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Optical absorption spectra of doped and codoped Si nanocrystallites
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The effects of the incorporation of group-IIl (B and Al), group-IV (C and Ge), and group-V (N and P)
impurities on the formation energies, electronic density of states, optical absorption spectra, and radiative
lifetimes of Si nanocrystallites of different shape and with diameters up to 2 nm are studied by means of an ab
initio pseudopotential method that takes into account spin polarization. The single doping with group-III or
group-V impurities leads to significant changes on the onsets of the absorption spectra that are related to the
minority-spin states. In contrast to the optical absorption spectra, the radiative lifetimes are sensitively influ-
enced by the shape of the nanocrystallites, though this influence tends to disappear as the size of the nano-
crystallites increase. Codoping is investigated for pairs of group-III and group-V impurities. We show that the
impurity formation energies decrease significantly when the nanocrystallites are codoped with B and P or with
Al and P. Additional peaks are introduced in the absorption spectra due to codoping, giving rise to a redshift of
the absorption onset with respect to the undoped nanocrystallites. Those additional peaks are more intense
when codoping is performed with two different species either of the group III or of the group V. The values of
radiative lifetimes for the codoped nanocrystallites are mostly in between the values for the nanocrystallites

doped with the impurities separately.
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I. INTRODUCTION

Silicon nanocrystallites (NCs) and similar nanostructures
have been intensively investigated in the last years due to
their interesting quantum confinement properties.' The
strong spatial localization of electrons and holes in Si NCs
can enhance radiative recombination rates and give rise to
luminescence. Among other known applications, research on
Si NCs could lead to optoelectronic devices compatible with
the consolidated Si technology. Optical gain in Si NCs has
been reported,*> and new devices have recently been
suggested.®’

The influence of the NC size on its optical properties is
well known and confirmed by measurements.® As for mol-
ecules, NCs exhibit discrete energy spectra and the energetic
separation between the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital
(HOMO) is controlled primarily by the size of the particle.
Besides the NC size, the passivation of the dangling bonds
and surface treatment of the nanocrystallite is known to be
important for the electronic and optical properties.”!® For
instance, the treatment of Si NCs with solutions containing
Cl and F (Refs. 11-13) as well as oxidation'*!3 can alter
significantly their luminescence properties. The shape of the
NCs can be important for luminescence efficiency, since the
changes in their internal electric fields can separate electrons
and holes.'® Less clear is the influence of doping on the
luminescence properties observed in porous Si composed by
Si NCs of different sizes. Besides being a fundamental pro-
cess in semiconductor technology, doping of Si NCs is one
of the several attempts to increase the photoluminescence
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(PL) intensity and to obtain optical gain.* Other Si nano-
structures such as nanowires can be doped n type or p type
and may become new building blocks of bipolar transistors
and other electronic devices.!” As for bulk Si, the doping of
Si NCs may introduce additional levels close to the HOMO
or LUMO, which are detected by available experimental
techniques'® and change the strength of the low-energy opti-
cal transitions.'? Previous investigations on doping of porous
Si doped with P show that the absorption in the infrared
region of the spectrum is enhanced.??! On the other hand
quantum confinement is known to alter the electrical conduc-
tivity and concentration of carriers in Si NCs.??> The heavy
doping of silicon NCs with B and B-P codoping have been
investigated recently as well as the effects of doping on the
PL peaks and crystal growth.?*-?7 In particular, it has been
showed that a boron-phosphorus codoped Si NC always has
an higher PL intensity than that of both a single (B or P)
doped and of an undoped nanocrystallite.?>27-28

Apart from B and P doping of Si NCs, the effect of dop-
ing with group-IV species and other group-III and group-V
species has not been investigated experimentally. To our
knowledge, only one experiment on the role of N in the
formation of Si NCs is reported in the literature.?’ On the
other hand, ab initio theoretical investigations on doping of
Si NCs comprehend many impurities, being carried out for
Al (Refs. 30 and 31) and P*3* and other group-III and
group-V species in Si NCs. However, the investigations have
been either restricted to small NCs or have not accounted for
their optical properties.3333-37

The optical absorption spectra and the effects of size and
shape of doped Si NCs have not been studied so far. The
knowledge of optical spectra of Si NCs and their dependence
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on the size and shape could give an insight for the mecha-
nisms of radiative recombination in doped NCs. In the fol-
lowing, we present an investigation of doped Si NCs, con-
cerning their optical absorption properties as well as the
influence of the shape and size on the incorporation of im-
purities. In addition to doping we study the effect of codop-
ing with group-III and group-V impurities on the optical and
electronic properties of Si NCs, as well as with the codoping
with two different species either of the group III or group V.

To our knowledge the codoping with different impurities
of the same group of the periodic table as well as other
combinations of codoping with impurities of the group III
and group V has not been investigated yet. In Sec. II we
describe the computational methods and approaches applied.
The results are discussed in Sec. III, and in Sec. IV we
present a summary and conclusions. Our results are intended
to serve as guide to interpret measurements in Si nanocrys-
tallites, where group-III, group-IV, and group-V impurities
are intentionally present or not.

II. METHODS

The density-functional theory (DFT) and generalized-
gradient approximation (GGA),® as implemented in the
Vienna ab initio simulation package, are employed to calcu-
late the Kohn-Sham (KS) eigenvalues and total energies.?*40
The interaction between valence electrons and atomic nuclei
is modeled by pseudopotentials that correspond here to the
so-called projector-augmented-wave data sets.*! The pseudo-
potentials require a low-energy cutoff for plane waves in
comparison with norm-conserving pseudopotentials and are
suitable for the calculation of optical-matrix elements. An
energy cutoff of 16 Ry suffices to achieve convergence of the
interatomic forces. If the doping leads to a system with an
odd number of electrons, we perform spin-polarized calcula-
tions. The Si NCs are modeled by using the supercell method
and by means of simple-cubic supercells whose sizes vary
according to the diameter of the NC. More than 15 A of
vacuum separate points localized at the surface of the NC
and its images in the supercell method. The large size of the
supercells justifies the restriction of the k-point sampling in
the Brillouin zone to the I' point. Dangling bonds at the
surface of the Si NCs are passivated with H atoms, which
excludes the possible effects of surface states and surface
reconstructions from our investigation. Previous investiga-
tions on the localization of states near the HOMO and
LUMO show that these states are not related to the H atoms
at the surface of the nanocrystallites.42 Therefore, the
changes in the HOMO-LUMO gap of the Si NCs refer to
quantum confinement effects and to the levels that may be
introduced by the substitutional impurities considered.

We consider both spherical-like and faceted Si NCs. The
spherical-like NCs are obtained by cutting Si atoms outside a
sphere from bulk Si,*> whereas the faceted NCs are resulting
from a shell-by-shell construction procedure, in which one
starts from a central atom and adds shells of atoms
successively.*=*7 In Fig. 1 the spherical-like Si NCs are the
clusters Si29H36, Si87H76’ Si147H100, and Si293H172 and the
faceted Si NCs are the clusters SisH;,, Si;;Hsg, SigiHgp, and
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FIG. 1. (Color online) Faceted (left panels) and spherical-like
(right panels) undoped Si NCs. The dark spheres represent the Si
atoms and the light spheres represent the H atoms.

Sij47H 4g- Due to its small size the SisH;, NC could be clas-
sified either as spherical-like or faceted. The atomic sites of
the Si NCs at their initial configuration resemble locally
those of the diamond structure, where the atoms have a tet-
rahedral coordination. In both spherical-like and faceted Si
NCs there is a Si atom at the center. The relaxation of the
atomic positions in Si NCs is performed without any sym-
metry constraint in order to minimize the total energies and
interatomic forces down to 20 meV/A. The average radius
of the Si NC is considered as the average distance of the H
atoms with respect to the center of the Si NC. The substitu-
tional impurity is localized at the center of the NC and is
investigated in its neutral (groups III, IV, and V) and ionized
states (groups III and V).#’ By considering only one impurity
in the Si NCs we study a wide range of doping concen-
trations, which vary approximately from 2X10%* cm™
(1 mol %) to 7X10*" cm™ (20 mol %).

The codoping is studied for the SiyHgy and Sij47H s
NCs, which contain facets, and the Sig;H-¢ and Sij47H;q
NCs which have a spherical-like shape. Two Si atomic sites
close to the center of the NC and in opposite directions are
chosen as impurity sites. To evaluate effects of the energetic
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stability of the impurity incorporation in the Si NC, we con-
sider the case of double doping with group-III and group-V
impurities in addition to codoping and single doping. Al-
though the atomic sites near the center of the Si NC may not
be the most energetically stable sites for all the
impurities,’?3*37 this choice evaluates the effects of an actual
incorporation of impurities in the Si NC and allows a sys-
tematic comparison between all the considered systems.
Chan et al.** reported that the most favorable site for the
incorporation of the P impurity in Si NCS depends on the
size of the NC. After a critical NC size the impurity may be
incorporated either near the surface or at the center of the
NC. For small NCs there is a tendency to the P impurity to
be expelled to the surface.*

The formation energies of the doped Si NCs are calcu-
lated by means of a difference of total energies EZ[C:XY

(X,Y=B,AI,N,P) and E{f)tc, respectively, of the codoped
(doped) and undoped Si NC, and estimates of the chemical
potentials u by

0= Eg X — ENy + N — Nxpx — Nypay. (1)

tot tot

where Ng; is the number of Si atoms removed from the Si
NC, and Ny and Ny are the number of the atomic species
incorporated at substitutional sites in the NC. Estimates of
the chemical potentials u of the atomic-species reservoirs are
obtained by means of the molecules and crystalline phases in
which the atomic species occur in nature.*’” The chemical
potential of the N reservoir is taken as the cohesive energy of
the N, molecule divided by two uny=-8.12 eV. Estimates of
chemical potentials of C, Si, and Ge are obtained from their
diamond structure leading to uc=-890 eV, ugi=
-5.41 eV, and pug.=—4.52 eV, respectively. For Al the es-
timate of w,=-3.67 eV was calculated for the face-
centered cubic structure of this material. The chemical po-
tential ug=-6.40 eV for the B reservoir is obtained from
one of the most common structures for B known as T-50
(space group P4,/nnm). We suppose a reservoir of black
phosphorus to make an estimate of the chemical potential of
the phosphorus reservoir up=-5.29 eV.

The optical absorption spectra are calculated within the
framework of the independent-particle approximation as the
imaginary part of the complex dielectric function eg¢(w) cor-
responding to the supercell.*® Since the absorption spectrum
usually corresponds to the entire supercell (egc) rather than
to the NC (eyc), we extract eyc by applying a simple
effective-medium theory eg-(w)=fexc(w)+(1—f), where f is
the NC-supercell volume ratio.*#%4% A Lorentzian broaden-
ing of 50 meV is applied to all spectra. For undoped NCs
and systems with discrete levels such as molecules, experi-
mental curves of absorption, and emission spectra are usually
very similar at their onsets and are shifted by the Stokes
shift. Based on the optical matrix elements and on the
assumption that the thermalization of electrons and holes
is more efficient than the radiative recombination, we calcu-
late the radiative lifetimes by 7=3;; exp[—eg;/ksT]/
2;iW;; expl—g;;/ kgT], where ¢;; are the transition energies, T
is the absolute temperature, kp is the Boltzmann constant,
and W;; are the radiative recombination rates, which are pro-
portional to the refractive index n of the medium.”® In the
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following the radiative lifetimes are discussed for n=1.0.

It is well known that the independent-particle approach
severely underestimates the band-gap energy and that this
inadequacy can be resolved through the inclusion of many-
body corrections perturbatively, considering the self-energy
corrections’! by means of the GW method (Green’s function
and screened Coulomb potential) and the excitonic effects
through the solutions of the Bethe-Salpeter equation (BSE)
for the polarization function.’> Nevertheless the results ob-
tained within the independent-particle approach are interest-
ing for the following reasons. First, the GW-BSE calcula-
tions are very computationally demanding, thus they can be
used actually only for the small nanocrystallites®® and surely
not yet for unit cells containing hundreds of atoms. Second,
the usual GW-BSE formalism must be extended to treat
open-shell systems, i.e., systems with an odd number of elec-
trons. Third, as recently showed in the case of doped®® and
undoped®* nanocrystallites and nanowires> one observes an
almost complete compensation of self-energy and excitonic
effects, thus the GW-BSE band-gap values and optical fea-
tures resemble the independent-particle ones in many as-
pects. This compensation for zero-dimensional nanomaterials
was predicted theoretically by Delerue et al.’® and by Porter
et al>” Finally the trends observed in the optical properties
for a huge number of systems regarding the dependence on
nanocrystallite size, type, and number of dopants will remain
similar on going from the independent-particle to the many-
particle spectra. In the case of single doping the effects of
spin polarization on the spectrum should be taken into ac-
count, what may make models within GW-BSE or even
time-dependent DFT (Refs. 58 and 59) (TDDFT) too time
consuming computationally in comparison with DFT.

In the case of doping with group-III and group-V neutral
impurities, the spin polarization is taken into account within
DFT-GGA, which implies two groups of electronic states
associated with the spin up and spin down. Due to the pres-
ence of the impurity, the Si NC may have an odd number of
electrons and one of the spin state groups has an extra elec-
tron. The model to calculate the dielectric function used pre-
viously for undoped nanocrystallites*>*4~4¢ had to be ex-
tended to account for the optical transitions of each spin
component separately because there are unpaired electrons in
the group-III and group-V doped Si NCs. In the model we
consider that the electron does not change its spin during an
optical transition. The final absorption spectrum results from
the spin-up and spin-down contributions, though the lowest
transition energy for each spin component can vary signifi-
cantly. In the case of group-III (group-V) doping the lowest
transition energy of the minority-spin (majority-spin) compo-
nent is much smaller than the lowest energy of the majority-
spin (minority-spin) component, due to the acceptor (donor)
level in the gap.

III. RESULTS
A. Impurity formation energies

The impurity formation energies calculated by Eq. (1) are
shown in Fig. 2 for the SiyHgp, Sig/H76, Sijq7H oo, and
Sij47H 4g NCs in the cases of single doping, codoping, and
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FIG. 2. (Color online) Impurity formation energies (), for the Si
NCs doped with a (a) single atom, (b) codoped, and (c) doped with
two atoms of the same atomic species. We consider B (left triangle),
Al (right triangle), N (up triangle), and P (down triangle). The over-
lap of triangles with different orientation at the same point indicates
the codoping with two different species.

double doping. As expected from the high energetic stability
of the N, molecule, the formation energy of the Si NCs
doped with a single N is the highest among the atom impu-
rities considered, followed by the Si NC doped with B, Al,
and P. There is an overall tendency to increase the values of
Q) if the Si NC is doped with two atoms of the same atomic
species as shown in Figs. 2(a) and 2(c). The shape of the Si
NC has an influence on the formation energy since the dif-
ferences between the impurity formation energies of the
Sijy7H g0 and SijuH u3 NCs may differ by about 0.5 eV.
B-Al AI-N, B-N, and N-P codoping lead to the highest im-
purity formation energies among the codoped Si NCs con-
sidered with energy values varying between 1 and 3 eV. The
advantage of the codoping in comparison with single doping
from the energetic point of view is clear in the case of B-P
and Al-P codoping, where the formation energies calculated
are lower than the single doping with B, P, and Al. Moreover,
the values of impurity formation energies of the P- and Al-
doped Si NCs are very similar in large and small NCs. An
excess of P during the B-P and Al-P codoping favors the
incorporation of the two impurities in Si NCs. Since the for-
mation energy of the B double doping is higher than the P
double doping, an excess of P during the doping may favor
energetically the B-P codoping of Si NCs. An excess of P
may also favor the codoping with Al and P as well.

B. Doping with group-III impurities

As shown in Fig. 3 the doping with group-III impurities
has a strong influence on the optical absorption spectra of
small Si NCs. Al-related absorption peaks can be about ten
or twenty times more intense than the B-related absorption
peaks, as shown in the panels for Si;AlH,, and Si;AlH;34 in
Fig. 3. On the other hand the Al-related peaks become less
intense much faster than the B-related peaks, as the size of
the Si NC increases. The lowest transition energy of the neu-
tral impurity tends to zero, as the size of the doped Si NC
increases, because the energy difference between the HOMO
and the LUMO of the minority-spin states tends to decrease
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FIG. 3. (Color online) Optical absorption spectra (curves) and
energetic position of the lowest optical transition (vertical lines
from the top) for the undoped Si NCs (thick solid lines) and for Si
NCs doped with group-IIT impurities in their neutral (thin solid line)
and ionized (dashed lines) charge state. Unless a multiplication fac-
tor is indicated, the scale of Im eyxc(w) axis is the same for each row
of panels.

as the number of electronic states increases.*’ However, the
oscillator strength of this transition tends to decrease for
large doped Si NCs. The values of the lowest transition en-
ergies of the Si NCs doped with the ionized group-III impu-
rities approach the lowest transition energy of the undoped Si
NCs. For the largest doped Si NC the absorption spectrum
looks practically the same as for the undoped Si NCs. This
shows that changes in the spectra should be caused by neu-
tral impurities.

Measurements of Chen and Shen?* support a low influ-
ence of the B doping on the HOMO-LUMO gaps of Si NCs
with average diameter of 5.1 nm. Even at high levels of
doping with B, the measured values of the optical gap of Si
NCs are a compromise between the gap of bulk Si and amor-
phous Si.>* Fujii et al.?” investigated B doping in Si NCs and
observed higher PL intensity than the ones observed for un-
doped Si NCs. In qualitative agreement with the experi-
ments, a tendency for increasing oscillator strengths near the
absorption onset is visible for most of the calculated spectra
of B-doped and Al-doped Si NCs in Fig. 3.
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FIG. 4. (Color online) Optical absorption spectra (curves) and
energetic position of the lowest optical transition (vertical lines
from the top) for the undoped Si NCs (thick solid lines) and Si NCs
doped with neutral (thin solid lines) group-IV impurities.

C. Doping with group-IV impurities

Since Ge is chemically similar to Si its incorporation at
one Si site in the NCs should have little influence on the
optical properties. In contrast to this, interesting properties
arise when several Ge atoms are incorporated either at the
center or at the surface of Si NCs.*?

The absorption spectra of Si NCs doped with group-IV
impurities in Fig. 4 show less and less influence of the dop-
ing as the size of the NCs increase. Although C is much
smaller than Si and can displace significantly its neighboring
Si atoms, the effect of its incorporation on the spectra is
similar to that of the Ge incorporation. The lowest transition
energies of Si NCs doped with group-IV impurities are in
general lower than the corresponding transitions for the un-
doped Si NCs. Since the Si-C bond length is shorter than the
Si-Si bond length, the size of the Si;CH;, NC is quite re-
duced, and consequently the lowest transition energy is
higher than for the undoped SisH;, NC. Apart from the
variations in the spectra for small Si NCs, there is no appar-
ent correlation between the shape of the NC and the features
of the absorption spectra.
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FIG. 5. (Color online) Optical absorption spectra (curves) and
energetic position of the lowest optical transition (vertical lines
from the top) for undoped Si NCs (thick solid lines) and for Si NCs
doped with neutral (thin solid lines) and ionized (dashed lines)
group-V impurities.

D. Doping with group-V impurities

The deep-donor and shallow-donor characters, respec-
tively, of the neutral N and P impurities change significantly
the optical absorption spectra of doped Si NCs, as shown in
Fig. 5. On the other hand the impurity-related peaks in the
absorption are not so intense as in the case of the Si NCs
doped with group-IIl impurities. Since N on the substitu-
tional site gives rise to a deep donor, the lowest transition
energies for the N-doped Si NCs are the highest among the
group-IIT and P-doped Si NCs considered. Moreover, the en-
ergetic position of the N impurity level allows the lowest
energy transition energies of the ionized and neutral N-doped
Si NC to be nearly equal in some cases. It is interesting to
note that the PL spectra of Si NCs obtained from thermally
induced nucleation in amorphous Si-rich nitride films show
features in the 1.0-1.5 eV region, thus in the region where
we observe the N impurity-level localization.®® On the other
hand, the values of the lowest transition energies of P-doped
Si NCs are similar to those of B-doped and Al-doped Si NCs.
The values of the lowest transition energies of the Si NCs
doped with an ionized P are larger than the lowest transition
energy of the Si NC doped with a neutral P impurity. Except
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for the small NCs SiyNH,, and Si,PH,,, the spectra of the Si
NCs doped with ionized group-V impurities resemble the
ones of undoped Si NCs. Since the donor impurity levels of
P are shallower than the ones for N, the lowest transition
energy of Si NC doped with the ionized P impurity is closer
to the energy of the HOMO-LUMO gap of the undoped Si
NC.

The impurity-related peaks of the absorption spectra for
the neutral P impurity are consistent with the experimental
observation of P doping in Si NCs.?”?® In some doped
samples the absorption occurs in the infrared region, which
corresponds to the energy range of the peaks shown in Fig.
5.2 In qualitative agreement with our theoretical predictions,
the impurity-related levels are found to depend on the size of
large Si NCs (80-200 nm) doped with P.!® We also obtain a
qualitative agreement with the measurements made by Fujii
et al.” for Si NCs doped with either B or P. As depicted from
our calculations for the absorption spectra in Fig. 5 and from
the measurements reported in Ref. 25, the enhancement in
the absorption and emission can only be attributed to either
B doping or P doping in small Si NCs. For large Si NCs the
role of P doping is predicted to be more important since the
B-related peaks in Fig. 3 practically vanish for the largest Si
NC, in contrast to the P-related peaks in Fig. 5.

E. Effects of spin polarization on the spectra

In order to study the influence of spin polarization on the
absorption spectra of group-III and group-V Si NCs, we con-
sidered separately spin-up and spin-down electronic states in
the calculation of the macroscopic dielectric function. The
role played by spin polarization on the spectra of doped Si
NCs is shown in Figs. 3 and 5. Since the number of electrons
in the two groups of spin states differs by one, the HOMO
and LUMO of each group of states differ in energy. The
minority-spin group of states has one electron less and its
HOMO and LUMO are very close in energy, whereas the
HOMO-LUMO energy difference of the majority-spin states
corresponds roughly to the energy difference between the
defect level and the LUMO of the undoped system. In Fig. 6,
we show the contributions for the optical spectrum of the
majority-spin states and of the minority-spin states separately
for the Sig;H;¢ NC doped with B, Al, N, and P neutral im-
purities. The HOMO-LUMO transition of the minority-spin
states presents a very high oscillator strength, and the transi-
tions involving the impurity state and states below the
HOMO give rise to intense peaks in the absorption. On the
other hand, the spectra corresponding to the majority-spin
states are very similar to the one of the undoped Si NCs in
Fig. 6, apart from the height which should be nearly one-half
of the undoped Si NCs.

F. Codoping with group-III and group-V impurities

In Figs. 7-10 we present the density of states (DOS) and
optical absorption spectra of Si NCs codoped with group-III
and group-V impurities in comparison with the density of
states and spectra of undoped Si NCs. Since the DOS of the
undoped and codoped Si NCs correspond to different sys-
tems a common energy reference had to be determined for
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FIG. 6. (Color online) Partial contributions for the optical ab-
sorption spectra from the minority-spin states (thick solid line) and
from the majority-spin states (dashed line) for four doped Si NCs,
in comparison with the absorption spectrum of the undoped Sig;H7¢
NC (thin solid line). The intensity of the absorption spectrum of the
undoped NC was divided by 2 for better comparison with the other
curves.

the two systems. We use average values of the electrostatic
potential at the vacuum region of the two systems to align
the energies of the two systems.®! Doping of Si NCs with a
single B impurity leads to a shallow acceptor level, whereas
doping with a single N impurity leads to a deep donor level.
The B and N impurity levels are present when the Si NC is
doped with both impurities simultaneously as can be seen in
Fig. 7. Apart from the states near the HOMO and LUMO, the
DOSs of Si NCs codoped with B and N keep most of their
features at other energy ranges, especially for large Si NCs.
The impurity state which originated from the B impurity is
filled with two electrons and coincides with the HOMO of
the codoped Si NC. The energetic position of the lowest
transition energy is about one-half the undoped Si NC since
the N impurity level is located close the mid gap.

As shown in Fig. 8, codoping with Al and N leads to
similar DOS and optical absorption spectra as in the case of
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FIG. 7. (Color online) Electronic density of states (left panels)
and optical absorption spectra (right panels) for B-N codoped Si
NCs (thin solid lines) in comparison with those of the undoped Si
NCs (thick solid lines). The vertical lines indicate the position of
the lowest transition energy. In the right panels, the insets show the
difference of absorption intensities between the codoped and un-
doped cases (dashed lines), enlarged by a factor 100.
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FIG. 8. (Color online) Electronic density of states (left panels)
and optical absorption spectra (right panels) for Al-N codoped Si
NCs (thin solid lines) in comparison with those of the undoped Si
NCs (thick solid lines). The vertical lines indicate the position of
the lowest transition energy. In the right panels, the insets show the
difference of absorption intensities between the codoped and un-
doped cases (dashed lines), enlarged by a factor 100.

codoping with B and N. The impurity level associated with
Al contains two electrons and is deeper than the one associ-
ated with B, which leads to even lower lowest transition
energy than in the case of codoping with B and N. Codoping
with B and P impurities introduces a B-related level and
P-related level, as shown in DOS in Fig. 9. The B-related and
P-related levels are the HOMO and the LUMO of the
codoped Si NC, respectively. Since both levels are shallow in
comparison with the HOMO and the LUMO of the undoped
Si NC, the lowest transition energies are slightly redshifted
in energy in comparison with the lowest transition energy of
the undoped Si NCs. Indeed, a redshift of the PL lumines-
cence peak is observed in experiments involving the B-P
codoping.?’ Although the Al-related levels in Fig. 10 are
deeper than the B-related levels in Fig. 9, the lowest transi-
tion energies in the case of Al-P codoping are similar to the
ones corresponding to B-P codoping. A comparison of the
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FIG. 9. (Color online) Electronic density of states (left panels)
and optical absorption spectra (right panels) for B-P codoped Si
NCs (thin solid lines) in comparison with those of the undoped Si
NCs (thick solid lines). The vertical lines indicate the position of
the lowest transition energy. In the right panels, the insets show the
difference of absorption intensities between the codoped and un-
doped cases (dashed lines), enlarged by a factor 100.
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FIG. 10. (Color online) Electronic density of states (left panels)
and optical absorption spectra (right panels) for Al-P codoped Si
NCs (thin solid lines) in comparison with those of the undoped Si
NCs (thick solid lines). The vertical lines indicate the position of
the lowest transition energy. In the right panels, the insets show the
difference of absorption intensities between the codoped and un-
doped cases (dashed lines), enlarged by a factor 100.

spectra of B-N, Al-N, B-P, and AI-P codoped Si NCs with the
ones of the undoped Si NCs, apparently shows that codoping
with group-III and group-V impurities do not introduce any
feature in the optical absorption spectra. The fact that the
lowest transition energies of Si NCs codoped with group III
and P are closer to the lowest transition energies of the un-
doped Si NCs can be seen as an advantage in comparison
with codoping with group III and N for instance. Low-
intensity absorption peaks (see insets of Figs. 7-10), which
correspond to the transitions from the group-Ill-related states
and states below to the group-V-related state and states
above, appear near the onset of the absorption. Those peaks
show that transitions involving the group-V-related impurity
level are not forbidden, though they have low oscillator
strengths. Our results for the absorption suggest that a
significant increase in PL intensities observed in
experiments®’-?® cannot be attributed to codoping Si NCs.
While the absorption and emission spectra of undoped Si
NCs may resemble each other, the emission of codoped Si
NCs may differ significantly from the absorption since the
codoping is intended to prevent processes such as nonradia-
tive Auger recombination. Therefore, the apparent disagree-
ment with the experimental observation can be explained in
terms of the theoretical model applied.

Concerning the influence of the size of the Si NCs, we
notice that the DOS and the optical absorption spectra of the
SiyHgy NC experience more changes due to the codoping.
Although there are some changes in the DOS of the Sij4;H ;g
and Sij4;Hyyg NCs, the optical absorption spectra of the
codoped and undoped Si NCs look very similar even at en-
ergies near the absorption onset. The values of the average
radii of the Si4;H ;g and Si4;H 43 NCs differ by less than
0.3 A both in the codoped and undoped cases. This indicates
that influence of the size of the codoped Si NCs on the op-
tical absorption spectra is higher than the influence of their
shape.

G. Codoping with group-III impurities

The effects of the codoping with B and Al on the DOS
and on the optical absorption spectra are shown in Fig. 11.

235310-7



RAMOS et al.

Siy,BAIH,, | |
N //‘\
1 i 1 L 1

§

Sl BAIH
= ]
. z|
f w
8 Si, BAIH ]
g E
OMM M\M

[=]

st BAIHNW\

energy (eV)

FIG. 11. (Color online) Electronic density of states (left panels)
and optical absorption spectra (right panels) for B-Al codoped Si
NCs (thin solid lines) in comparison with those of the undoped Si
NCs (thick solid lines). The vertical lines indicate the position of
the lowest transition energies. In the right panels, the insets show
the difference of absorption intensities between the codoped and
undoped cases (dashed lines), enlarged by a factor 10.

Codoping with two group-III atomic species leads to two
shallow levels related to the B and Al. Since the codoped Si
NC has two electrons less than the undoped Si NC, the Al-
related level is the LUMO and the B-related level is the
HOMO of the electron system. As a result the lowest transi-
tion energies of the B-Al codoped Si NCs are low in com-
parison with the lowest transition energies of the undoped Si
NCs. The DOS of the codoped Si NCs is not significantly
changed for states below the HOMO and above the LUMO,
as for the codoping with group-III and group-V impurities. In
contrast with the codoping with group-III and group-V im-
purities the B-Al codoped Si NC shows peaks up to ten times
more intense than the ones resulting from codoping with
group-III and group-V impurities. Those peaks are related to
optical transitions involving states below the HOMO and the
Al-related impurity level, i.e., the LUMO of the B-Al
codoped Si NC. There is no indication that those peaks
would vanish for large Si NCs, which shows that the many
transitions involving the Al-related level have high oscillator
strengths. The energy range where the peaks occur and their
absorption intensity may suggest applications of the B-Al
codoped Si NCs in devices operating in the infrared and
near-infrared radiation.

H. Codoping with group-V impurities

Codoping with the two group-V atomic species leads to a
similar situation as the codoping with two group-III atomic
species, in the sense that the N-related impurity level is the
HOMO and the P-related impurity level is the LUMO of the
codoped Si NC. As in the case of B-Al codoping, the lowest
transition energies in Fig. 12 are considerably reduced with
respect to the lowest transition energies of the undoped Si
NCs. The DOS is mostly affected in the gap energy region as
in the previous codoping cases considered. Peaks in the en-
ergy range of the infrared radiation are also present in the
optical absorption spectra, and are related to the level intro-
duced by the P impurity. The optical absorption spectrum for
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FIG. 12. (Color online) Electronic density of states (left panels)
and optical absorption spectra (right panels) for N-P codoped Si
NCs (thin solid lines) in comparison with those of the undoped Si
NCs (thick solid lines). The vertical lines indicate the position of
the lowest transition energies. In the right panels, the insets show
the difference of absorption intensities between the codoped and
undoped cases (dashed lines), enlarged by a factor 10.

the Sij4sH4g NC suggests that the absorption peaks due to
the codoping with N and P may disappear or be less intense
for large Si NCs. As for codoping with group-III impurities,
the peaks resulting from the codoping with group-V impuri-
ties may be up to ten times more intense than the peaks
which appear due to the simultaneous codoping with group-
III and group-V impurities.

I. Radiative lifetimes

The radiative lifetimes calculated at room temperature
(T=300 K) and shown in Fig. 13 are sensitive to the size
and the shape of doped and undoped Si NCs. Since the ra-
diative lifetimes are calculated as an average over all the
states, only few differences were observed between the ra-
diative lifetimes of neutral and ionized group-III and
group-V impurities. There is a general tendency of the radia-
tive lifetimes of doped Si NCs to approach the value of the
undoped Si NCs for large NCs. The radiative lifetimes of
small faceted Si NCs doped with B, Al, N, and C can be 2—6
orders of magnitude larger than those of undoped Si NCs of
equal size. In the case of doping with P, the differences be-
tween the radiative lifetimes of doped and undoped Si NCs
are the smallest among the doped NCs considered. Since in
the experiments the doped Si NCs have diameters typically
larger than 2 nm,'¥?! the radiative lifetimes of doped Si NCs
in Fig. 13 should not differ much from those of large un-
doped Si NCs.

A comparison between the radiative lifetimes of undoped,
doped, and codoped Si NCs is shown in Fig. 14. An overall
increase in the radiative lifetimes with increasing size of the
Si NCs is predicted by our calculations. Our results indicate
that the values of the radiative lifetimes may change by 1
order of magnitude due to the shape of the NC. For the
largest Si NCs considered, there is a tendency to reduce the
radiative lifetimes when the NC is doped or codoped. Al-
though energetically unfavored, the codoping with N and P is
the most effective combination to reduce the radiative life-
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FIG. 13. (Color online) Radiative lifetimes of spherical-like
(circles) and faceted (diamonds) Si NCs versus the average radius
of the NC. The radiative lifetimes of Si NCs doped with neutral
impurities (thin solid lines) are shown in comparison with those of
undoped Si NCs (thick solid lines).

times of Si NCs in comparison with the undoped Si NCs. For
B-Al B-N, B-P, and AI-N codopings the values of radiative
lifetimes for the codoped Si NCs are mostly in between the
values for the Si NCs doped with each of the impurities
separately. It is interesting to notice that the codoping with
Al and P reduces the radiative lifetimes in comparison with
the case of single doping with the same impurities, besides
being favored energetically.

IV. SUMMARY AND CONCLUSIONS

By means of an ab initio pseudopotential method we stud-
ied the effects of size and shape on the optical absorption
spectra, and radiative lifetimes of Si NCs doped with group-
I, group-1V, and group-V impurities. Our calculations show
that the doping with group-IV impurities reduces slightly the
lowest transition energy of the Si NCs, though the effects of
the doping on the spectra are not significant for large NCs.
On the other hand, the doping with group-III and group-V
impurities leads to several peaks at lower energies than the
HOMO-LUMO gap of the undoped Si NCs. Those peaks are
related to transitions involving minority-spin states. Except
for N-doped Si NCs, the lowest transitions energies of doped
Si NCs occur at lower energies than the ones of undoped Si
NCs and the lowest transition energies of Si NCs doped with
ionized impurities tend to approach the lowest transition en-
ergies of undoped Si NC, as the size of the NC increases. No
feature in the absorption spectra suggests a dependence on
the shape of the doped Si NCs. Our results for the spectra are
in qualitative agreement with experiments where codoping
with B and P in Si NCs is investigated. The radiative life-
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Average NC radius (,&)

FIG. 14. (Color online) Radiative lifetimes versus radius of un-
doped (circles), codoped (squares), and doped Si NCs (dashed lines/
triangles). The Si NCs doped with a single impurity are doped with
B (left triangle), Al (right triangle), N (up triangle), and P (down
triangle).

times calculated show a large range of variation for small
NCs as well as small differences related to the shape of the
doped Si NCs. However, the trend of the radiative lifetimes
indicates that no dependence on the shape should be noticed
for large doped Si NCs. Except for doping with Ge, an in-
crease in the radiative lifetimes due to the doping occurs in
the small Si NCs.

Our calculations indicate that codoping involving P atoms
tends to lower the energy required to incorporate impurities.
Codoping with Al and P and codoping with B and P are the
combinations that lead to the lowest impurity formation en-
ergies. Codoping with group-III and group-V impurities
leads to a redshift of the onset of the absorption spectra and
results in low-intensity peaks related to transitions involving
the HOMO and LUMO, which is in fair agreement with the
experiments. On the other hand, codoping with two different
group-III impurities and two different group-V impurities in-
troduces more peaks in the absorption spectra, which are
more intense and related to the transitions involving the im-
purity level that is unoccupied. In particular, the combination
of B-Al codoping gives rise to intense optical transitions
below the fundamental gap of the NC, which can alter the
emission properties of the Si NCs significantly. We find an
overall tendency of increasing of radiative lifetimes with in-
creasing size of the Si NCs. In most cases and for large Si
NCs, the values of the radiative lifetimes of codoped Si NCs
are in between the values for single-doped Si NCs single
doped. Codoping with Al and P and codoping with N-P are
the most effective combination of impurities to reduce the
radiative lifetimes. Since the codoping with Al and P is as
favored energetically as the B-P codoping and reduces the
radiative lifetimes, our results indicate that Al-P codoping
can be of interest in the case of Si NCs.
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