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We present tight-binding calculations in the random-phase approximation of the optical response of

Silicon nanocrystals (Si NCs) ideally doped with large concentrations of phosphorus (P) atoms. A

collective response of P-induced electrons is demonstrated, leading to localized surface plasmon

resonance (LSPR) when a Si NC contains more than � 10 P atoms. The LSPR energy varies not only

with doping concentration but also with NC size due to size-dependent screening by valence electrons.

The simple Drude-like behavior is recovered for NC size above 4 nm. Si NCs containing a large number of

deep defects in place of hydrogenic impurities do not give rise to LSPR.

DOI: 10.1103/PhysRevLett.111.177402 PACS numbers: 78.67.Bf, 36.40.Gk, 71.45.�d, 73.22.�f

Nanocrystals (NCs) exhibiting localized surface plas-
mon resonance (LSPR) present remarkable optical proper-
ties, which are very attractive for a variety of applications
such as biosensing [1] and photovoltaics [2]. Among plas-
monic NCs, noble metal NCs are widely considered
because of their strong LSPR in the visible range [3].
However, recent observations on the LSPR of semiconduc-
tor NCs that are either intrinsically doped with vacancies
[4–6] or extrinsically doped with impurities [7–9] have
received great attention because, in contrast to noble metal
NCs, the LSPR of semiconductor NCs can be tuned by
changing the doping level. In this Letter, we focus on NCs
made of silicon (Si). This is not only because Si is a model
semiconductor material, but also because Si-based plas-
monics [10] is highly desired for the integration with
microelectronics, optoelectronics, and photovoltaics.
Similar to other semiconductor NCs [11,12], the doping
of Si NCs is challenging, in particular given self-
purification (dopant segregation to the NC surface) could
occur [13]. In spite of these difficulties, the introduction of
P and/or B impurities into Si NCs has been demonstrated
[14–20]. There are even a few reports [21–24] showing
high doping levels (>1 at %) compatible with plasmonic
effects. However, it is only very recently that Rowe et al.
[24] have demonstrated that heavily P-doped Si NCs syn-
thesized via a nonthermal plasma technique [21] exhibit
tunable LSPR in the energy range of 0.07–0.3 eV. In this
work, and in those on other semiconductor NCs [4,5,9], the
LSPR energy !sp (Mie resonance) for a spherical NC is

believed to vary approximately as

@!sp � @

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ne2

"0með"b þ 2"mÞ

s
; (1)

where n is the free-carrier concentration, e is the electronic
charge, "0 is the free space permittivity, me is the free-

carrier effective mass, "b and "m are the dielectric con-
stants of the bulk semiconductor and medium, respectively.
Equation (1) is obtained from the Drude theory in the limit
where the width of the LSPR peak is small compared to
@!sp and where "bð!spÞ is close to its static value. It can be
worked out from Eq. (1) that the LSPR energy could vary
from 0.4 eV for n ¼ 1% to 1.8 eV for n ¼ 20% for mSi

e ¼
0:3m0, "

Si
b ¼ 11:7 (bulk Si values) and "m ¼ 1 (Fig. 1),

covering a technologically important range. But it is well
known from theoretical [25–30] and experimental [16]
works that a dopant in a semiconductor NC with a size
smaller than the Bohr radius of the dopant does not behave
like in the bulk, the carrier ionization energy is enhanced,
the energy level is deeper, and the wave functions are more
localized even if they spread over the entire NC volume
[31]. Therefore the notion of free carriers is questionable in
these systems and a deeper understanding of LSPR in
doped semiconductor NCs is clearly needed. The simple
Drude model gives an accurate description of the carrier
dynamics in doped bulk Si [32]. But can we use it for Si
NCs?What is the validity of Eq. (1)? What is the minimum
number of active dopants and the minimum NC size
needed to support LSPR?What is the effect of the quantum
and dielectric confinements? Does the LSPR frequency
depend on the NC size?
In the following, we address the above-mentioned

important questions by studying the case of ideal P-doped
Si NCs. Our calculations are based on self-consistent tight-
binding (TB) theory in the random-phase approximation
(RPA). We show that clear LSPR appears when the number
of impurities in a Si NC is above � 10. We obtain that the
LSPR energy approximately varies as

ffiffiffi
n

p
like in Eq. (1)

but also depends on the NC diameter, in particular due
to a size-dependent screening [26,33,34]. The blueshift
of the LSPR with decreasing size is described in terms
of a two-component electron system, in analogy with the
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case of LSPRs in Ag NCs [35,36]. We show that
Eq. (1) including bulk Si parameters accurately predicts
the LSPR energy for NC diameters above � 4 nm. It is
demonstrated that Si NCs with deep defects like dangling
bonds instead of P impurities do not show collective
excitation.

Our goal in this Letter is to understand the physics of the
formation of LSPR from electronic doping. Therefore we
consider a model system in which Si NCs are hyperdoped
up to � 30% without impurity segregation or lattice re-
laxation. We also assume that there is no dopant at the NC
surface. All the impurities are in a configuration where
they are electrically active in the bulk. We have performed
TB calculations to obtain absorption spectra in a wide
energy range for NCs containing up to 1200 Si atoms.
The electronic states of energy En are written as c n ¼P

i�cn;i��i�, where �i� is the �th atomic orbital of the

atom i at the position Ri. The bare Hamiltonian matrix is
expressed in a sp3d5s� basis as described in Ref. [37]. P
atoms are placed at random substitutional positions exclud-
ing the atomic sites at the surface. We add to the bare TB
Hamiltonian the Coulomb potential induced by a fixed
charge þe at each impurity nucleus (see Refs. [25,26]).
We also add the Hartree potential coming from the extra
electons. The self-consistent potential is obtained as
described in Ref. [38]. The polarizability of a NC along a
direction u at the energy E is given by �ðEÞ ¼
�e2

P
i;j�

RPA
ij ðRi � uÞðRj � uÞ, where �RPA is the self-

consistent susceptibility matrix [39]. �RPA
ij represents the

derivative of the electron population on the atom i with
respect to the potential on the atom j. The matrix �RPA is
given by �0"�1, where " ¼ I � V�0 is the dielectric
matrix in RPA [40], I is the identity matrix, V is the matrix
of the bare electron-electron interaction (Vij ¼ e2=jRi �
Rjj) [26,41], and �0 is the independent-particle suscepti-

bility matrix [40]

�0
ij ¼

X

n;n0

ðfn � fn0 Þð
P

� cn;i�c
�
n0;i�Þð

P
� cn;j�c

�
n0;j�Þ

E� ðEn0 � EnÞ þ i�
; (2)

where fn is the electronic population on the state n (T ¼
300 K). Details on the TB-RPA methodology can be found
in Refs. [31,39,41]. Note that we have to include all
possible transitions in Eq. (2) to obtain converged results,
which require heavy computational resources even in TB.
The polarizability �ðEÞ scales as R3, where R is the NC
radius. The imaginary part of �ðEÞ describes the absorb-
ance at the energy E. The spectra presented below corre-
spond to Imð�ðEÞ=R3Þ with a broadening � of 0.1 eV.
The spectra obtained with the TB-RPA [Figs. 2 and 3(a)]

exhibit very clear trends when we vary the number of P
atoms. As this number is small (<10), the spectra are
characterized by multiple peaks corresponding to the ex-
citation of single electrons from the P-induced states to
the conduction-band states. These peaks appear below the
optical gap of the pristine Si NC. At an increasing number
of P atoms, a broad peak emerges and becomes progres-
sively prominent as the extra electrons brought by P atoms
start responding collectively to the external field. At suffi-
ciently high P concentration and NC size, the spectra are
dominated by the LSPR. Interestingly, quite similar

0.0

0.1

0.2

0.3

0.4

0.5

 0  1  2  3  4  5

Im
(α

/R
3 )

E( eV)

(a)

0%

2.3%

18.4%

29.9%

9.1%

d = 1.8 nm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

 0  1  2  3  4  5

Im
(α

/R
3 )

E( eV)

0%

2.3%

5.1%

29.7%

10.3%

(b) d = 2.2 nm

FIG. 2 (color online). Absorption spectra [Imð�ðEÞ=R3Þ] of (a)
1.8 nm Si NCs (Si87) doped with 0, 2, 8, 16, and 26 P atoms.
(b) Same for 2.0 nm Si NCs (Si175) doped with 0, 4, 9, 18, and
52 P atoms. The corresponding doping levels are also indicated.
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FIG. 1 (color online). Energy of the absorption peak with the
highest intensity versus doping concentration for a Si NC. The
diameter (d ¼ 2R) of the NC is 1.8 (plus), 2.2 (cross), 3.2 (star),
or 4.0 nm (square). The solid line represents the LSPR energy
predicted by Eq. (1) with mSi

e ¼ 0:3m0, "Sib ¼ 11:7 (bulk Si

values) and "m ¼ 1.
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behavior was predicted for Ag NCs when their size and
therefore the number of free carriers were varied [42].

The interpretation of the broad peak as the result of
LSPR is confirmed in Fig. 3(a). We compare the TB-RPA

results with those obtained with the TB in the independent-
particle approximation (IPA), i.e., replacing �RPA in the
expression of �ðEÞ with f2lf�

0 where flf ¼ 3=ð"b þ 2Þ is
the local-field factor which describes the response of the
dielectric sphere to the applied electric field [31]. In con-
trast to the self-consistent response of the RPA, the IPA
only concerns a single-particle response. Therefore, ab-
sorption obtained with the IPA exclusively originates
from single-electron excitations. Figure 3(a) shows that
the two calculations only agree for very small numbers
of P atoms (e.g., 2), but very quickly differ at higher doping
levels. Above � 10 P atoms per NC, we have found that
each spectrum calculated in the TB-RPA [Fig. 3(a)] can be
decomposed into two Gaussian peaks whose energy posi-
tions and amplitudes are given in Fig. 3(b). At increasing
doping levels, the low-energy peak is centered at a constant
position but its relative amplitude decreases whereas the
position and the amplitude of the high-energy peak
strongly increase. The prominent high-energy peak is not
obtained in the TB-IPA. It indeed results from the collec-
tive response of electrons, i.e., the LSPR. The low-energy
peak corresponds to single-electron excitations. Our results
clearly demonstrate that single-electron and collective
excitations coexist in doped Si NCs but collective ones
dominate at high doping levels.
The energy @!sp of the LSPR is reported in Fig. 1 for NC

sizes from 1.8 to 4.0 nm. It is clear that @!sp increases with

the dopant concentration and scales as
ffiffiffi
n

p
(for * 10 P

atoms per NC), consistent with Eq. (1). The LSPR energy
also depends on the NC size but tends at increasing NC size
to approach the value predicted by Eq. (1). This behavior
can be understood if we consider that með"b þ 2"mÞ in
Eq. (1) varies with the NC size. A large part of this variation
can be explained by a reduced screening in semiconductor
NCs [25,26,33]. This effect is not induced by the quantum
confinement, i.e., by the opening of the gap, but is due to
the breaking of polarizable bonds at the NC surface
[31,34]. This leads to a size-dependent dielectric constant
"SiðRÞ [26,33]. After the replacement of "b by "SiðRÞ ¼
1þ ð"Sib � 1Þ=½1þ ð0:92=RÞ1:18� (seeRef. [26]), Eq. (1) fits
quite well with the calculated LSPR energies for a NC size
of 3.2 nm [Fig. 3(b)]. For smaller sizes, the size dependence
of the dielectric constant does not fully explain the blueshift
of the LSPR even if it predicts the correct trend. On the
experimental side, Rowe et al. [24] interpreted their results
on the LSPR of Si NCs with diameters above 5 nm by using
Eq. (1). Our work totally justifies their approach.
In summary, the behavior of LSPR in P-doped Si NCs

can be understood as follows. Under external excitation,
the electrons brought by P atoms are polarized, forming a
localized plasmon due to their strong intercoupling. But the
field induced by this plasmon is screened instantaneously
by the valence electrons since their corresponding plasmon
energy is very high (�15 eV), justifying the presence of
"b in the expression of the LSPR energy [Eq. (1)].
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FIG. 3 (color online). (a) Absorption spectra [Imð�ðEÞ=R3Þ] of
3.2 nm Si NCs (Si573) doped with 0, 2, 10, 28, 58, 100, and 140 P
atoms. The corresponding doping levels are also indicated. The
dotted lines show the spectra obtained by using the single-
particle response instead of the self-consistent one, i.e., using
f2lf�

0 instead of �RPA. (b) Energy position of the high (circle)

and low (square) energy Gaussian peak obtained from the
decomposition of the absorption spectrum of a 3.2 nm Si NC
containing � 10 P atoms. The symbol size is proportional to the
amplitude of the Gaussian peak. Solid line: @!sp predicted by

Eq. (1) with mSi
e ¼ 0:3m0, "

Si
b ¼ 11:7, and "m ¼ 1. Dashed line:

Same but with "b replaced by "SiðRÞ ¼ 7:7 [26].
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The shift of the LSPR to higher energy is explained by a
less efficient screening by the valence electrons in small
NCs. Therefore, impurity-doped NCs must be seen as two-
component electron systems. Interestingly, the 1=R varia-
tion of the LSPR energy for Ag NCs was also explained by
a size-dependent dielectric screening in a two-component
electron system (5s and 4p electrons) [35,36].

Figure 4 shows the absorption spectrum for a 3.2 nm Si
NC containing 58 Si dangling bonds in place of P atoms.
We have first removed 58 Si atoms and then passivated three
of the four dangling bonds of each resulting vacancy by
using hydrogen atoms. The dangling bonds give rise to deep
energy levels in the gap. Compared to the same Si NC doped
with 58 P atoms [Fig. 3(a)], the behavior is totally different.
There are below-the-gap multiple peaks which result from
the excitation of electrons between the bands and the deep
energy levels. But the amplitudes of these peaks are small
and there is no prominent peak typical of LSPR. The results
obtained in TB-RPA or IPA are very similar (Fig. 4), indi-
cating that collective effects are much less present. We
conclude that the delocalization of the impurity-induced
states in a NC is required to observe LSPR, as obtained
with hydrogenic impurities such as P in Si NCs.

In conclusion, we have shown that Si NCs present LSPR
when they are doped with more than� 10 P atoms. In this
condition, the LSPR energy of a Si NC varies with the
carrier concentration according to the simple Drude model
when the NC size is above � 4 nm. For smaller Si NCs,
the LSPR energy also depends on the NC size due to size-
dependent screening. The decrease of the NC size actually
mitigates the requirement of very high-level doping when
one intends to increase the LSPR energy of a Si NC. Our
work demonstrates that in the ideal situation LSPR with
energies up to the visible range can be obtained in hyper-
doped Si NCs. This should inspire experimentalists to
confront the challenge of effectively hyperdoping Si NCs
[12,24]. At this moment, it appears that hyperdoped
Si NCs will be very likely produced in nonthermal plasma

[21,24,43], in which thermodynamic equilibrium between
Si NCs and background gas is absent. This may enable
kinetically controlled doping of Si NCs up to levels well
above the solubility limit. High dopant concentrations of
8.6 B at. % and 4.8 Al at. % have already been realized in
Si films [44] and Si nanowires [45] via kinetics-controlled
mechanisms, respectively. In addition, recent studies [46]
also show that dopant concentrations of 9 As at. % and
11 P at. % can be obtained in Si NCs by ion beam synthesis
[23]. It is hoped that the theoretical insights gained in this
work will contribute to the development of Si-based
plasmonics [10].
This work is supported by the National Basic Research

Program of China (Grant No. 2013CB632101), the NSFC
for excellent young researchers (Grant No. 61222404), and
the Sino-French Xu Guangqi program.
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