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First-principles calculations on the structural, electronic, and optical properties of B-P codoped

SiGe core-shell nanowires are discussed. We show that the simultaneous addition of B and P

impurities into the wire can be energetically favored with respect to the single-doping. We

demonstrate that impurities energetic levels in the band gap are dependent by the Si/Ge band

offset, as well as by their location in the wire (i.e., core or shell region). This electronic tunability

results in a significant optical modulation, as demonstrated by the red-shift of the first optical

peak when B and P locations are switched in the wire. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4768475]

The vision of Si nanoelectronics, which uses Si nano-

structures1–4 as building blocks, is to design and engineer

new materials and devices that will overcome Moore’s law

limits.5 In this context, the understanding of the role of inten-

tional addition of impurities in nanostructures can be of para-

mount importance for further developments in the field.

Doping has been the corner-stone of Si microelectronics and

now, thanks to major progresses in chemical synthesis and

materials processing, is playing a crucial role also in nano-

science. Numerous works2,6–9 have shown that the single or

simultaneous addition of group III-V impurities—like B or

P—in a pure Si nanomaterial modifies its electronic structure,

enhancing charge carriers concentration and electrical mobil-

ity. In particular, in the last years, codoped Si nanocrystals

(NCs) and nanowires (NWs)6,7,10–14 have been the subject of

intense theoretical and experimental studies, which pave the

way to very intriguing and exciting technological applications

in the field of optoelectronics, high performance nanoelec-

tronics, thermoelectrics, and photovoltaics. For example,

Fujii et al.6 have demonstrated that the simultaneous addition

of B and P impurities in Si NCs leads to an improvement of

the photoluminescence efficiency.

Here, we discuss the structural, electronic, and optical

properties of codoped SiGe core-shell nanowires. The enor-

mous interest towards these systems has been originally moti-

vated by their unique properties, such as ease of processing,

compatibility with existent Si technology, electronic and opti-

cal features that can be tuned by size, chemical composition,

and geometry of Si/Ge interface. Recently, important advan-

ces in modeling, synthesis, and device engineering15–18 have

enabled the fabrication of SiGe core-shell devices with

improved performance and reproducibility. Following we

show that by playing with type II Si/Ge band offset19,20 and

with the impurity location in the wire, a remarkable modula-

tion of the low energy optical peaks can be achieved. Addi-

tionally, by evaluating the impurity formation energy (FE),

we attempt to describe how simultaneous codoping can affect

the impurity solubility with respect to the single doped case.

To date, very few theoretical studies have addressed the ques-

tion of the single-doping of core-shell SiGe NWs21–23 and no

studies have been dedicated to codoping.

We have carried out the theoretical investigation of

these systems by means of ab-initio calculations in the

framework of density functional theory (DFT). Gecore=Sishell

NWs oriented along the [110] direction and with diameter

d¼ 2.4 nm have been studied; B and P have been considered

as substitutional impurities in both core and shell lattice

sites. As core site, we have chosen the lattice site centered in

the cross section of the wire, while a shell site means a sub-

surface lattice one (see Fig. 1). Moreover, the two impurities

are placed along the direction of growth of the wire in order

to maximize their relative distance (nearly 17 Å) that means

they do not belong to the same lattice planes. This is done in

order to ensure that the results do not depend upon dopant-

dopant interaction. The impurity concentration in our wires

is comparable with the high-doping regime values of several

experimental studies on pure and alloyed NWs.24,25 We have

analyzed pristine Gecore=Sishell NWs, B-doped-Gecore=
P-doped-Sishell (p-typecore=n-typeshell) and P-doped-Gecore=
B-doped-Sishell (n-typecore=p-typeshell) NWs. The geometry

of the considered wires is the same of Ref. 22. For all the

considered NWs, a full geometry optimization (both atomic

positions and cell parameters) through the Broyden-Fletcher-

Goldfarb-Shanno technique26 has been performed with aa)Electronic mail: stefano.ossicini@unimore.it.
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maximum force tolerance of 0.04 eV/Å. Supercells made of

six primitive cells have been built in order to eliminate the

spurious interaction between periodic images of impurities.

For such large computational supercells, only one k-point

along the periodic direction of the system, i.e., the axial

direction, is sufficient to achieve accurate structural relaxa-

tions. No sampling of the Brillouin zone along the transver-

sal directions is required, because the system is not periodic

in those directions. Upon recalculation the electronic struc-

ture with a 1� 1� 16 k-point grid, however, we found that

the forces were still within the tolerance limits established

for the structural relaxation and range from 0.018 to

0.031 eV/Å (the maximum force tolerance being 0.04 eV/Å),

justifying the C point relaxations.

All the calculations have been performed in the

framework of DFT for the ground state study and of the

random-phase-approximation for the optical properties, as

implemented in the plane-waves code Quantum

Espresso.27 Local density approximation (LDA) has been

chosen for the exchange-correlation functional. An energy

cutoff to 30 Ry and the same norm-conserving pseudo

potentials of Ref. 28 have been used. Differently from that

work, here we are obliged to build a very large supercell

along the axial direction, with more than 700 atoms. This

is done to eliminate the spurious interaction between peri-

odic images of impurities and to reproduce experimental

impurity concentrations. As is well known, in principle,

only many-body perturbation theory (MBPT) calculations

on top of DFT ones could provide a proper description of

electronic and optical properties,29 taking into account

self-energy and excitonic effects. Nevertheless, this kind

of first-principles excited-state calculations is completely

unfeasible in our case due to the large number of atoms in

the simulation cell. Indeed, the calculation of the quasi-

particle energies with the GW approach and of the dielec-

tric response by solving the Bethe-Salpeter equation

(which takes into account the electron-hole interaction) is

very cumbersome and is now limited to systems with up to

few hundred of atoms. It is also worth to underline that in

nanostructures these effects very often nearly cancel each

other, making LDA estimates about the optical energy-

band-gap still reasonably valid.30–33 We are then

convinced that the present work can provide a first, quali-

tatively correct, description of the optical properties of

these SiGe codoped nanowires. Furthermore, in a previous

work,34 we explicitly calculated the GW corrections for

pure SiGe core-shell NWs showing that they can be

obtained as a weighted average, on the relative atomic

composition, of the corrections of pure Si and Ge nano-

wire of the same diameter. Though we cannot state that

this rule is valid also in the case of the codoped wire, we

refer the reader to that work34 to have an idea of the nu-

merical error of the LDA results with respect to the real

electronic gaps of these one-dimensional nanostructures.

Structural Stability: As a first step, we attempt to

describe the energetic stability of both single-doped and

codoped NWs calculating their FE that is the cost in energy

of creating a defect in the host material. The FE has been

evaluated using the formalism of Ref. 22, especially devel-

oped for core-shell NWs. Results of FE calculations are

reported in Fig. 2 (corresponding numerical values of the

graph are listed in Tables I and II). In the case of single dop-

ing (see Table I), in accordance with the previous works on

pure NWs,11 impurities show a moderate tendency to occupy

surface sites of the wire and impurities in the shell sites have

the lowest FE. On the other hand, looking at the FE values of

codoped wires (see first column of Table II), it is clear that

n-typecore=p-typeshell configuration is stable with respect to

the p-typecore=n-typeshell one. The comparison between FE

of a single-doped and a codoped case can be done by

correlating the FE a codoped wire with the sum of FEs of the

FIG. 1. Top (a) and side (b) view of a codoped p-type core/n-type shell

core-shell NWs.
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FIG. 2. Formation energies of the impurities as a function of the location in

the wire (core or shell) and the type of doping (n-type or p-type).

TABLE I. Formation energies (eV) of P (top row) and B (bottom row) sin-

gle substitutionals in the core (first column) and shell (second column) of

single-doped Gecore/Sishell NWs.

Core Shell

n-type �3.20 �3.29

p-type �6.21 �6.32
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corresponding single-doping configurations (reported in the

second column of Table II). In this way, one compares

energy values derived from the same number of impurity

substitutions. Our results obtained in this assumption reveal

that while for the p-typecore=n-typeshell wire the codoping

gives FE values similar to that evaluated as a sum of the cor-

responding single-doping FEs, for the n-typecore=p-typeshell

configuration codoping results in a gain of energy with

respect to the corresponding single-doped case, with a FE

that is more than 1 eV lower. This behavior has been

ascribed, in the case of codoped Si NCs and NWs, to both

charge compensation and minor structural deformation.7,11

Electronic structure: We preliminarily focus our analy-

sis on the electronic structure of undoped Gecore=Sishell NWs.

In agreement with the previous report,22 in an undoped core-

shell NW, the presence of a Si/Ge interface gives rise to a

type II band offset between the two materials.19 This particu-

lar band alignment implies that the maximum of the valence

band is completely localized on the Ge part of the wire,

while the minimum of conduction band is strongly localized

on Si (see the sketches in Fig. 3). The type II band offset rep-

resents a general property of SiGe systems, which has been

found in different types of novel nanostructures20,35 as well

as deeply studied in other SiGe materials.19,36,37

Next, we analyze the effect of BP codoping on the elec-

tronic structure of core-shell NWs. As already demonstrated

in a previous study,22 by single-doping of SiGe core-shell

NWs, it is possible to obtain a one-dimensional electron

(hole) gas, remarkably increasing the doping efficiency. This

is not the case of codoped core-shell NWs where the simulta-

neous addition of acceptor and donor impurities completely

compensate the whole charge of the system, avoiding the

creation of any type of charge carrier gas. Interestingly, how-

ever, here we show that switching the dopant species

between core and shell, profoundly changes the electronic

transitions, inducing a noticeable shift in the first absorption

peak. We start by considering a simultaneous B substitution

in the Ge core and P substitution in the Si shell

(p-typecore=n-typeshell configuration). In this case (see left

panel of Fig. 3), the energetic level position of both impur-

ities falls deep inside into the band gap, as clearly demon-

strated for other codoped nanostructures.7,10,13 An analysis

of the electronic wave function localization (not shown here)

indicates that B (P) state is localized a few hundredths of

meV above (below) the top (bottom) of the valence (conduc-

tion) band. Hence, in this configuration, the electronic struc-

ture is strongly changed with respect to the pure case due to

the presence of donor and acceptor states into the band gap.

On the other hand, switching the codoping configura-

tion, i.e., substituting a Ge core atom with P and a Si shell

atom with B (n-typecore=p-typeshell configuration) does not

result in any modification of the electronic structure with

respect to the undoped case. In this configuration, the codop-

ing mechanism can be easily understood by the band offset

picture sketched in the right panel of Fig. 3. Calculations of

the spatial wave function localizations (not shown here) indi-

cate that B (P) impurity state lies deep into the valence (con-

duction) band, keeping the electronic structure unaltered

with respect to the undoped wire. The physical origin of this

effect is related to the type II band offset: due to quantum

and dielectric confinement, in a pure Ge NW, the impurity

state would be deep into the band gap.38 In a core-shell wire,

putting a single acceptor (donor) atom on Si (Ge) part of the

wire results in an impurity state deep into the valence (con-

duction) bands, because the top of valence (conduction)

band is completely located on Ge (Si) as a consequence of

the type II band alignment.22 Hence, in this case of codoping,

the simultaneous addition of an acceptor on Si and a donor

on Ge makes impurities states falling down deep into elec-

tronic and holes bands, avoiding any modification of the

energy level diagram with respect to the undoped wire (see

right panel of Fig. 3). For sake of clarity, we have focused

our analysis on Gecore=Sishell NWs; however, the same type

of discussion, with the appropriate differences, can be also

applied in the case of Sicore/Geshell NWs.

Optical Spectra: The tunability of electronic structure

offers an easy way to modulate the optical spectra. In Fig. 4,

results of calculations of the optical absorption spectra are

reported for pristine Gecore=Sishell, n-typecore=p-typeshell, and

p-typecore=n-typeshell NWs. From the figure, it is clear that the

optical spectrum does not change significantly with respect to

the undoped NW, when the Ge core is n-type doped and the Si

shell is p-type. On the other hand, switching the impurities

location into the wire, i.e., putting a B in the Ge core and a P

atom in Si shell, results in a strong red-shift of the lowest

energy optical peak, direct consequence of the presence of

donor-acceptor transition. From the analysis of spatial local-

ization of electronic states (not shown here), we confirm that

the first peak of the orange curve of Fig. 4 corresponds to a B-

P transition, while the first peaks of the other two spectra

(black and red curves) correspond to Ge/Si transitions.

In conclusion, by means of first-principles calculations,

we have demonstrated that the simultaneous addition B and

P impurities in Gecore=Sishell NWs can result in a gain of

energy with respect to the single-doping cases. Furthermore,

TABLE II. Formation energies (eV) of P and B for codoped (first column)

n-typecore/p-typeshell (first row) and p-typecore/n-typeshell (second row)

Gecore/Sishell NWs. Comparison with the sum of FEs of the corresponding

single-doping configurations is presented in the second column.

Co-doped

Sum of

single-doped

n-typecore/p-typeshell �10.72 �9.52

p-typecore/n-typeshell �9.16 �9.50

CB

Si shell Ge core

P state

B state
0.25 eV

Si shell Ge core

B state

P state

0.57 eV

VB

FIG. 3. Energy levels diagram for p-typecore/n-typeshell NWs (left panel) and

n-typecore/p-typeshell NWs (right panel). The graph is not in scale.
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we have shown and discussed that a noticeable modulation

of electronic transitions and optical peaks at the onset of the

absorption spectrum can be reached by switching location of

impurities in the wire. Since so far no studies have been

dedicated to the optical absorption of codoped SiGe NWs,

unfortunately we cannot compare our results with experi-

mental data. Nevertheless, we strongly believe that these

findings suggest a promising way to engineer light absorp-

tion in nanowires, which can be crucial in designing and

modeling opto-electronic nanowire-based devices.
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