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Electronic structure of Si nanocrystals codoped with boron and phosphorus
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® (Received 2 March 2018; revised manuscript received 10 July 2018; published 31 July 2018)

The electronic structure of Si nanocrystals (NCs) doped with B (acceptor) and P (donor) impurities is calculated.
A tight-binding approach is employed, allowing us to investigate NCs of up to 10 nm diameter and to compare
directly with recent experiments on colloidal Si NCs. The calculations show that the experimental data of optical
and electrical spectroscopy are consistent with configurations of full compensation between donors and acceptors.
The NC energy gap is narrowed in the presence of codopants and can be even smaller than in bulk Si, but at the
same time it varies with NC size under the effect of quantum confinement. Measured energy gaps are compatible
with NCs containing a small number (~2-5) of B-P pairs if we assume a random placement of the dopants in
the NC core. B-P clusters in which the B and P atoms are nearest neighbors have a marginal influence on the NC
energy gap. In the case of Si NCs doped with a single P impurity, the theory predicts the hyperfine splitting of
electron spin resonance as a function of the NC size, in excellent agreement with experiments if the dopant is

placed at random positions.

DOI: 10.1103/PhysRevB.98.045434

I. INTRODUCTION

Even though the first report of efficient photoluminescence
(PL) from Si nanocrystals (NCs) was published more than
25 years ago [1], the optical properties of Si NCs still receive
considerable attention in the context of important develop-
ments in Si photonics [2]. New directions of research have
greatly benefited from the synthesis of colloidal Si NCs char-
acterized by high structural quality, narrow size distribution,
and PL quantum yields sometimes above 60% [3-5]. Other
interesting developments came from the synthesis of Si NCs
doped with donor (P,As) or acceptor (B) impurities [6—15]. The
incorporation of impurities inside the NCs has been clearly
demonstrated, in particular using atom probe tomography
(APT) analysis [14—18], but the role of these impurities and
their electrical doping efficiency remain sources of important
debates [19,20]. The situation is quite confusing since, in
parallel, several works reported tunable plasmonic properties
in highly doped Si NCs prepared by the nonthermal plasma
method [21-23].

Donor and acceptor impurities in Si NCs are also interesting
for their energy levels in the band gap. It was demonstrated
that Si NCs codoped with B and P impurities are characterized
by PL emission at lower energy than undoped Si NCs, which
is interpreted by optical transitions between energy levels
induced by the dopants [24-30]. The codoped Si NCs were first
synthesized in borophosphosilicate glass matrices and were
subsequently produced in colloidal solutions. These codoped
Si NCs combine the advantages of Si NCs, i.e., a size-tunable
optical band gap and a relatively high recombination rate (for
an indirect gap material), and the effects of the codopants that
shift the emission energy to lower values. Remarkably, PL
emission below the band gap of bulk Si was demonstrated,
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which is very appealing to extend the application field of Si
NCs to new frequency ranges [28].

The reduction of the optical gap of Si NCs by the B-P
codoping is supported by ab initio density functional theory
(DFT) calculations performed by Ossicini et al. [31-34]. The
latter have also shown that simultaneous B and P doping
strongly reduces the formation energy with respect to both B
and P single-doped cases [32]. However, further theoretical
investigations are still needed since DFT calculations were
limited to NC sizes smaller than in experiments, and NCs
doped with more than one B-P pair were not considered. In
addition, DFT calculations are known to underestimate the
band gap, and calculations based on many-body perturbation
theory that go beyond DFT and include excitonic effects could
only be performed for NCs containing 35 atoms [32]. For
all these reasons, it is still unclear whether the PL emission
below the bulk Si band gap can be explained by the influence
of the dopants, and important questions remain unresolved.
How many active dopants per NC are necessary to explain
the redshift of the PL emission? What is the influence of
the disorder induced by the varying impurity positions? How
can we explain that the optical gap of codoped Si NCs still
varies with size, meaning that it is still influenced by quantum
confinement effects in spite of the presence of the dopants?

In this paper, I present atomistic tight-binding calculations
that address these issues. The methodology, developed to
reproduce the donor and acceptor energy levels in bulk Si,
describes very well the evolution with size of the hyperfine
splitting of the electron spin resonance (ESR) of P-doped Si
NCs [8]. This agreement is obtained for electrically active
P dopants placed at random positions in the Si NCs. I have
calculated the energy gap of codoped Si NCs with diameter
up to 10.4 nm and with a number of B-P pairs varying from
1 to 10. I show that an increasing number of B-P pairs
tends to enhance the effects of disorder and therefore the
variability in the energy gap. However, the mean energy gap
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decreases for increasing codoping, extending the conclusions
of Ossicini et al. beyond the single B-P pair case [31-34]. If we
assume a random position of the impurities, the experimental
data [28] for the PL peak energy and the scanning tunneling
spectroscopy (STS) gap [35] versus NC size are compatible
with a small number of B-P pairs per NC, below 5 and probably
closer to 2. However, the energy gap of the NCs is almost not
influenced by B-P atoms in nearest-neighbor configurations.
Comparison with experiments shows that the number of
electrically active (randomly placed) dopants is much smaller
than the number of impurities present in the NCs and their
vicinity [17,28].

II. METHODOLOGY

To compare with experiments [28,35], I consider spherical
NCs with a diameter up to 10 nm. The NCs are doped with
the same number of P and B impurities, i.e., there is a full
compensation between donors and acceptors. This is consistent
with the assumption that light-emitting Si NCs containing
free carriers (electrons in the conduction-band states or holes
in the valence-band state) are nonemitting due to efficient
Auger recombination [36]. The situation of full compensation
may be favored by the small formation energy of B-P pairs
compared to single dopants [32]. I assume that the dopants are
ideally placed at substitutional sites; surface sites are discarded
unless otherwise stated. For each NC size and dopant concen-
tration under investigation, 40 configurations are considered
in which the impurity positions are chosen at random, for
reasons discussed in the next section. Mean values of the
energy gaps are computed by taking the average over the 40
configurations.

The single-particle Hamiltonian of a codoped Si NC is
written as

H=Hy+V, (1

where H) is the Hamiltonian of undoped Si NC and V is the
static potential induced by the impurity nuclei. Hy is writtenin a
tight-binding framework using the sp>d°s* model of Ref. [37].
The surface of the Si NCs is passivated by hydrogen atoms,
each one being described by a single s orbital.

The term V in Eq. (1) describes the potential induced by
point charges +e positioned at the impurity nuclei where the
sign — (+) holds for an acceptor (donor). V is the solution of
the Poisson equation in which the system is represented by a
sphere of diameter D and of dielectric constant €;, embedded
in a medium of dielectric constant €,,,. We use the bulk
experimental value €;, = 11.7. This dielectric approach is fully
justified when D 2 3 nm [38,39].

The tight-binding treatment of V is straightforward because,
as a slowly variable potential, it only appears on the diagonal of
the Hamiltonian matrix [38]. The diagonal term at each donor
(acceptor) site is considered as a parameter describing central
cell effects [40]. The parameters for B and P were determined
as described in Refs. [41,42]. This approach gives ionization
energies for these impurities in bulk Si in good agreement with
the experimental values.

III. DISCUSSION ON THE POSITION OF ELECTRICALLY
ACTIVE DOPANTS AND THE DOPING PROBLEM

Ithas long been accepted that doping of semiconductor NCs
is intrinsically difficult, if not impossible (see the discussion
in Ref. [43]). This is often attributed to self-purification, the
process whereby dopants are expelled from the NCs [44]. For
example, several theoretical studies based on DFT calculations
have shown that the lowest-energy position of a dopant is
often at (near) the surface of the NCs [31,45-47]. The energy
difference between core and surface sites can be of the order
of 1 eV, but the situations depend strongly on the nature of
the impurity and on the surface passivation (H, OH, SiO,)
[48-50]. The impurities placed on low-energy sites at the
surface are often electrically inactive, for example in a form of
tricoordinated P or B atoms [46—48].

On top of this, it was argued [43,51] that the doping
process is not necessarily determined by the total energy of
the impurities since it may be governed by kinetics rather than
thermodynamics. In fact, it is instructive to consider a simple
situation of a single impurity positioned in a NC containing
N = 1000 core atoms (excluding surface) at thermal equilib-
rium. We assume that the impurity can be on any site with the
same weight or can be placed on just one surface site where it is
electrically inactive. If A E is the energy gain at the surface site
compared to core sites, the probability to find the impurity in
the coreis close to zero [~ N exp(—A E)] for A E of the order of
0.5 eV or above. In other words, doping of the NC is impossible
except if the system is out-of-equilibrium (it must depend on
the synthesis method), or if the dopants are stabilized in the
NC core by the presence of the surrounding matrix [49,50].

Therefore, the conditions required to incorporate dopants
into Si NCs are not really clarified by the theory. On the
experimental side, the observation of ESR [8,52] and local
surface plasmon resonance [21-23] demonstrates that elec-
trically active impurities can be present in Si NCs. This is
supported by APT experiments [14—18] showing that Si NCs
can contain a non-negligible number of impurities. However,
several works on doped Si NCs have shown that a large fraction
of these impurities are electrically inactive [19-22,52], which
suggests that many of them reside at the surface or in the
surrounding matrix. This is confirmed by the observation of a
strong reduction of the impurity concentration after HF etching
of the NCs [52]. Coimplantation of Si and P (As) into SiO;
samples was shown to be an efficient way to incorporate P or
As impurities into Si NCs, as revealed by APT experiments
[15]. However, coimplanted samples do not exhibit local
surface plasmon resonance, suggesting that dopants are either
compensated or inactive.

APT experiments [14—18] on matrices containing Si NCs
show that the concentration of impurities is the highest in the
regions where the NCs are located, with an accumulation at
the interface region. Beyond this interface region, the results
of APT experiments are more difficult to interpret, but it seems
that the distribution profile into the Si NC core is approximately
homogeneous. This is consistent with calculations on small Si
NCs (diameter <2.2 nm) showing a relatively weak depen-
dence of the formation energy on the position of impurities
placed in the NC core [45,46]. This dependence is expected to
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be even weaker in NCs with larger size usually considered in
experimental works.

High-resolution  transmission electron  microscopy
(HRTEM) experiments combined with electron-energy-loss
spectroscopy show that very large amounts of B and P are
present in or on the surface of codoped colloidal Si NCs [26]. In
the case of borophosphosilicate glass matrices, APT datareveal
a B-rich layer surrounding the Si NCs, which could explain
why codoped Si NCs disperse in polar solvents [17]. This
experimental study reports the presence of individual P and B
atoms in the NCs, but clusters of nearest-neighbor B-P atoms
are also found. However, both HRTEM and APT experiments
cannot give specific information on electrical-active
dopants.

This survey of the literature shows that doping of Si NCs is
not totally understood at the moment. In particular, itis possible
that this process is not governed by thermodynamics. In this
context, the concentration profile of electrically active dopants
in the Si NCs is not precisely known. Therefore, in the present
work, I consider configurations in which the impurities are
placed at random positions, unless otherwise stated. I show
in the next section that this hypothesis is supported by ESR
experiments on P-doped Si NCs.

IV. HYPERFINE SPLITTING IN P-DOPED Si NCs

Before addressing the physics of codoped Si NCs, it is
important to validate the methodology in the single-impurity
case. However, doping NCs with a single impurity is very
challenging. In addition, it is difficult to get detailed infor-
mation on their electronic structure. In this context, ESR is
a remarkable tool to probe the electronic states induced by
dopants. This technique was used to study P donors in bulk Si
[53]. The measurement of the hyperfine splitting A Hyg gives
access to the wave function of the unpaired electron through
its weight on the 3s orbital of the P atom. Remarkably, the
hyperfine splitting was measured in Si NCs doped with a single
P impurity [8]. The observed splitting was found to be much
larger than in bulk and strongly dependent on the NC size.
This behavior was interpreted by the strong confinement of
the donor wave function. This interpretation was confirmed by
ab initio pseudopotential calculations [54] even if these latter
were limited to NC sizes much smaller than in experiments. As
shown in the following, the tight-binding approach allows us to
address much bigger NCs, including those that are commonly
synthesized.

In the tight-binding model, the hyperfine splitting is written
as [55]

2
AHy = Alc/

) @)

where ¢! is the complex amplitude of the unpaired electron
wave function on the s orbital of the P atom, and A is a constant
that is deduced in the bulk Si limit where the calculation
gives [cF|? = 7.9 x 1073 while a value for A Hy of 42 G was
measured [53].

The hyperfine splitting calculated in tight-binding is pre-
sented in Fig. 1(a) as a function of the NC diameter. In
agreement with the experimental trends [8], A Hyg is strongly
enhanced by the confinement. In the case of a P impurity
placed at the center of the Si NCs, the calculated values
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FIG. 1. (a) Hyperfine splitting A Hys of ESR calculated for Si
NCs doped with a single P impurity at the center (blue circles), or
averaged over random positions of the dopant situated in the NC core
(green triangles) or in a 1-nm-thick layer beneath the surface (black
crosses), compared to the experimental values of Ref. [8] (red squares
with horizontal error bars). (b) A Hyg vs distance of the P donor atom
from the center of the Si NC, for a NC diameter of 4.4 nm (blue
triangles) or 10.4 nm (red circles). In the two figures, the horizontal
dashed line represents the experimental bulk value [53].

of A Hyg clearly overestimate the experimental data. On the
contrary, if we assume that the impurity is situated in a thin
shell (with a thickness of 1 nm) beneath the surface, the
calculated values are far too small compared to experiments.
Remarkably, if we consider a P donor placed at random
positions, the agreement between theory and experiment is
excellent. This shows that a uniform distribution of electrically
active P impurities in Si NCs is a reasonable assumption.
However, it is important to mention that ESR experiments
do not exclude the presence of electrically inactive P impu-
rities at the surface or close to the interface, even at high
concentration.

These results can be understood from Fig. 1(b) showing
that the hyperfine splitting has an important dependence on
the position of the impurity in the NC due to the complex
interplay between different phenomena. On the one hand,
the quantum confinement tends to push the wave-function
maximum at the center of the NC. On the other hand, the
Coulomb potential tends to localize the electron close to the
impurity nucleus [see Fig. 4(c) of Ref. [56]], but this Coulomb
potential depends on the dopant position due to the dielectric
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mismatch between the interior and the exterior of the NC.
Its intensity tends to increase when the dopant gets closer
to the surface due to the presence of positive polarization
charges [38].

Figure 1(b) shows that, when the impurity nucleus ap-
proaches the surface, A Hys becomes small because the max-
imum of the wave function is pushed far from the impurity
site due to the strong confinement, which constrains the wave
function to vanish at the surface. The competition between the
opposite effects of the confinement and the Coulomb potential
explains why A Hpg presents a maximum at an off-center
position where the best compromise is found. In Fig. 1(a),
A Hygs averaged over random dopant positions is reduced
compared to its value at the NC center because of a geometrical
effect, i.e., there are more atoms in the surface region than in
the central one.

The results of Fig. 1(a) fully validate the tight-binding
methodology for P donors in Si NCs. Unfortunately, there is no
equivalent experimental data for B acceptors. However, since
both B and P dopants behave as hydrogenic impurities in bulk
Si, the present tight-binding model can be safely applied to
both in Si NCs.

V. RESULTS FOR CODOPED Si NCs

A. Energy gap

The energy gap of Si NCs doped with one, two, five, or
ten pairs of B-P dopants is shown in Fig. 2(a). In each case,
I consider 40 configurations in which the position of each
dopant is chosen randomly, avoiding surface sites. Compared
to the undoped situation, the presence of a single B-P pair is
sufficient to reduce the energy gap, in agreement with DFT
calculations [31-34]. This reduction becomes considerably
more important when the concentration of dopants is increased.
In addition, the width of the energy gap varies from one random
configuration to another, because the energy levels induced
by the dopants depend on their respective position in the NC
[32]. This variability, quantitatively assessed in Fig. 2(c), is
not surprising since the Coulomb potential of an ensemble of
point charges in a dielectric sphere depends on their spatial
arrangement [38].

The mean value of the energy gap is presented in Fig. 2(b). In
bulk Si, B and P doping introduces acceptor and donor energy
levels in the gap, respectively. However, these energy levels are
shallow [40], and therefore the reduction of the gap is relatively
small. The influence of doping on the electronic structure of Si
NCs is much more important. Even a single pair of B-P atoms
leads to a gap narrowing of the order of hundreds of meV. This
is mainly due to the so-called dielectric confinement effect
coming from the dielectric mismatch between the Si NC and
its environment, the latter being characterized by a dielectric
constant usually much smaller than in Si. When point charges
are placed inside a Si NC, Coulomb interactions are partially
unscreened because some polarization charges remain at the
surface, whereas in bulk Si they are pushed at infinity [38].
As a consequence, single dopants are characterized by deeper
energy levels in the energy gap [56,57]. A similar effect
takes place in Si nanowires [41]. However, in NCs doped
with the same number of donors and acceptors, this dielectric
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FIG. 2. (a) Single-particle energy gap of undoped Si NCs (red
triangles) compared to codoped NCs (one B-P pair, blue circles; two
pairs, green triangles; five pairs, brown lozenges; ten pairs, magenta
pentagons). For codoped NCs, 40 random configurations of impurity
positions are considered. (b) Mean value of the single-particle energy
gaps taken over the 40 configurations. (c) Standard deviation of the
energy gaps with respect to the mean value.

confinement effect is reduced compared to the single dopant
case because the total polarization charge integrated on the
NC surface is equal to zero.

The mean energy gap continues to decrease when addi-
tional B-P pairs are added to the NCs [Fig. 2(b)] and it
becomes quite small in the case of 10 B-P pairs. However,
the effect of the ten pairs becomes slightly less important
for NC diameters above ~10 nm. In that case, the dis-
tance between dopants increases and their mutual influence
decreases.
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FIG. 3. Single-particle DOS calculated for a NC diameter of
5.4 nm. The lowest curve in black is calculated for the undoped NC,
and the other colored curves are obtained for different configurations
of NCs doped with two (a) or five (b) B-P pairs.

B. Density of states

It is also enlightening to look at the single-particle density
of states (DOS). In Fig. 3, we consider different situations of
codoped NCs. Even if there are important variations from one
situation to another, the comparison with the DOS calculated
for the undoped NC reveals clear trends. In each case, the
codoping brings peaks in the energy gap of the pristine
NC. The resulting band-gap narrowing is, on average, almost
equally shared between the two sides of the gap. Remarkably,
a very similar behavior is found when the NCs are doped
with two or five B-P pairs, only the amplitude of the gap
narrowing increases with the number of dopants. All these
results are qualitatively in excellent agreement with the recent
measurements of the DOS performed on codoped Si NCs using
STS [35], even if it is not possible to make direct comparisons
between theoretical and experimental spectra since both the
number of dopants and their spatial localization are not known.
However, a quantitative analysis of the STS gaps will be
presented in Sec. VI.

C. Localization of states

Itis also important to characterize the effect of the codoping
on the wave functions at the gap edges, in particular on
their spatial localization. A convenient probe of this local-
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FIG. 4. Participation ratio x calculated for the lowest conduction
state (red triangles) and the highest valence state (blue circles) of Si
NCs doped with two (a) or ten (b) B-P pairs [NC diameter = 8.4 nm].
The results are obtained for 40 random configurations of impurity
positions and are presented vs the depth of the energy level into the
gap, i.e., the difference between the energy E of the state and its value
in the undoped NC (E. for a conduction state, E, for a valence state).

ization is the participation ratio x defined for each state as
x =00, lcia|?)?1", where ciq is the complex ampli-
tude of the wave function on the site (atom) i and orbital
o. x measures the number of sites that contribute to the
state.

Results for NCs of 8.4 nm diameter containing 15 498 Si
atoms are presented in Fig. 4 for different configurations of
codoping. In the presence of two B-P pairs per NC, Fig. 4(a)
shows that x is always between 400 and 5000, meaning that
the band-edge states remain substantially delocalized. Even
if x is characterized by quite scattered values, it tends to
decrease when the energy level goes deeper into the gap, which
is the expected behavior found, for example, in amorphous
Si [58]. These trends are accentuated in the case of NCs
doped with 10 B-P pairs [Fig. 4(b)] where there are situations
characterized by deep levels and very localized wave func-
tions. However, there are still many configurations of doping
where the localization of the wave functions is not too strong
(x > 500).

D. Dopants at the surface

Figure 5 presents the mean energy gap of Si NCs doped with
two B-P pairs. Two situations are compared. First, all dopants
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FIG. 5. Red triangles: single-particle energy gap of NCs codoped
with two B-P pairs calculated as an average value over 40 random
configurations of impurity positions. Blue circles: same but the two
P impurities are placed at the surface.

are placed at random positions, but surface sites are excluded
[same data as in Fig. 2(b)]. Second, the two P atoms of the pairs
are placed at surface sites chosen randomly. It is assumed that
the P atoms are still characterized by a fourfold coordination
(in reality, this is often not the case), i.e., they are still acting as
donor impurities characterized by a charge +e at their nucleus.
Figure 5 shows that the energy gaps in the two situations are
quite similar; the differences become visible only for diameters
smaller than 5 nm. However, even in those cases, the increase of
the energy gap due to the confinement is largely preserved, and
the corrections induced by the different positions of the dopants
remain relatively small. Very similar results are obtained when
the B atoms instead of the P atoms are placed at the surface
(not shown).

E. Nearest-neighbor B-P clusters

As already mentioned in Sec. III, APT experiments on
borophosphosilicate glass matrices reveal that codoped Si NCs
also contain clusters of nearest-neighbor B-P atoms, in addition
to individual impurities [17] (hereafter, a B-P cluster refers
to a pair of nearest-neighbor B-P impurities). This raises the
question of their role in the NC gap. Figure 6 presents the en-
ergy gap of Si NCs doped with B-P clusters. Except for the
smallest sizes, the presence of B-P clusters has almost no effect
on the gap. This is due to the very weak Coulomb potential
induced by each cluster characterized by a zero total charge.
More generally, the influence of a B-P pair on the energy
gap decreases when the distance between the two atoms is
reduced [33].

VI. COMPARISON WITH EXPERIMENTS
AND DISCUSSION

Experimental and theoretical data on codoped Si NCs are
presented together in Fig. 7. To compare with photolumines-
cence (PL) peak positions measured on codoped Si NCs [26],
the optical gaps have been calculated by applying excitonic
corrections to the single-particle gaps [Fig. 7(a)]. To avoid

2.6

. O‘pair 4
24 1 pair o |
2 pairs
* .
22 1 5 pairs ¢
— : 10 pairs »
3 20 1
s $
< 1.8t 1
©) 8 ‘
16 f § 1
¢
1.4 ¢ ® 1
@ ®
1.2 : : : : : : : :
2 3 4 5 6 7 8 9 10 11

Diameter (nm)

FIG. 6. Single-particle energy gap of undoped Si NCs (red tri-
angles) compared to codoped NCs (one B-P cluster, blue circles;
two clusters, green triangles; five clusters, brown lozenges; ten
clusters, magenta pentagons). For codoped NCs, the B and P atoms
of each cluster are at nearest-neighbor positions, and 40 random
configurations of cluster positions are considered.

heavy calculations on too many configurations, I consider
that the excitonic correction on the mean energy gap is the
same as in undoped Si NCs [59]. This approximation is
reasonable because excitonic corrections are dominated by
polarization-charge (or image-charge) effects [38,59], which,
after averaging over random positions of the dopants, should
be close to the pristine case. Figure 7(a) shows that the PL peak
energies for NCs in a colloidal solution are compatible with the
theoretical results for a small number of randomly placed B-P
pairs, typically between two and five, plus possibly an unknown
number of nearest-neighbor B-P clusters that do not change the
NC gap. The PL peaks measured in a borophosphosilicate glass
matrix are at lower energy [26], for reasons that are not totally
clear at the moment. In that case, the PL peak energies would
be compatible with the calculated ones for a larger number of
B-P pairs, between five and ten. A possible explanation for this
difference could be found in the chemical treatment needed to
make NC colloidal solutions from glass matrices, which could
remove a certain number of B-P pairs located at (near) the NC
surface.

In agreement with the experiments, the calculations show
that a PL emission below the band gap of bulk Si is possible,
even for a small number (~5) of B-P pairs in NCs with a
sufficiently large diameter. In spite of the redshift of the PL
emission induced by the codoping, the theory predicts an
important dependence of the emission energy on the NC size
(for a number of pairs below five), in quantitative agreement
with the experimental trends. As shown in Sec. V C, the wave
functions at the band edges are not too strongly localized by
the Coulomb potential of the dopants, and therefore they are
still sensitive to quantum-confinement effects. Interestingly,
this behavior, in which (partial) localization and quantum
confinement effects are mutually present, was also found in
clusters of amorphous silicon [60].

The gap of codoped Si NCs was also measured in STS
[35]. In Fig. 7(b), the theoretical data presented for comparison
are the single-particle gaps, since STS experiments probe

045434-6



ELECTRONIC STRUCTURE OF Si NANOCRYSTALS ...

PHYSICAL REVIEW B 98, 045434 (2018)

(@226 1
@1 pair
2.0 eveer:th. 1
N +X: exp.
1.8 ’+++ ° B
S T+
o 16§ +, ® 1
g 14 P e+ @ j
(O] | ><>< . ) ° |
1.2 XX + °
X * o + + e
10 | Sk T e e
* Y X *

1 2 3 4 5 6 7 8 9 10 11
Diameter (nm)

(b) 22 [ ®tper ]
2.0 evee:th. 1
® X :exp.
R 1.8 . o ]
T 16 A 1
& 141} & o ]
(O] * L e
12 + * * x‘ ¥ ; a
.
10 LI 5 pairs . : |
0.8 | ¢ ¢ 10 pairs
1 2 3 4 5 6 7 8 9 10 11

Diameter (nm)

FIG. 7. Theoretical (th.) energy gaps for one B-P pair (blue
circles), two pairs (green triangles), five pairs (brown lozenges),
and ten pairs (magenta pentagons) compared to experimental (exp.)
data. (a) Theory, excitonic gaps. Experiments, PL peak positions
measured on codoped Si NCs in a colloidal solution (+4) or in a
borophosphosilicate glass matrix (x) [26]. (b) Theory, single-particle
energy gaps. Experiments, gaps measured by STS [35].

single-particle excitations.! Once again, the measured gaps are
compatible with the calculated ones for a number of randomly
placed B-P pairs, between two and five. In that cases, the

'In principle, STS gaps should be corrected to account for small
self-capacitance effects, of the order of ~0.1 eV.

calculated DOS are also in qualitative agreement with STS
spectra (Sec. VB).

APT experiments on codoped Si NCs in borophosphosil-
icate glass give concentrations of about 1.5% for B and 4%
for P [17]. For a NC of 3.4 nm diameter containing ~700
Si atoms, this corresponds to ~10 B and ~28 P impurities.
Even larger numbers (100-1000) of impurities were reported
in Ref. [28]. The present work suggests that many of these
impurities are electrically inactive, or they are in the form of
nearest-neighbor B-P clusters. The fact that many impurities
are electrically inactive is not yet understood but is confirmed
by other studies [19-22,52]. New experimental studies are
clearly needed to determine the electrical activity of the large
number of impurities present at NC surfaces or in their vicinity.

All calculations in the present work are based on the hy-
pothesis of an equal number of donor and acceptor impurities,
which, at first glance, would appear unlikely. However, this
exact compensation is clearly demonstrated by STS mea-
surements showing that the Fermi level lies approximately
at the middle of the NC energy gap [35]. This surprising
situation could be explained by the small formation energy
for simultaneous B and P doping [32].

VII. CONCLUSION

Tight-binding calculations of the electronic structure of Si
NCs doped with the same number of B and P impurities have
been presented. They show that the experimental data based
on optical and electrical spectroscopy could be explained by
configurations where the Si NCs contain a small number (<5)
of B-P pairs. The presence of these codopants placed at random
positions tends to reduce the energy gap of the NCs even if
quantum confinement effects remain visible. The observation
of PL emission below the band gap of bulk Si is supported by
the theory. However, the comparison with experiments sug-
gests that many impurities in codoped Si NCs are electrically
inactive. These impurities could be at the surface or in the form
of B-P clusters since the present calculations show that B and P
impurities placed at nearest-neighbor positions have a weak in-
fluence on the NC energy gap. This work confirms that codoped
Si NCs are very interesting systems, not only for fundamental
studies but also for future applications of Si photonics.
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