
PHYSICAL REVIEW B 87, 085428 (2013)

First-principles study of group III impurity doped PbSe: Bulk and nanowire
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Fully relativistic calculations are used to perform a systematic study on the energetic stability, and electronic
properties of group III (Al, Ga, In, and Tl) impurities in the cation-site (Pb) of PbSe: bulk and nanowire (NW).
Our results show that group III impurities have lower formation energies in the NW than in the bulk. The
impurities are site-dependent in the nanowires: they are more stable on the surface of the NW as compared to
the core. In the bulk, Al and In are donor levels, while Ga and Tl are acceptor impurities. For the NW, the same
trend is obtained for Al and Tl, whereas Ga and In are deep donors. A two-level model based on the interaction
between the impurity states and the host crystalline field explains the electronic properties of group III impurity
doped PbSe bulk and NW. This model agrees with the projected density of states and helps us to understand the
unexpected n-type character of some group III impurity doped PbSe.
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I. INTRODUCTION

Lead chalcogenides like PbTe and PbSe semiconductor ma-
terials have the potential to be used in infrared lasers, diodes,
detectors,1–3 and spintronics4,5 and are of especial interest for
thermoelectric (TE) devices.6,7 These narrow band gap semi-
conductors present strong spin-orbit (SO) effects that rule the
energy position and dispersion of the states in the conduction
band minimum (CBM), that comes mainly from the 6p orbitals
of the Pb atoms.8 Recently, we show that, in a nanoscale form,
the SO coupling is even more important than in the bulk,
determining not only the character of the band structure, but
also the energy band gap.9 Experimentally, it has been verified
that nanostructured materials present better TE efficiency as
compared to the bulk ones,10–12 making nanostructured lead
chalcogenides promising materials for TE applications.

PbTe has been largely studied as a promising TE material,
either doped,2,13–15 or derivative alloys based on PbTe,16–21 and
more recently in nanoscale form.22 Although PbSe has been
less studied than PbTe, the former present smaller thermal
conductivity, that can improve the figure-of-merit (ZT ).23

Both PbTe and PbSe doped by group III elements (Ga, In, and
Tl) have been studied since a long time and many models for
the electronic properties have been proposed.24 These models
are helpful to understand important experimental observations,
but first-principles calculations brought new insights that
elucidated the fundamental physics on these doped materials.13

An important insight in TE applications is the recent report
by Zhang et al.25 for Al doped PbSe. They obtained a huge
increase in the ZT for Al doped PbSe as compared to
the undoped system, in which, based on a first-principles
calculation, they attribute the higher ZT to the increase in the
electronic density of state (DOS) near the Fermi energy.

For an intrinsic semiconductor, the electronic structure and
transport properties depend on the Fermi level position, which
can run from the top of the valence band to the bottom of the
conduction band, depending on whether it is a p- or an n-type

semiconductor, respectively. For a doped semiconductor, when
a sharp electronic level appears inside or near the band gap
region, an increase in the electronic density of states in
this region is observed. For transport properties, the DOS
near the Fermi energy, the density of carriers (electrons and
holes), the effective mass of the carriers, and the position of
the electronic defective state are of fundamental importance.
Those properties depend on the host semiconductor and the
dopant. For a NW, due to the electronic quantum confinement
perpendicular to the growth direction, we also have to consider
that the band gap opens up, and the energy dispersions are
different than those of the bulk.

In this work, we investigate the structural and electronic
properties of group III impurity (Al, Ga, In, and Tl) doped
PbSe bulk and NWs. Our ab initio results show that, not
only Al impurity presents the unexpected n-type character,
as observed experimentally by Zhang et al. in bulk PbSe,25

but also In impurity induces n-type doping. For PbSe NWs,
due to quantum confinement effects, the group III impurities
induce n-type (Al), deep donor states (Ga and In), and also
p-type doping (Tl). To explain the electronic properties for the
doped system, we construct a two-level model based on the
splitting of the impurity states in the presence of the crystalline
field.26 When impurities interact strongly with p orbitals of
the Se atoms, a n-type character is present, while those that
present weaker interactions, result in a p-type system. We also
observe that the interaction between the impurity states and
the crystalline field changes from the bulk to the NW, which
explains the different semiconductor characters observed in
the low-dimensional system (NW).

II. METHODOLOGY

The calculations are performed in the framework of the
density functional theory (DFT) with the generalized gradient
approximation (GGA)27 for the exchange–correlation term.
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The Kohn–Sham (KS) equations are solved using the self-
consistent method, as implemented in the Vienna ab initio sim-
ulation package (VASP).28,29 The valence electrons and the ionic
core interactions are described through the PAW method.30

The KS orbitals are expanded in a plane-wave basis set with
an energy cutoff of 450 eV. In the calculations, the relativistic
effects are properly treated by including the SO interactions.

Bulk PbSe crystallizes in the rock salt (RS) structure, which
can be described using a face-centered cubic (fcc) unit cell
with two atoms (Pb and Se) localized in the (0,0,0) and ( 1

2 , 1
2 ,

1
2 ) positions, respectively. The experimental lattice parameter
is a0 = 6.124 Å and the direct band gap at the L point is
0.17 eV at 300 K. Using the basic unit cell, we obtain a lattice
equilibrium parameter of a0 = 6.200 Å and a direct band
gap of 0.30 eV at the L point for standard DFT calculations
(without SO). By adding the SO interactions, we obtain a
band gap of 0.02 eV. The VBM is mainly composed by the
4p orbitals from Se atoms, while the CBM is mainly ruled
by the 6p orbital from the Pb atoms. Our calculations are in
agreement with results presented in the literature.8,31

When the impurities are incorporated, we use a supercell
in order to minimize the nonrealistic effects due to the
“periodic” doping. The supercell used is a simple cubic (sc)
[(2×2×2)] with 64 atoms (Pb31X1Se32). With this enlarged
supercell, the fundamental band gap of the undoped bulk
PbSe now is mapped at the � point, and due to the folder
band, both CBM and VBM are fourfold (disregarding spins)
degenerated.

To describe the PbSe NW system, we use a NW in the RS
structure, aligned along the [001] direction. The NW preserves
the 1 : 1 in-plane stoichiometry and has a diameter of 2.3 nm.
For this NW, the equilibrium lattice parameter along the [001]
direction is c0 = 6.178 Å. To ensure negligible interactions
between the wire images, a vacuum region of about 10.0 Å
perpendicular to the wire axis is used (see Fig. 1). Similar
to the bulk, the effects of nonrealistic periodic doping are
minimized by using a supercell. The supercell has a length of
2c0 along the [001] direction, as depicted in Fig. 1.

In our calculations for doped PbSe (bulk and NW), all
atoms in the enlarged supercell are allowed to relax, without
imposing any symmetry constraint. The forces are calculated
using the Hellmann-Feymann procedure and the geometries
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FIG. 1. (Color online) Cross-section (a) and lateral (b) views of
the PbSe NW (2.3 nm in diameter) in the RS structure and aligned
along the [001] direction. Small green spheres represent Se atoms
and large gray spheres represent Pb atoms. The labels A to J indicate
the sites where the impurities will be incorporated.

are optimized using the conjugated gradient (CG) method.
The system is relaxed until the root mean square criterion of
0.04 eV/Å of the atomic forces is reached. To sample the Bril-
louin zone (BZ) and calculate the periodic functions, we use
the procedure of the special �k points described by Monkhorst
and Pack.32 To generate the special �k points, a grid of 4×4×4
and 1×1×4 are used for the bulk and NW, respectively.

The formation energy [Ef(XPb)] of an impurity X at the
neutral (q = 0) charge state substituted at the cation (Pb) site
can be written as

Ef (XPb) = ET(XPb) − ET(0) − μPb + μX, (1)

where ET(XPb) and ET(0) are the total energies of the supercell
with a X impurity and the undoped system, respectively.
The atomic chemical potentials μPb and μX (X = Al, Ga,
In, and Tl) are obtained as the total energy per atom of the
most stable configuration: the metallic phase of each element.
Negative value of Ef (XPb) indicates that the impurity is readily
incorporated (an exothermic process).

III. STRUCTURAL PROPERTIES

The optimized structure for group III impurities (X = Al,
Ga, In, and Tl) in Pb site of bulk PbSe, XPb, induce relaxations
of the Se first neighbors of the impurity. The relaxations are
proportional to the covalent radius of the impurities. The
greater is the difference between the X impurity and the
Pb covalent radius, the greater is the structural relaxation.
Following Eq. (1), we compute the formation energies for
these impurities, and as shown in Table I, they do not follow
the trend observed for the relaxations. This indicates that the
electronic structure plays an important role on the formation
energies as will be discussed below. The results presented in
Table I for PbSe are in reasonable agreement with Ga, In, and
Tl in Pb sites of bulk PbTe,22 where formation energies of
0.86, 0.48, and 0.66 eV have been obtained, respectively.

For a confined system, PbSe NW, the Pb sites are not
equivalent. We can separate the NW in two different regions:
(i) the core region where all Pb atoms are bound to six different
Se atoms, as it is in the bulk (sites A to F of Fig. 1) and (ii) a

TABLE I. Formation (Ef ) and relaxation (Erel) energies (eV) for
group III impurity doped PbSe NW and bulk. The NW label sites are
indicated in Fig. 1.

Al Ga In Tl

Site Ef Erel Ef Erel Ef Erel Ef Erel

A 0.31 0.52 0.77 0.16 0.42 0.06 0.72 0.06
B 0.15 0.72 0.78 0.17 0.43 0.05 0.68 0.06
C 0.21 0.68 0.78 0.17 0.42 0.05 0.70 0.07
D −0.17 0.87 0.70 0.24 0.42 0.07 0.80 0.04
E −0.05 0.77 0.74 0.20 0.42 0.07 0.77 0.05
F 0.15 0.74 0.74 0.21 0.42 0.06 0.76 0.05
G −0.48 1.25 0.58 0.32 0.42 0.10 0.66 0.13
H −0.19 0.96 0.69 0.24 0.42 0.07 0.65 0.11
I −0.12 0.89 0.70 0.23 0.41 0.07 0.65 0.10
J −0.22 0.98 0.66 0.28 0.40 0.09 0.71 0.08

Bulk 0.56 0.40 0.85 0.07 0.40 0.03 0.75 0.02
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surface region where the Pb atoms present a lower coordination
number than the bulk one (sites G to J of Fig. 1). The most
stable site for any group III impurity is on the surface. From
Table I, we also observe that the impurity energetic stabilities
are different from the NWs as compared to the same impurities
in the bulk. For the energetically most stable impurity position,
only for InPb, we obtain a similar formation energy in bulk and
in NW. The most surprising result in Table I is the formation
energy for AlPb, which is negative. We have to remember that
we use Al metallic phase as the chemical potential, so we
are in an Al-rich condition. It is interesting to note that the
incorporation of Al impurity in NW presents a much lower
formation energy than that of bulk PbSe, and it is the lowest
among group III impurities in NW.

In order to understand the effects of the relaxations on the
energetics, we compute the relaxation energy (Erel), which is
the difference between the formation energies of the unrelaxed
system and the relaxed one. In Table I, we observe that
for an AlPb defect, in the bulk we obtain Erel = 0.40 eV,
while in the NW we obtain Erel = 0.52 and 1.25 eV when
the Al impurity is in the core region (A site) and at the
surface corner (G site), respectively. The analysis of the local
geometry near the Al impurity shows that the Se nearest atoms
relax to form a tetrahedral-like bond symmetry around the
Al impurity. On the other hand, for Ga and In impurities,
a different relaxation mechanism is observed. In bulk PbSe,
GaPb impurities have the highest formation energy among the
group III impurities studied, while InPb impurities have the
lowest one. This difference in the formation energies is related
to the difference in the covalent radius between the impurity
and the replaced Pb atom. In and Pb have a similar covalent
radius, �Rc = 0.03 Å, while Ga and Pb present a greater
difference, �Rc = 0.21 Å. The smaller covalent radius for Ga
as compared to Pb introduces a stress around the impurity.
In Table I, we can notice that the relaxation energies for both,
bulk and NW, are greater for the Ga impurity as compared to In
and Tl impurities, which have a covalent radius similar to Pb.

IV. ELECTRONIC PROPERTIES

The calculated electronic structure for group III impurities
in bulk PbSe reveals that, not only Al presents the unexpected
n-type character, as observed experimentally by Zhang et al.,25

but also In impurity induces n-type doping. It should be
expected that group III elements, which have less electrons
in the valence, would present p-type character when in Pb
sites. However, our results show that Al and In impurities
result in n-type doping, while Ga and Tl introduce acceptor
levels. Androulakis et al.21 also observed n-type character for
Ga and In doped PbSe, but, while for In impurity our result is
in agreement with theirs, for Ga impurity we obtain a p-like
state, similarto the result obtained by Peng et al.33

In order to understand the unexpected semiconductor
character of PbSe doped with group III impurities, we construct
a two-level model.26 An impurity ion with energy εI in the Pb
site interacts mostly with the valence band host Se-p states,
which have an energy εH . Within the two-level model, the
interaction between εI and εH results in a bonding hyperdeep
state (EHDS), and an antibonding deep defect state (EDDS), as
schematically shown in Fig. 2. The splitting between these two

EDDS

EHDS

εI

εH

ε

R

FIG. 2. (Color online) Schematic two-level model for a group III
impurity in the Pb site of PbSe. εI and εH are the impurity ion X

and host Se states, respectively. EHDS and EDDS are the bonding and
antibonding impurity states, respectively, resulting from the repulsion
R with respect to the ε̄ average energy (see text).

energy levels can be expressed as

EDDS,HDS = ε̄ ± (
�2 + ε2

IH

)1/2
, (2)

where ε̄ = εI +εH

2 , � = εI −εH

2 , and εIH is the coupling matrix
εIH = 〈I |�V |H 〉, due to interaction between the impurity ion
(I) and the host (H). The signs + and − denote EDDS and
EHDS, respectively. �V is the difference in the potential when
the Pb atom is substituted by an impurity (Al, Ga, In, or Tl).
To obtain εIH , we search in the DOS the EDDS position, and
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FIG. 3. (Color online) Schematic diagram of the calculated band
structure and impurity levels EHDS and EDDS of group III doped bulk
PbSe.
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TABLE II. Two-level model parameters.

εIH R

Impurity εI ε̄ � bulk NW bulk NW

Al −4.73 −4.12 −0.62 3.14 3.33 3.37 3.39
Ga −5.96 −4.73 −1.23 2.99 3.32 3.23 3.54
In −5.22 −4.36 −0.86 3.08 3.97 3.20 3.09
Tl −6.51 −5.01 −1.51 3.11 3.94 3.46 3.30

then Eq. (2) is used to give the εIH value. We observe that the
greater is the relaxation energy, the greater is εIH , which rules
the difference in energy between EHDS and EDDS.

As the character n or p of a semiconductor is determined
by the antibonding EDDS state, we focus the discussion in this
impurity state. The energy level position of the EDDS is deter-
mined by the competition between � and εIH as well as by the
absolute position of the isolated impurity energy ion level, εI .

The energy levels εI and εH have been determined as the s

and p orbitals of the isolated atoms for the impurities and the Se
atom, respectively. These energy levels have been computed by
performing a DFT calculation with a supercell containing only
one (impurity or host) atom and a common reference value. In
this work, we use as reference the occupied level of a hydrogen

molecule. Using the top of the valence band together with the
reference H2 molecule, the host εH and the impurity εI levels
can be directly compared to the total (host+impurity) system.
The parameters obtained from the DFT are summarized in
Table II. Figure 3 shows the DFT energy splittings obtained
from the projected density of states (PDOS), which can be
directly compared to the two-level model described above.
We observe that the level repulsion R = (�2 + ε2

IH )1/2 is
quite strong for all impurities, and it presents similar values
for any impurity. So, there is a competition between � and
εIH , resulting in almost constant repulsion R. Al and In have
isolated impurity levels, εI , at higher energy positions than Ga
and Tl. Then, the EDDS state for Al and In must be located in
higher energy too, in accordance with our findings, where an
n-type semiconductor is obtained for both impurities. Similar
results have been observed for Ga, In, and Tl doped PbTe
materials.13,34 However, here, for PbSe we observe that there
is no such trend when we go from Al down to Tl impurities
of group III. Actually, Al and In present quite similar results,
both are n-type dopants, while Ga and Tl form another class,
which consists of p-type dopants. This trend can be understood
by looking at the computed � and εIH parameters, which do
not follow the periodic table of elements trend: we find �Al <

�In < �Ga < �Tl, and inversely, εAl
IH > εIn

IH > εGa
IH > εTl

IH . In
this way, the classification in n- or p-type semiconductor
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FIG. 4. (Color online) Calculated electronic band structure and DOS for PbSe NWs doped with group III impurities in the cation (Pb) site.
From left to right, we have Al, Ga, In, and Tl. The upper part presents the results without the inclusion of SO interactions, while the botton
presents the results with SO interactions. The horizontal dash-dotted lines represent the Fermi level, and the red lines are the impurity states.
The PDOS for the impurities, Pb, and Se atoms are represented by solid (magenta), dashed (blue), and dotted (green) lines, respectively.
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is determined by the impurity ion level εI , which raises or
reduces the average ε̄. In this way, we conclude that the
unexpected n-type character for group III impurity doped
PbSe is due to the strong R repulsion observed in these
systems, together with the absolute position of the impurity ion
energy εI .

The electronic properties of group III doped NWs, due to
the quantum confinement effects, present a different behavior
as compared to the same impurities in the bulk PbSe. In
Fig. 4, we show the calculated electronic band structure and
the density of states (DOS) for Al, Ga, In, and Tl in the most
stable site of the NW. In the upper part, we present the results
without SO, while in the bottom part, SO interaction has been
included. We observe that the SO is important not only for
the description of the conduction and valence bands, but also
for the prediction of the correct position of the EDDS levels.
The impurity EDDS levels are kept almost degenerate after
turning on the SO interaction. For Al impurity, the EDDS

is resonant in the conduction band, pinning the Fermi level
at the CBM, resulting in a n-type doping, similar to the
result obtained for bulk PbSe. While Ga and In impurities
in the bulk are acceptor and donor states, respectively, in
the NW, these impurities create semioccupied deep donor
states, but with large energy dispersions. Tl impurity in-
troduces a shallow acceptor state, with the Fermi level at
the VBM.

In order to better understand the interaction between the
neighboring host Se atoms and group III impurities, we also
search for the EDDS and EHDS impurity levels in the PbSe
NW. As showed in Fig. 5, the Al impurity has the highest
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FIG. 5. (Color online) Schematic diagram of the calculated band
structure and impurity levels EHDS and EDDS of group III doped PbSe
NW.

energy εI , and the interaction between the impurity and the
host system leads to an EDDS state resonance in the conduction
band. Although the impurity level εI of the group III ions does
not obey the atomic number order, the position of the EDDS

levels at the � point recover the same order of the covalent
radius variation. By comparing Figs. 5 and 3, we observe that
the Ga impurity presents a p-type character in bulk PbSe, while
in the NW it is a deep donor impurity, similar to the In impurity.
Based on the two-level model described above, we observe
that, although � is the same for the bulk and NW, since we
have the same impurities, the main contribution for the position
of the EDDS level is the coupling interaction εIH , which now
has the following order: εAl

IH > εGa
IH > εIn

IH > εTl
IH . The reason

why Ga recovers the covalent radius order can be understood
by looking at the relaxation and the formation energies in
Table I. Ga doped bulk PbSe presents the highest formation
energy, and almost no relaxation is observed (0.07 eV). On the
other hand, for Ga doped PbSe NW, the relaxation increases
significantly (0.32 eV), and the formation energy decreases
from 0.84 to 0.58 eV.

Also it is interesting to analyze why for Al impurity the
EDDS level is so high inside the conduction band, even after
considering the confinement effects in NW, which open the
band gap. The answer is also related to the relaxations, similar
to what is observed for the Ga impurity described above. By
looking at the relaxation energies for the Al impurity in Table
I, we observe that in the NW, the relaxations are stronger than
in the bulk (1.25 eV as compared to 0.40 eV in the bulk). The
stronger relaxations in the NWs result in a stronger coupling
εIH , which places the EDDS resonant level in the conduction
band.

Now we turn to the application of doped PbSe NW in TE
systems. It has been shown that the Al doped bulk PbSe has
a high figure of merit,25 which was attributed to the presence
of resonant states (Al derivatives) in the conduction band,
increasing the local density of states. For PbSe NWs, we
expect that not only Al, but also Ga and In impurities are
potential systems for efficient TE devices. The character of the
density of states around the Fermi level can be seen in Fig. 6,
where we show the electronic charge density near the Fermi
level for group III impurity doped PbSe NW. Figures 6(a)–6(c)
show the highest occupied molecular orbital (HOMO) for AlPb,
GaPb, and InPb, respectively, at the X point. Figure 6(d) shows
the lowest unoccupied molecular orbital (LUMO) for TlPb

impurity at the � point. It is interesting to note that the HOMO
at the X point of AlPb is mostly localized on Pb atoms, which
is the main contribution for the CBM. So the Al impurity will
increase the density of states at the CB, which may increase
the figure of merit. On the other hand, the HOMOs for InPb

and GaPb have contributions from Se and Pb atoms, placing
the DDS between the CBM and VBM. We also notice that
the LUMO of the TlPb is strongly localized on the surface
of the NW, mainly in two Se atoms nearest neighbors of the
Tl impurity, aligned parallel to the NW axis. So, Tl impurity
induces a typically p-type doping. It is worth to point out
that the electronic charge density for the defect states (see
Fig. 6) is in accordance with the PDOS shown in Fig. 4,
where p- and n-type impurities present a greater contribution
for the defect states coming from the Pb and Se atoms,
respectively.
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(b)(a)

(d)(c)

FIG. 6. (Color online) Calculated electronic charge density;
(a)–(c) of HOMOs at the X point for AlPb, GaPb, and InPb, respectively,
and (d) LUMO at the � point for TlPb.

V. DISCUSSIONS AND CONCLUSIONS

From the results described above, we observe that different
impurities of group III exhibit different electronic properties
in bulk PbSe. We also notice that the same impurity can show
different electronic properties in bulk as compared to NW.
These results can be understood by using a two-level model,
where the interaction between the impurity levels an the host
PbSe are considered. The difference in energy between the
impurity levels EHDS and EDDS shown in Figs. 3 and 5, is an
effect of how differently the impurity levels and the crystalline
field interact in the bulk and in a confined system. For the bulk,
we observe that group III impurities are shallow donors (AlPb

and InPb), or acceptor (GaPb and TlPb) impurities. For the NW,
we observe similar trends for AlPb and TlPb, however, owing
to the quantum confinement effects (the band gap opens) and
the different coordination for the impurity in the surface of
the NW, GaPb and InPb introduce a defective electronic level
within the NW band gap.

The two-level model based on the interaction between the
impurity states and the host crystalline field, together with
the computed DFT ab initio parameters (mainly the PDOS),
explains the unexpected transition from n- to p-type character
of group III impurity doped PbSe when we go down from
Al to Tl. We also observe that this model is still working to
explain the differences in the electronic properties for the same
impurity in the bulk and in the NW but here the effects of the
relaxations must be used to understand the trend of group III
doped PbSe NWs.

The calculated formation energies of group III impurity
doped bulk PbSe and PbTe are similar to each other (see Table I
and Ref. 22), and here we show that they are greater than the
same impurities in NWs. So, for a quantum confined system, as
the PbSe NW, the incorporation of group III impurities should
be easier, since the formation energies are lower. Actually, our
first-principles results show that AlPb on the surface of a NW
is an exothermic process and, most interesting, the electronic
properties for Al doped PbSe NW are quite similar to that of
bulk PbSe, which has been showed to present a high figure
of merit for TE applications.25 Group III impurities segregate
to the surface of the NW, where a lower formation energy
is observed for AlPb, GaPb, and TlPb as compared to the bulk
system. The lower formation energy in the surface as compared
to the core is associate with a higher relaxation energy,
decreasing the strain. For InPb, almost the same formation
energy has been obtained in all sites along the NW diameter,
and these formation energies are very similar to that obtained
for the bulk one.

It has been already shown that confined systems like
Si NWs,10 present better TE performance than their bulk
counterparts. The improvement in the TE efficiency for
a low-dimensional system is attributed to the decrease in
the thermal conductivity, which is inversely proportional to
the NW diameter.11 In addition, we show that impurities
can improve the TE properties by introducing distortions
in the density of states around the Fermi level. Our first-
principles calculations show that doped PbSe NW can be a
better material for TE applications than the precursor bulk
PbSe.
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