance between dopants.
This is due to the fact that P is mainly responsible for the
reduction of the bandgap of Si NCs.

It has been found that light codoping causes the excita-
tion energy and emission energy of Si NCs to redshift [38]. In
most cases, the redshifts induced by light codoping is slightly
larger than those induced by single-doping. For excitation
energy, the largest redshift induced by light codoping is
0.04 eV more than that induced by single-doping (0.18 versus
0.14 eV). For emission energy, the largest redshift induced by
light codoping is 0.02 eV more than that induced by single-
doping (0.09 versus 0.07 eV). Since the largest redshift of
0.09 eV in emission energy induced by light codoping is
actually small, light codoping should not be able to incur
light emission with energy below the bandgap of bulk Si.
This is in contrast to what happened to heavy codoping [15,
31, 33, 44]. If we assume that non-radiative recombination
is negligible in all the Si NCs, we can state that the lightly
codoped Si NCs more efficiently emit light than the undoped
and B-doped Si NCs. The light emission efficiency of the
lightly codoped Si NC with P nearest neighboring B is higher
than that of the P-doped Si NC.

4. Remarks and Outlooks

The doping of bulk Si with B and P results in the internal
incorporation of B and P into the substitutional sites of Si
lattice. However, B and P prefer being located at the surface of
Si NCs in terms of thermodynamics. It is well known that Si
is a covalently bonded semiconductor, necessitating relatively
high temperature for the formation of Si crystals. When Si
NCs are formed in dielectric matrices, high temperatures
between 1000 and 1200◦C are routinely employed [11–16,
19, 20, 22–24, 26]. For Si NCs synthesized in plasma, selective
nanoparticle heating causes the temperature of nanoparticles
to exceed that of surrounding gas by several hundreds of
kelvins [9, 17, 18, 21]. Therefore, it is reasonable to assume
that thermal equilibrium is enabled by the relatively high
temperatures of the Si-NC syntheses. As mentioned before, B
and P thermodynamically prefer residing at the NC surface.
Hence, the segregation of B and P at the NC surface may be
expected. Clearly, the bonding of B (P) at the NC surface is
different from that of B (P) in the substitutional sites of Si
lattice. One can argue that Si NCs can not be successfully
doped with B and P (especially when the doping level is low)
although B and P are added to the synthesis system of Si NCs.

When B and P are at the NC surface, they do not
produce very shallow energy levels. If the doping level is high,
B and P may be incorporated into the substitutional sites
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inside Si NCs. But the substitutional B and P still do not
produce very shallow energy levels. Therefore, B and P can
not be ionized in Si NCs to produce carriers that are free
inside the NCs. Given the fact that free carriers in the tradi-
tional sense remain physically confined inside Si NCs,
researchers have opted to refer free carriers to those being
able to move between Si NCs [30, 36, 45]. When this new
concept of free carriers is adopted for Si NCs, the binding
energy for dopants has been found to be pretty large. For
example, the binding energy for P in the configurations con-
cerned in Figure 5 is larger than 3.8 eV, while that for P
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in the configurations concerned in Figure 7 is larger than
2.0 eV. These large values of binding energy indicate that P
produces no free carriers that can move between Si NCs at
room temperature, consistent with the very low electrical
conductivity of P-doped Si-NC films [18, 28]. Therefore, in
terms of electrical activity, B and P are not dopants for Si
NCs anymore. Nevertheless, for the sake of convenience we
continue calling the incorporation of B and P into Si NCs
doping.

It looks that the significance of doping Si NCs with B and
P is mainly limited to the tuning of the optical properties of Si
NCs up till now. All the theoretical investigation for the effect
of doping on the optical properties of Si NCs has been based
on the models of Si NCs fully passivated with H. However,
oxide is routinely at the surface of Si NCs. Even if Si NCs are
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originally passivated by H or organic ligands, they are at least
partially oxidized after exposure to air [46–48]. Since oxide
at the NC surface can make a difference for the properties of
Si NCs [49–52], it will be more realistic to construct Si-NC
models with oxide at the NC surface in the simulation of the
doping of Si NCs.

It has been demonstrated that the doping of B may
quench the band-edge light emission from Si NCs. As men-
tioned before, this was attributed to the B-induced non-
radiative energy levels inside the bandgap of Si NCs [37].
However, Sugimoto et al. have recently proposed that the
low-energy (∼1.15 eV) light emission from B-doped Si NCs
is due to the electronic transition involving B-induced energy
levels inside the bandgap of Si NCs [24]. Whether the energy
levels induced by B (especially B configurations concerned
in Figure 4(a)) is radiative or not should be more carefully
investigated to evaluate the correctness of Sugimoto et al.’s
proposal. Sun et al. have also found pronounced low-energy
(∼0.95 eV) light emission from P-doped Si NCs [23]. They
believed that the low-energy light emission originated from
intrinsic defects in Si NCs. P doping may enhance the
formation of these intrinsic defects. Future theoretical work
should help to clarify the exact mechanism for the low-
energy light emission from P-doped Si NCs.

The codoping of Si NC with B and P has been an added
means to tune the properties of Si NCs. Since both B and
P prefer being located at the NC surface, there should be B
and P at the NC surface even in the case of heavy codop-
ing. For better understanding on the sub-band light emission
from heavily codoped Si NCs, more realistic Si-NC models
in which B and P are both at the NC surface and inside
the NC core should be employed. Fukuda et al. have
recently demonstrated that codoped Si NCs may be very well
dispersed in polar solvents such as methanol [53]. Such an
interesting phenomenon was explained by the consideration
of an electrical double layer at the surface of Si NCs. The
electrical double layer consists of an inner P-rich shell and an
outer B-rich shell. Given the high desirability of dispersible
Si NCs without organic ligands at the NC surface in the
preparation of Si ink [54, 55], doping may also play a critical
role in the processing of printed Si electronics.

5. Conclusion

Progress in the understanding of B- and P-doping-induced
changes in the electronic and optical properties of Si
NCs has been made recently. This is achieved by carefully
investigating the locations of B and P not only inside Si NCs
but also at the surface of Si NCs. Both B and P are found to
thermodynamically prefer residing at the NC surface. While
doping levels are high, B and P may be incorporated inside
Si NCs. Energy-level schemes for B- and P-doped Si NCs
can be reasonably correlated to their optical absorption and
emission. In the traditional sense of doping, B and P are
not dopants for Si NCs that are a few nanometers large any
more. On one hand, B and P may be only at the NC sur-
face. On the other hand, neither internal B/P nor surface
B/P can produce free carriers for Si NCs. Nevertheless, B
and P can be called dopants for convenience. For better

understanding of the properties of B- and P-doped Si NCs,
more realistic models of Si NCs should be employed in the
future. Further investigation needs to be carried out to clarify
if recombination involving B- and P-induced energy levels is
radiative or not. With the continuous progress in the doping-
enabled tuning of the properties of Si NCs, there exist good
opportunities for both experimental and theoretical research
on doped Si NCs.
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