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Doping Si nanocrystals embedded in SiO, with P in the framework of density functional theory

Zhenyi Ni (f5iR 1), Xiaodong Pi (f2Z45),” and Deren Yang (1%1%4 ™)
State Key Laboratory of Silicon Materials and Department of Materials Science and Engineering, Zhejiang University,

Hangzhou, Zhejiang 310027, China
(Received 6 August 2013; revised manuscript received 20 December 2013; published 24 January 2014)

Despite the popularity of doping silicon nanocrystals (Si NCs) embedded in silicon dioxide (SiO,), theoretical
understanding on the doping of Si NCs has been nearly all directed to hydrogen-passivated freestanding Si NCs.
Now we simulate the doping of Si NCs embedded in SiO, by constructing Si@SiO, models in which Si NCs
are completely covered by a thin layer of SiO,. In the framework of density functional theory, we investigate the
locations of P, the binding energies of P, the energy-level schemes, and the radiative recombination for P-doped
Si NCs embedded in SiO;. It is found that a dangling bond at the Si/SiO, interface makes a difference for the
doping of a Si NC with P. The P doping of Si NCs embedded in SiO, vastly differs from that of Si NCs passivated

by hydrogen.
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I. INTRODUCTION

Silicon nanocrystals (Si NCs) have been attracting a great
deal of attention because of their remarkable electronic and
optical properties [1-8]. It is now widely believed that Si NCs
should be doped to advance the practical use of Si NCs in
all kinds of device structures for photovoltaics [9,10], opto-
electronics [11-13], and thermoeletrics [14]. Both theoretical
calculation and experimental investigation have been carried
out to understand the doping of Si NCs with a variety of
dopants [15-19]. Up to now, doping has been experimentally
realized for gas-phase-synthesized freestanding Si NCs that are
passivated by hydrogen [20-22] and solid-phase-synthesized
Si NCs that are embedded in silicon dioxide (SiO,) [11,23-25].
However, the theoretical understanding of the doping of Si
NCs has been nearly all directed toward hydrogen-passivated
freestanding Si NCs. It was demonstrated that significant
differences in the electronic and optical properties occurred
between hydrogen-passivated freestanding Si NCs and those
embedded in SiO, [26-31]. Therefore, the knowledge gained
about hydrogen-passivated freestanding Si NCs should not be
directly transferred to those embedded in SiO, when doping
is concerned.

The prominent feature of Si NCs embedded in SiO, is the
coverage of Si NCs with SiO,. This leads to the rationality of
simulating the doping of Si NCs embedded in SiO; by using
a simplified model, in which a Si NC is coated with a thin
layer of oxide. Carvalho et al. [32] have recently initiated the
theoretical investigation on the doping of Si NCs with oxide at
the surface. Interesting results that highlighted the difference
in doping between hydrogen-passivated Si NCs and those with
oxide at the surface were demonstrated. However, their models
in which oxide at the surface of Si NCs was simulated by using
silanol groups (Si-OH) were hardly realistic. Their models also
avoided the effect of the Si/SiO, interface on the doping of
Si NCs.

In this paper, we construct Si@SiO, models in which
Si NCs are completely covered by ~ 0.25-nm-thick SiO;.
Despite the rather thin SiO, layer at the NC surface, the
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strain induced by the matrix on Si NCs that are embedded
in SiO, may be simulated well. In the meantime, defects
such as dangling bonds at the Si/SiO, interface can be
readily considered in our models. Therefore, we believe
that the models of Si@SiO, should lead to more accurate
understanding on the doping of Si NCs that are embedded in
Si0O,. In the framework of density functional theory (DFT),
we first deal with the doping of Si NCs that are embedded in
SiO, with P by using the models of Si@SiO,. The locations
of P, the binding energies of P, the energy-level schemes, and
the radiative recombination are all investigated for P-doped
Si NCs with SiO, at the surface. It is found that a dangling
bond at the Si/SiO; interface makes a difference for the doping
of a Si NC with P. We also show that the P doping of Si NCs
embedded in SiO, vastly differs from that of Si NCs passivated
by hydrogen.

II. MODEL AND METHOD

Figure 1 shows the model of an optimized 1.4-nm Si NC
that is coated with ~ 0.25-nm-thick SiO, with a perfect Si/SiO,
interface [Si@SiO,; Fig. 1(a)] or a defective Si/SiO; interface
at which a Si dangling bond exists [Si@4,S10,; Fig. 1(b)].
The model of Si@SiO; is based on a 1.4-nm H-passivated
Si NC (Si@H, Si;1Hg4), which has been detailed in our
previous papers [29,33]. Every H atom in SiH and SiH3 at the
surface of Si@H is initially replaced with an O atom, which
is then outwardly bonded to an added Si atom. Only one O
atom is inserted between two Si atoms in all neighboring SiH,
given that the room between neighboring SiH; is too small
to accommodate both added O and added Si. H passivation at
the surface of the resulting structure is finally tuned to render
fourfold coordination for all Si atoms. The obtained Si@SiO,
is in the form of Si;2309¢H 100 [Fig. 1(a)].

When a Si dangling bond is considered at the Si/SiO,
interface, we remove one O atom at the Si/SiO, interface.
This gives rise to two unsaturated Si atoms. One H atom is
used to passivate the unsaturated Si atom that is closer to the
surface. The remaining unsaturated Si atom is then associated
with -Si=(Si10,), -Si=(Si,0), or -Si=Si3 [34-37]. We have
compared the formation energies of -Si=(Si0,), -Si=(Si,0),
and -Si=Si3 by setting the chemical potentials of Si, O, and H at
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FIG. 1. (Color online) Model of an optimized 1.4-nm Si NC
embedded in SiO, with (a) a perfect Si/SiO, interface (Si@SiO,,
Sijp3H100O96) or (b) a defective Si/SiO, interface at which a Si
dangling bond exists (Si@ ;,S10,, Sij23H;91Ogs). Si, H, and O atoms
are denoted by green, gray, and red balls, respectively. A substitutional
or passivating P atom is indicated by a blue ball. P1, P2, P3 (P3'),
P4 (P4), and P5 (P5’) result from moving a substitutional P atom
along the pathof 1 - 2 — 3 (3') »> 4 (4) — 5(5'). When a P atom
replaces a Si atom connected to one, two, or three H atoms at the
surface of Si@SiO,, it is denoted as P,, P, or P., respectively. As
a P atom passivates a Si dangling bond at the Si/SiO, interface, it is
denoted as Pyy,.

the total energies per atom of bulk Si, O,, and H,, respectively.
It turns out that the formation energy of -Si=(Si,0) is the
lowest. Therefore, only the most likely formed Si dangling
bond that is associated with -Si=(Si,0) is considered in the
current paper [Fig. 1(b)].

Figure 2 shows the strain of a Si-Si bond as a function
of the distance between the center of the Si-Si bond and that
of Si@SiO, [Fig. 2(a)] or Si@,,Si0, [Fig. 2(b)]. The strain
of a Si-Si bond is obtained by comparing the length of the
Si-Si bond with that of a Si-Si bond in bulk Si. For Si@SiO,,
on average, both Si-Si bonds near the center and those at the
Si/Si0O, interface are significantly stretched. However, Si-Si
bonds at the subinterface and close to the center are either
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FIG. 2. Change of the strain of a Si-Si bond as a function of the
distance between the center of the Si-Si bond and that of (a) Si@SiO,
or (b) Si@,,Si0;. The strain of a Si-Si bond is obtained by comparing
the length of the Si-Si bond with that of a Si-Si bond in bulk Si
(2.34 A). A cross refers to the strain of a single Si-Si bond. A solid
circle refers to the average strain of Si-Si bonds that are with the same
distance from the NC center. The solid line is used to guide the eye.
The horizontal dashed line that passes through zero indicates that the
bond length is the same as that in bulk Si. The vertical dashed line
indicates the boundary between the NC core and the Si/SiO, interface
region.

compressed or slightly stretched. This picture is basically
similar to what Seino et al. [38] have demonstrated for
Si NCs embedded in SiO,. In addition, we find that the band
gap of Si@SiO; is smaller than that of Si@H, consistent
with Seino et al.’s observation on the oxide-matrix-induced
reduction of the NC band gap in their more complicated model
[27]. Therefore, our simplified model of Si@SiO; can fairly
simulate the effect that the oxide matrix exerts on Si NCs.
For Si@ ;,Si0;, the introduction of a Si dangling bond only
moderately alters the strains of Si-Sibonds in the region around
the subinterface.

A variety of substitutional locations of P are investigated for
the doping of Si@SiO, and Si@ ;,Si0, with P [Figs. 1(a) and
1(b)]. P1, P2, P3 (P3), P4 (P4’), and P5 (P5’) result from
moving a substitutional P atom along the path of 1 — 2
— 3@3) —> 4 @) — 5(5). When a P atom replaces a Si
atom connected to one, two, or three H atoms at the surface
of Si@Si0, or Si@4,Si0,, it is denoted as P,, P, or P.,
respectively. P,, Py, and P, are passivated by zero, one, and
two H atoms, respectively. As a P atom passivates a Si dangling
bond at the Si/SiO, interface, it is denoted as P,.
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The optimization of structures and the calculation of total
energies are performed at 0 K by using the all-electron
DFT modeling package DMol3 [29,39,40]. The Becke-Lee-
Yang-Parr correlation exchange functional at the generalized
gradient approximation level is used. Double numerical basis
sets augmented with p-polarization functions are employed
as the atomic orbital basis functions. To ensure accurate
calculation, a high self-consistent filed convergence threshold
of 107 is employed. The maximum forces on all of the atoms
in the optimized structures are less than 0.002 Ha/ A. For study
on the optical absorption of Si NCs, the time-dependent density
functional theory (TD-DFT) with adiabatic local density
approximation (ALDA) implemented in the package of DMol3
is employed. The first 80 allowed transitions are considered
for each NC. Lorentzian broadening with a full width at half
maximum of 20 nm is carried out to generate each absorption
spectrum.

When a SiNCis excited, an electron in the highest occupied
molecular orbital (HOMO) transits to the lowest unoccupied
molecular orbital (LUMO), leaving a hole in the HOMO.
After the HOMO-LUMO transition, structural and electronic
optimization are performed to obtain the relaxed geometry of
the Si NC at the excited state. For Si NCs at both the ground
state and excited state, the HOMO-LUMO gaps are readily
calculated once the Si NC optimization is finished. For a Si
NC larger than 1 nm, the excitation energy (E,,) and emission
energy (E,,) of the Si NC are similar to the HOMO-LUMO
gaps at the ground state and excited state, respectively [41-43].
Such similarities are adopted to determine the E,, and E,,
of a Si NC in this paper. The values of E., and E,., are
usually underestimated by ~1-2 eV in DFT calculations
[44,45]. However, the relative order between the values of
E,, or between those of E,, is not seriously affected by
the underestimation [44]. Meaningful results on the excited
state of a Si NC can also be obtained with DFT [41,46,47],
although the exited state is often investigated in the framework
of TD-DFT [48-52] by using the Pseudopotential Algorithm
for Real-Space Electronic Structure Calculations (PARSEC)
code [42] and the Open Repository Case Application (ORCA)
programming interface [53]. Radiative recombination rates for
Si NCs are numerically calculated in momentum space by
using Fermi’s golden rule [54-56]:

3h2m2c2

1672162 o
Ri ;= <—) Ei s (@il Plos)I. (1

Here, ¢; and ¢, are the wave functions of the HOMO and
LUMO of a Si NC at the excited state, respectively; E; r is the
transition energy between state i and state f; m is the electron
rest mass; e is the electronic charge; n is the refractive index
of the Si NC, which is 2.34 for the NC size of 1.4 nm [57];
c is the velocity of light; and p is the momentum operator. In
this paper, only non-phonon-assisted electronic transitions are
considered in the calculation of radiative recombination rates
[2]. The matrices of the HOMO/LUMO wave functions are
obtained by discretely sampling three-dimensional space with
a grid space of 0.2 A.
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III. RESULTS AND DISCUSSION
A. Formation energy

We have calculated the formation energy (E ) of a P atom
in Si@Si0O; or Si@ 4,510, by using [58]

Ef = E(Six’oy’Hz’P) - E(SixOsz) — Mp — ()C, - x)/'LSi
— (' = Yo — @' = Dun. 2

Here, E(Si,O,H;) and E(Si, O, H,P) are the total energy of
Si@Si0; or Si@ 4, Si0; before and after the incorporation of a
P atom, respectively; x (x'), y (y), and z (') are the numbers
of Si, O, and H atoms, respectively; and us;i, Lo, Uu, and up
are the chemical potentials of Si, O, H, and P, respectively.
The total energies of atomic Si, O, H, and P in bulk Si, oxygen
gas, hydrogen gas, and orthorhombic black phosphorus are
used for usi, o, 1, and up, respectively [54,59]. Although
these choices of chemical potentials may not exactly reflect
the doping process of Si NCs embedded in SiO,, the relative
order of Ef for P in all kinds of configurations is not affected
given the linear relationship between E; and each chemical
potential. Figure 3 shows the values of E s as a substitutional
P atom moves from the center to the surface for Si@SiO,
[Fig. 3(a)] and Si@ ;4;,Si0; [Fig. 3(b)]. It is clear that the values
of E for P at the Si/SiO; interface and the surface of Si@8SiO,
(i.e., the locations of 4 (4'), 5 (5'), a, b, and ¢) are larger than
those for P in the NC core [Fig. 3(a)]. Si atoms at the Si/SiO;
interface and the surface of Si@SiO; are all associated with O.
It is the strong bonding between Si and O that raises the barrier
for the substitution of P to Si [60]. Si atoms in the locations
of 5" and a are bonded to three O atoms. The largest number
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FIG. 3. Formation energy of P in (a) Si@SiO; or (b) Si@,,Si0,
as P substitutionally moves from the center to the surface.
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(three) of O atoms that are bonded to a Si atom leads to the
highest values of E  for P5’ and P, in this paper. The value of
E ; for P3 (P3') at the subinterface is the lowest (0.2 ~ 0.3 eV),
indicating that P is the most likely doped to the subinterface in
terms of thermodynamics. This is similar to the distribution of
P in both oxidized Si nanowires [61,62] and oxidized bulk Si
[63,64], indicating that the curvature of the Si/SiO, interface
does not affect the distribution of P in oxidized Si. On one hand,
attractive interaction between a P atom and electronegative
oxygen atoms causes the P atom to be favorably positioned
toward SiO; [32]. On the other hand, strong bonding between
Si and O may retard the replacement of Si with P in SiO, [60].
Hence, P is the most likely incorporated into the subinterface
region of all types of Si/SiO,. The fact that the P atom is
the most likely incorporated into the subinterface region of
Si@Si0; is in contrast to the doping of Si@H with P, where P
preferentially resides at the surface of Si@H [54]. In addition,
P prefers the core of a Si NC to the oxide surrounding the
NC, given the much lower values of Ef for P in the NC core
[Fig. 3(a)]. Therefore, the doping of Si NCs embedded in SiO,
can be validated.

The dependence of E s on the location of P for Si@ 4,510,
is essentially similar to that for Si@SiO, except that the E ¢
of Py, is the lowest (—1.66 eV). Mimura et al. [25] assumed
that P should passivate defects such as Si dangling bonds at
the Si/SiO, interface when Si NCs embedded in SiO, were
very lightly doped with P. Our result is basically consistent
with their assumption. It is seen that a Si dangling bond at
the Si/Si0; interface hardly affects the values of Ef for P
at the surface of Si@,4,SiO, (the relative change of Ej is
~0%—-4%). However, the values of E ; for P in the NC core or
at the Si/SiO; interface are all reduced as a Si dangling bond
exists at the Si/SiO, interface, except for the configuration
of P4’. This means that defects such as Si dangling bonds
at the Si/SiO; interface may facilitate the incorporation of P
for Si NCs embedded in SiO,. The exceptional case of P4’ is
because in the optimized structure of Si@SiO,, a P4’ atom is
only bonded to an O atom and two Si atoms, leaving a dangling
bond of an O atom. However, this structural distortion does
not occur in the optimized structure of Si@ ;,SiO.

B. Electronic properties

The energy-level diagrams for undoped and P-doped
Si@Si0; or Si@ 4,510, at the ground state are shown in Fig. 4.
For Si@Si0,, deep energy levels are introduced in the band
gap when P is in the configurations of P1, P2, P3 (P3'), P4
(P4"), and P5 (P5’). This is mainly due to the P-doping-induced
odd number of electrons in a NC. Traditionally speaking, the
incorporation of P in these configurations is no more doping.
Doping should lead to rather shallow energy levels in the band
gap, as occurs to bulk Si. Nevertheless, for convenience, we
continue to call the incorporation of P in these configurations
into Si NCs doping. We find that the electron wave functions of
the HOMO and LUMO are mainly localized at P1, P2, P3 (P3'),
P4, or P5 (P5’) (in these cases, the HOMO and LUMO actually
refer to the deep energy levels). This is representatively shown
for Si@Si0, doped with P3 in Fig. 5. It is these localizations
that contribute to the deep energy levels. For the configuration
of P4’ in Si@Si0O,, the aforementioned exceptional structural
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FIG. 4. Energy-level

diagrams
(a) Si@SiO, or (b) Si@,,SiO, at the ground state. Filled circles
indicate that energy levels are occupied by electrons, whereas empty
circles indicate that they are unoccupied by electrons. Spin-up states
of P-induced defect energy levels are indicated by up arrows, whereas
spin-down states are indicated by down arrows.

for undoped and P-doped

distortion causes the electron wave function of the HOMO
to be delocalized in the whole NC and that of the LUMO to
be localized at the O dangling bond. For undoped Si@SiO,,
the electron wave functions of the HOMO and LUMO are
all delocalized in the whole NC (Fig. 5). It is seen that
for P-doping-induced states there is spin splitting, which
is associated with the polarizability of bonds. Clearly, the
polarizability of bonds may be influenced by bond length.
When P is doped in the configuration of P1 or P3’, arather small
change (< 1%) of bond length occurs, giving rise to small spin
splitting. However, there are significant changes (6% ~ 35%)
of bond length when P is doped in the configurations of P2,
P3, P4 (P4’), and P5 (P5’). Therefore, the spin splitting of the
states induced by P in these configurations is large.

Figure 4 shows that the band gap of undoped Si@ 4, Si0; is
slightly larger than that of undoped Si@SiO; (1.66 vs 1.59eV).
In the meantime, the electron wave functions of the HOMO
and LUMO of Si@ ;;,Si0, are mainly localized at the dangling
bond (Fig. 5). When a P atom passivates the dangling bond
with the configuration of P, the electron wave functions of
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Si@Sio,

Si@ #Si0; Py

FIG. 5. (Color online) Distribution of the electron wave func-
tions of the HOMO and LUMO for P3-doped Si@SiO, and Py,
or P3’-doped Si@ ,,SiO,. Those for the undoped NCs are also shown
for comparison.

the HOMO and LUMO are delocalized in the whole structure
(Fig.5), eliminating deep energy levels in the band gap (Fig. 4).
This is because there remain no unpaired electrons after the
passivation of the Si dangling bond by P;;,. We should note that
the incorporation of Py, is not the doping that is traditionally
carried out in bulk Si, because P;;, does not introduce energy
levels in the band gap at all. However, for Si@ ;,Si0, doped
with P in the configurations of P1, P2, P3 (P3’), P4 (P4),
and P5 (PY’), deep energy levels remain. The electron wave
functions of the HOMO are localized on the dangling bond,
while those of the LUMO are localized on P (the case for P3’
is representatively shown in Fig. 5). The single electron of a
P atom in the configuration of P1, P2, P3 (P3’), P4 (P4'), or
P5 (P5’) is transferred to form an electron pair with that of the
Si dangling bond. The electron pair occupies the HOMO with
opposite spins, consistent with the Pauli’s exclusion principle.
Similar to what happens to Si@SiO,, the incorporation of P
in these configurations is not traditional doping, because they
do not lead to any shallow energy levels in the band gap.
The incorporation of P,, P;, or P, hardly changes the energy-
level scheme of Si@Si0O,; or Si@ 4,510, (Fig. 4), because P,
P,, or P, is in threefold coordination at the surface without
introducing a single electron. The absence of energy levels
induced by P,, P, and P, indicates that P,, P,, and P are
actually not dopants if we speak of traditional doping.

PHYSICAL REVIEW B 89, 035312 (2014)

TABLE 1. Affinity energy (E,) of undoped Si@H, Si@SiO,, or
Si@,,510,, and ionization energy (E;) and binding energy (E;,) of
singularly and doubly P-doped Si@H, Si@SiO,, or Si@,;,SiO,.

E, (eV) p E; (eV) E, (eV)
Si@H 1.65 P, 6.37 4.72
P.-P, 6.40 4.75
Si@Sio, 2.54 P3 4.41 1.86
P3-P3’ 5.39 2.85
Si@,,Si0, 3.23 P 5.64 241
P,,-P3’ 4.10 0.87

We have calculated the ionization energy E; of P-doped
Si@Si0; or Si@ 4, Si0, and the affinity energy E, of undoped
Si@Si0O; or Si@ 4,510, by using

Ei=E;(n—1)—E;(n) 3
and
E,=E,@n)—E,(n+1), (€]

where E; is the total energy of the n or n — 1 electrons system
for doped Si@SiO; or Si@;,Si0O, at 0 K and E,, is similar for
the undoped version. The binding energy E}, is defined as the
energy needed to transfer an electron from P-doped Si@SiO,
(Si@4;,S10,) to undoped Si@SiO, (Si@ 4,Si0;):

E,=E;, — E,. (5

The definition of E; here is different from that for a bulk
system [58,65], where E, is the difference between the dopant-
induced energy level and the conduction band minimum or
valence band maximum.

Table I shows E,, E;, and E;, of P-doped Si@SiO, or
Si@,4,S10,. E,, E;, and E;, of P-doped Si@H are also listed
for comparison [54]. The P configuration with the lowest E
is first separately considered. Then the P configuration with
the second-lowest E is considered, together with that with
the lowest E to exemplarily study the synergic effect of P
in different configurations. We see that the value of E, for
Si@Si0; is larger than that for Si@H. This should be due to
the large electronegativity of O atoms in Si@SiO,. However,
the value of E; for P-doped Si@SiO, is smaller than that for
P-doped Si@H. Therefore, the value of E; for Si@SiO, is
significantly smaller than that for Si@H. The current result
is different from Carvalho et al.’s, which shows larger E,
for OH-passivated Si NCs compared with Si@H [32]. Such
a difference signifies that our understanding on the doping of
Si NCs critically depends on simulation models. The value of
E, for Si@;,Si0, may be further reduced because of the
dangling-bond-induced increase of E,. It is clear that for
P-doped Si@H, E, is too large to enable the transport of
electrons between NCs. When an odd number of electrons are
introduced by P (e.g., P3-doped Si@SiO; or Py;,-P3’ co-doped
Si@4,S10,), unpaired electrons lead to the decrease of E;.
Hence, E, may be rather small, indicating a lower threshold
of energy for the transport of electrons between two Si@SiO,
(Si@,4,S10,) entities. Please note that oxide-matrix-induced
energy barriers are not taken into account here.
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FIG. 6. Energy-level diagrams of undoped, singularly, and doubly
P-doped Si@H, Si@SiO, or Si@,,Si0, at the (a) ground state and (b)
excited state. For a Si NC with deep energy levels (Si@SiO, doped
with P3’, undoped Si@,,SiO,, or Si@,,Si0O, doped with P,,-P3’),
an excited electron has already relaxed to the deep energy level
for the excited state. Filled circles indicate that energy levels are
occupied by electrons, whereas empty circles indicate that they are
unoccupied by electrons. Spin-up (spin-down) states of P-induced
defect energy levels are indicated by up (down) arrows. (c) The
excitation, relaxation, and radiative recombination of an electron in a
Si NC.

C. Optical properties

We now move to investigate the optical excitation and
emission of P-doped Si@SiO, or Si@ 4,Si0,. For comparison,
P-doped Si@H is also considered. Here, only P atoms in the
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TABLE II. Excitation energy (E.,), emission energy (E,,), and
radiative recombination rate (R) of undoped, singularly, and doubly
P-doped Si@H, Si@SiO,, or Si@,,Si0,. The superscript letter d
indicates a value that corresponds to recombination related to a deep
energy level.

E.. (V) E.n (eV) R (10°s71)
Undoped 3.13 2.85 1.3
Si@H P, 2.87 0.86 114.6
P,-P, 2.95 1.34 27.1
Undoped 1.59 1.50 1.5
Si@SiO, P3 1.88 1.43¢ 0.2¢
P3-P3’ 1.42 0.91 271.0
Undoped  1.66 0.07¢ 0.97¢
Si@4,S10, Pay 1.66 1.57 39.4
Py,-P3’ 2.02 1.56¢ 29.5¢

most likely configurations are taken into account. Figure 6
shows the energy-level diagrams of undoped, singularly P-
doped, and doubly P-doped Si@H, Si@SiO,, or Si@ ;,SiO,
at the ground state [Fig. 6(a)] and excited state [Fig. 6(b)]. The
excitation energy (E,,) here corresponds to the transition from
the top of the valence band to the bottom of the conduction
band. When there are no deep energy levels in the band gap,
the emission energy (E,,,) corresponds to the transition from
the bottom of the conduction band to the top of the valence
band. However, an excited electron may readily relax to the
deep energy levels if there are deep energy levels in the band
gap [1,66]. The subsequent transition from the deep energy
levels to the top of the valence band may also lead to radiative
recombination with the emission energy of E¢ . This has
been schematically shown in Fig. 6(c). The excitation energy,
emission energy, and radiative recombination rate (R) for each
of these structures are listed in Table II. The optical absorption
spectra of undoped, singularly, and doubly P-doped Si@H,
Si@Si0,, and Si@ ;,Si0, are shown in Figs. 7(a)-7(c).

For Si@H at the ground state, neither P, nor P,-P,
introduces deep energy levels in the band gap. But they slightly
narrow the band gap, leading to the reduction of E,,. This is
consistent with the red shift of the absorption when P is doped
as P, or P,-P, [Fig. 7(a)]. At the excited state, both P, and
P,-P; significantly reduce the band gap, leading to the large
red shift of E,,,. In the meantime, the P doping causes R to
increase by one to two orders of magnitude.

For singularly P-doped Si@SiO,, deep energy levels are
introduced in the band gap. Excitation related to these deep
energy levels gives rise to small absorption peaks in the low-
energy region of the absorption spectrum [Fig. 7(b)], although
the E,, blueshifts (1.88 vs 1.59 eV). The E¢ related to the P-
induced deep energy level slightly redshifts compared with the
E.,, for undoped Si@SiO; (1.43 vs 1.50 eV). It is interesting
that R for the radiative recombination related to the P-induced
deep energy level is smaller than that related to the band-to-
band transition of undoped Si@SiO, by about one order of
magnitude (0.2 x 107 vs 1.5 x 107® s7!). When Si@SiO,
is doped with two P atoms, no deep energy levels exist in the
band gap because of the avoidance of an odd electron number.
However, the E., is reduced, consistent with the red shift of the

035312-6



DOPING Si NANOCRYSTALS EMBEDDED IN SiO, ...

’g (a) Si@H PPy
< 2.95¢V
o [
=
S |287ev Pa
- '
=
= '
< . .

2.8 3.2 3.6 4.0

Energy (eV)

3 | ® si@sioy M
é p3-p3 Y
p 1.88 eV,
- P3' '
o
2
o
) 1.59 eV
v
= Undoped '
< : : . :

0.4 0.8 1.2 1.6 2.0 24

Energy (eV)
3 (©) Si@gpSi0y 2.02eV}
=
P

2 db |
2 1.66 eV—>
= Undopedw\
< : . . :

04 08 12 1.6 20 24

Energy (eV)

FIG. 7. Optical absorption spectra of undoped, singularly, and
doubly P-doped (a) Si@H, (b) Si@SiO,, or (¢) Si@,,SiO,. The
calculations are performed in the framework of TD-DFT with
the ALDA exchange-correlation functional. The first 80 allowed
transitions are considered for each NC. Lorentzian broadening with
a full width at half maximum of 20 nm is carried out to generate each
absorption spectrum. The excitation energy (E,,) that corresponds to
the transition from the top of the valence band to the bottom of the
conduction band is indicated by the arrow.

absorption [Fig. 7(b)]. We also find that the E,,, is reduced.
The R for the band-to-band transition is enhanced by more
than 200 times.

For undoped Si@;,Si0,, the dangling bond introduces
deep energy levels in the band gap, similar to P3 in Si@SiO,.
The E,, of Si@,,Si0O, is only slightly larger than that
of Si@8Si0,. However, absorption with energies lower than
the E,, is prominent for Si@,,SiO, [Fig. 7(c)]. The low-
energy absorption is associated with excitation related to deep
energy levels that are introduced by the dangling bond. The
state related to the dangling bond is radiative, although the
corresponding E.,, is rather small. Once the dangling bond is
passivated by a P atom, the electronic structure of Si@ ;;,Si0;
is basically similar to that of undoped Si@SiO,. Therefore,
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the E,,, E.,, and optical absorption spectrum for Si@ ;,SiO;
doped with Py, are similar to those for undoped Si@SiO;.
However, R for Si@,,SiO, doped with Py, is ~30 times
larger than that for undoped Si@SiO,. If a second P atom
(e.g., P3') is incorporated in addition to Py, an odd electron
number appears, leading to deep energy levels in the band gap.
The resulting electronic structure is similar to that of Si@SiO,
doped with a single P atom (e.g., P3’) and hence leads to similar
optical properties.

In the current paper, P-induced deep energy levels are
radiative, leading to light emission with energies smaller than
the band gaps. This is consistent with Delerue et al.’s paper
[55], which has shown that for rather small Si NCs (i.e., band
gaps larger than ~ 2.2 eV) defects such as dangling bonds
can be centers for radiative recombination. Now we further
demonstrate that the band gap of a Si NC may be narrowed
without the introduction of deep energy levels if an even
electron number is introduced by the doping of multiple P
atoms, leading to the red shift of the light emission from the
Si NC. Therefore, the doping of P can be an effective means
to tune the light emission from Si NCs, especially for the case
of coaxing subband luminescence from Si NCs.

IV. CONCLUSIONS

We have studied the P doping of a 1.4-nm Si NC embedded
in Si0, (Si@SiO; and Si@;;,Si0;). In contrast to the doping
of Si@H with P, P is the most likely incorporated into the
subinterface of Si@SiO,. However, for Si@,,Si0, with a
dangling bond at the Si/SiO, interface, a P atom prefers
passivating the dangling bond. The dangling bond at the
Si/Si0, interface may lower the formation energy of P inside
the NC core. SiO, at the NC surface helps reduce the binding
energy of P in Si NCs. The reduction of the binding energy
of P may be further enhanced as an odd electron number is
introduced by P doping.

For singularly P-doped Si@SiO,, the P-induced state may
cause the E,, and E,,, to blueshift and redshift, respectively.
When two P atoms coexist in Si@SiO,, no deep energy
levels are introduced in the band gap. The E,, and E,, are
significantly reduced. But the radiative recombination rate
enormously increases.

For Si@,,Si0,, the passivation of the dangling bond
with P (Py,) leads to the E., and E,, that are similar
to those for Si@Si0O,. But the radiative recombination is
enhanced compared to that for Si@SiO,. When a second
P atom is incorporated into Si@,;,Si0, in addition to Py,
dopant-induced deep energy levels appear. This gives rise to
the similarity to singularly P-doped Si@SiO;.

We have also considered a smaller (1.2 nm) Si NC with
SiO; at the NC surface. The preferential distribution of P in
Si@Si0, or Si@ ;,Si0, for the NC size of 1.2 nm is similar to
that for the NC size of 1.4 nm. The E,, of P-doped Si@SiO; or
Si@ ;;,S10; redshifts for the NC size of 1.2 nm. This is partially
different from that for the NC size of 1.4 nm, in which the E,,
blueshifts for singularly P-doped Si@SiO,; or doubly P-doped
Si@ ;;,S10,. The difference in the doping-induced variation of
E., between the NC sizes of 1.2 and 1.4 nm may originate from
P-doping-induced structural distortion at the ground state.
For instance, for singularly P-doped Si@SiO, with the NC
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size of 1.2 nm, the difference between the longest and the
shortest Si-P bonds is ~0.21 A, which is four times larger
than that for singularly P-doped Si@SiO, with the NC size
of 1.4 nm. The variation of the emission energy for P-doped
Si@Si0, or Si@;,Si0, with the NC size of 1.2 nm is similar
to that with the NC size of 1.4 nm, except that the emission
energy of P-doped Si@SiO, more significantly redshifts for
the NC size of 1.2 nm. The states related to P atoms are
radiative for both the NC sizes. The R for P-doped Si@SiO,
or Si@ 4,510, all significantly decreases for the NC size of
1.2 nm, in contrast to that for the NC size of 1.4 nm. The
aforementioned comparisons indicate that the NC size also
plays a role for a Si NC at the excited state. This is consistent
with our finding that excitation-induced structural distortion
for 1.2-nm Si@SiO, is more serious than that for 1.4-nm

PHYSICAL REVIEW B 89, 035312 (2014)

Si@Si0,. Since the structural distortion becomes negligible
when the NC size is > 1.4 nm [41,67], the current findings for
the 1.4-nm Si NC may only be extended to larger Si NCs.
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