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al theory study on the boron and
phosphorus doping of germanium quantum dots

Zhenyi Ni, Hui Jia, Xiaodong Pi* and Deren Yang

Doping is a crucial way of tuning the properties of semiconductor quantum dots (QDs). As one type of

important semiconductor QDs, germanium (Ge) QDs have been recently doped with boron (B) and

phosphorus (P) through a gas-phase synthesis approach successfully. However, theoretical

understanding about the structural and electronic properties of doped Ge QDs remains rather limited.

Here we investigate the doping of Ge QDs with B and P in the framework of density functional theory.

The formation energies and electronic structures of singularly B- or P-doped Ge QDs and B/P-codoped

Ge QDs are systematically studied. It is found that both B and P prefer the near-surface region of Ge

QDs. The electronic structures of Ge QDs can be effectively tuned by B and P doping. The B/P codoping

may facilitate the incorporation of B and P into Ge QDs, resulting in the further modification of the

electronic structures of Ge QDs.
Introduction

Semiconductor quantum dots (QDs) have exhibited great
potential in the applications of various elds including elec-
tronics,1–4 photovoltaics,5–8 optoelectronics9–15 and bioimag-
ing.16–18 It is of signicant current interest that semiconductor
QDs are doped to obtain desirable properties.19–24 For example,
doping has extended the wavelength of the light emission from
silicon (Si) QDs beyond 1.1 mm.25,26 Novel localized surface
plasmon resonance (LSPR) has been demonstrated in all kinds
of doped semiconductor QDs.24,27–33 The conductivity of
semiconductor-QD lms is clearly improved aer semi-
conductor QDs are doped.34,35 Compared with the doping of
other semiconductor QDs, the doping of germanium (Ge) QDs
has not been systematically investigated despite the fact that Ge
QDs are a type of important elemental semiconductor QDs. Up
to now, most of the research have been focused on the Ge-
based-alloy nanostructures (e.g., germanium tin (GexSn1�x)
nanocrystals).36–40 It is only recently that Ge QDs have been
doped with boron (B) and phosphorus (P) by using a gas-phase
synthesis approach.41,42 It is found that both B and P atoms
prefer occupying the near-surface region of Ge QDs, rather than
the core of the QDs. The conductivity of Ge-QD lms may be
effectively modulated by the doping of Ge QDs with B and P.41,42

It is well known that theoretical simulation is critical to
understanding on the doping mechanism of semiconductor
QDs. As a powerful theory for the investigation on the structural
and electronic properties of materials, density functional theory
als, School of Materials Science and

ou, Zhejiang 310027, China. E-mail:

hemistry 2017
(DFT) has been extensively employed to study the doping of
a variety of semiconductor QDs such as the group IV counter-
part of Ge QDs—silicon (Si) QDs.43–49 With the development of
the experimental study on the doping of Ge QDs, it is now
imperative that theoretical work such as DFT investigation
ought to be carried out to explain the experimental ndings on
the doping of Ge QDs and predict the properties of doped Ge
QDs.

In this work, we construct hydrogen (H)-passivated Ge-QD
models with a diameter of 1.4 nm to investigate the B and P
doping of Ge QDs within the framework of DFT. The formation
energies of dopants in Ge QDs are calculated. The electronic
structures of singularly B- or P-doped Ge QDs and B/P-codoped
Ge QDs are systematically studied. It is found that B or P is the
most likely incorporated in the near-surface region of Ge QDs. B
is more likely doped than P. B introduces deep energy levels in
the bandgap of a Ge QD whether it is inside or in the near-
surface region of the QD. In contrast, P gives rise to deep
energy levels only when it is incorporated inside a Ge QD. It is
interesting that the deep energy levels induced by P are deeper
than those induced by B. The B/P codoping may promote the
incorporation of B and P into Ge QDs. The Ge-QD bandgap is
effectively reduced by the B/P codoping.
Method

The optimization of structures and the calculation of total
energies are performed at 0 K by using the all-electron DFT
modeling package DMol3.46,50,51 The Becke–Lee–Yang–Parr
(BLYP) exchange–correlation functional at the generalized
gradient approximation (GGA) level is used. Double numerical
basis sets augmented with p-polarization functions (DNP basis
RSC Adv., 2017, 7, 50935–50941 | 50935
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sets) are employed as the atomic orbital basis functions. To
ensure accurate calculation, a high self-consistent eld (SCF)
convergence threshold of 10�6 and a large orbital cutoff of 4.6 Å
are employed. The maximum energy change and forces on all of
the atoms in the optimized structures are less than 10�5 Ha and
0.002 Ha Å�1, respectively. To prevent the optimizer from taking
unreasonable steps, the maximum allowed change of any
cartesian coordinate during the structural relaxation is less than
0.3 Å. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are sampled on
a grid with a spacing of 0.2 Å.
Results and discussion
B or P doping

Fig. 1 shows the model of a 1.4 nm Ge QD, which is constructed
by cutting out a spherical portion in an optimized bulk Ge
model. H atoms are used to passivate the dangling bonds of Ge
atoms at the surface of the QD. Three types of hydrides (GeH,
GeH2 and GeH3) are at the QD surface, consistent with experi-
mental observation.42 The obtained Ge QD is in the form of
Ge71H84. When a substitutional B (P) atom moves along the
path of 1/ 2/ 3/ 4 in a Ge QD (from the center toward the
surface of a Ge QD), it is denoted as B1 (P1), B2 (P2), B3 (P3) or
B4 (P4). When a B (P) atom replaces a Ge atom that is originally
connected to one, two or three H atoms at the surface, it is
denoted as Ba (Pa), Bb (Pb) or Bg (Pg), respectively. Ba (Pa), Bb (Pb)
and Bg (Pg) are passivated by zero (zero), one (one) and zero
(two) H atoms, respectively. Therefore, no dangling bonds are
associated with B or P. We should point out that defects like
dangling bonds oen exist at the surface of as-synthesized QD-
Fig. 1 Model of a B (P)-doped Ge QD with a diameter of �1.4 nm. Ge
and H atoms are denoted by green and grey balls, respectively. A
substitutional B (P) atom is denoted by a pink ball. B1 (P1), B2 (P2), B3
(P3) and B4 (P4) result frommoving a substitutional B (P) atom from the
center to the surface of the QD along the path of 1 / 2 / 3 / 4.
When a B (P) atom replaces a Ge atom that is originally connected to
one, two or three H atoms at the surface, it is denoted as Ba (Pa), Bb (Pb)
or Bg (Pg), respectively.

50936 | RSC Adv., 2017, 7, 50935–50941
materials including Ge QDs.26,41 By carrying out appropriate
surface modication and annealing processes, we may obtain
defect-free Ge QDs, akin to that for Si QDs52,53 and two-
dimensional materials.54,55

We calculated the formation energy (Ef) of a B or P atom in
Ge QD by using56,57

Ef ¼ E(Gex0Hy0X) � E(GexHy) � mX

� (x0 � x)mGe � (y0 � y)mH, (1)

where X represents B or P, E(GexHy) and E(Gex0Hy0X) are the total
energy of a Ge QD before and aer the incorporation of a B (P)
atom, respectively. x (x0) and y (y0) are the numbers of Ge and
and H atoms, respectively. mGe, mH and mX are the chemical
potentials of Ge, H and B (P), respectively. Since the relative
order of Ef for B or P in all these congurations is not affected by
the choices of chemical potentials in a wide range given the
linear relationship between Ef and each chemical potential, mGe,
mH, mB and mP are set equal to the total energies of atomic Ge in
bulk Ge, atomic H in hydrogen gas, atomic B in B12 and atomic
P in black phosphorus, respectively.43,44,58

The calculated Ef for B or P in a Ge QD is shown in Fig. 2. It is
seen that the values of Ef for B doping are smaller than those for
P doping in all the congurations, indicating that B is more
likely to be incorporated into a Ge QD than P in term of ther-
modynamics. This is in contrast with the doping of B and P in
H-passivated Si QDs where on average P exhibits a lower Ef than
B.59 For both B and P doping, the values of Ef at the surface of
the QD (a, b and g) are smaller than those inside the QD (1, 2, 3
and 4), validating a preference of the near-surface region for B
and P. The calculated results are in good agreement with
experimental observations carried out on the doping of Ge QDs
with B and P.41,42 As a B or P atom moves from the center to the
sub-surface of the Ge QD (i.e., from 1/ 4), the Ef shows a trend
of decrease. Similar results have been obtained by B- or P-doped
Si QD.43,44,59 This is mainly due to the self-purication nature of
QDs for impurities. We should mention that the lattice constant
of the B- or P-doped Ge QD is basically equal to that of undoped
Ge QD. This may because that the current value of the dopant
concentration of 1.4% is too small to signicantly affect the
Fig. 2 Formation energy of B or P in a Ge QD. The solid lines are used
to guide the eye.

This journal is © The Royal Society of Chemistry 2017
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lattice constant of the Ge QD. With the increase of the
concentration of the dopant, we may expect a decrease of the
lattice constant of the Ge QD according to the Vegard's law,
similar to what has been observed in B-doped Si QDs60 and
carbon- and germanium-doped silicene.61

Fig. 3 presents the energy-level diagrams for undoped, B- and
P-doped Ge QDs. It is seen that an undoped Ge QD with
a diameter of 1.4 nm shows a bandgap of 2.39 eV, which is
larger than that of bulk Ge, consistent with the quantum
connement effect.62 Similar to carbon- and germanium-doped
silicene,61 Ge QDs doped with B or P in different congurations
show different band structures. For B-doped Ge QDs, the
bandgaps of the QDs are hardly affected (<5%) while deep
energy levels are introduced in the bandgap (Fig. 3(a)). This is
akin to H-passivated Si QDs when they are doped with B via rst-
principles calculations.44

When a B atom is in the congurations of B1, B2, B3 or B4,
deep energy levels are close to the valence band with a small
spin splitting, verifying a p-type characteristic of B-doped Ge
QD. This is mainly due to the B-doping-induced extra hole in
a Ge QD. In these cases, the electron densities of the HOMO and
LUMO (here the HOMO and LUMO are deep energy levels) are
Fig. 3 Energy-level diagrams for undoped, (a) B-doped and (b) P-
doped Ge QDs at the ground state. Filled (empty) circles indicate that
energy levels are occupied (unoccupied) by electrons. Spin-up (spin-
down) states of defect energy levels induced by a B or P atom are
indicated by up (down) arrows.

This journal is © The Royal Society of Chemistry 2017
mainly located at the B and neighboring Ge atoms with similar
distributions (representatively shown for B4-doped Ge QD in
Fig. 4). Since the spin splitting of the deep energy levels is
associated with the polarizability of bonds,45 as the B atom
moves from the isotropic conguration of B1 to the anisotropic
conguration of B4, the spin splitting of the deep energy levels
slightly increases from 78 to 107 meV. When a B atom is
incorporated in the conguration of Ba, Bb or Bg, a deep energy
level with empty electronic states is introduced near the
conduction band of the Ge QD. The electron density of this
energy level (LUMO) is mainly located at the B atom, while the
electron density of the HOMO is dislocated among the Ge atoms
Fig. 4 Distribution of the isosurface for the electron density of the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) for undoped, B4-, Ba-, P4- and Pa-dopedGe
QDs.

RSC Adv., 2017, 7, 50935–50941 | 50937
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Fig. 5 Model of a Ge QD codoped with (a) B4–P400 or (b) B4–P3. Ge,
H, B and P atoms are denoted by green, grey, orange and pink balls,
respectively.
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(representatively shown for Ba-doped Ge QD in Fig. 4). Similar to
B-doped H-passivated Si QDs with B atoms at the QD surface,44

these deep energy levels are induced by the empty 2pz orbitals of
B. Since an empty 2pz orbital is a good electron-acceptor, the
electron cloud of an unconnected nearest-neighboring atom
may shi to the empty 2pz orbital of the B atom. This makes B-
doping-induced energy levels to move close to the conduction
band of a Ge QD.

For P-doped Ge QDs, deep energy levels are introduced into
the bandgap when P is in the congurations of P1, P2, P3 and
P4. The P-doping-induced deep energy levels are close to the
conduction band with a spin-splitting, proving the n-type
characteristic of P-doped Ge QDs. This is caused by an extra
electron induced by P doping in a Ge QD. In these cases, the
electron densities of the HOMO and LUMO (deep energy levels)
are mainly located at the P and neighboring Ge atoms with
similar distributions (representatively shown for P4-doped Ge
QD in Fig. 4). As a P atommoves from the center (P1) to the sub-
surface (P4) of the Ge QD, the deep energy levels step deeper
into the middle of the bandgap while the spin splitting gradu-
ally increases from 88 to 280 meV. The former is due to the
enhanced structural distortion induced by P doping from P1 to
P4 (e.g., the bond length of a Ge–P bond is compressed by 15.9%
and that of the adjacent Ge–P bond is stretched by 4.6%) that
causes a more localized electron density distribution of the
deep energy levels, while the latter is due to the anisotropic
transition of the polarizability of the Ge–P bonds from P1 to P4.
We observe that the P-doping-induced energy levels are deeper
than those induced by B doping, which is analogous to the
results obtained on the doping of B and P in both hydrogen-
passivated Si QDs43,44 and Si QDs that embedded in a SiO2

matrix.45,46 This infers the similarity of the electronic structures
between Ge and Si QDs aer B and P doping. When a P atom is
incorporated in the conguration of Pa, Pb or Bg, no deep energy
levels are introduced into the bandgap due to the threefold
coordination of the electrons. The electron densities of both the
HOMO and LUMO are located around P and neighboring Ge
atoms. Again, this is similar to P-doped Si QDs.43
Fig. 6 Formation energy of B/P dopants in a Ge QD.

Fig. 7 Energy-level diagrams for undoped and B/P-codoped Ge QDs
at the ground state.
B/P codoping

We further investigate the effect of B/P codoping for Ge QDs. As
discussed above, a B (P) atom at the surface of a Ge QD does not
act as an effective acceptor (donor). Thus, we only focus on the
codoping of B and P when they are both incorporated inside
a Ge QD. Under this condition, the congurations in which B
and P are both incorporated in their energetically favored
locations of 4 at the sub-surface of the QD are rst considered.
Depending on the distance between the B and P atoms, there
exist three types of B/P-codoping congurations when both of
them are doped at the locations of 4. As the B–P distance
increases, these three types of B/P-codoping congurations are
denoted as B4–P40, B4–P400 and B4–P4000. To gure out the
inuence of a dipole (i.e., a B–P pair) on the electronic proper-
ties of a Ge QD, we have considered the congurations in which
B and P form a B–P pair, namely B3–P4 and B4–P3. Fig. 5 shows
the models of (a) B4–P400 and (b) B4–P3 codoped Ge QDs.
50938 | RSC Adv., 2017, 7, 50935–50941
The Ef of the dopants in a Ge QD is calculated by using56,57

Ef ¼ E(Gex0Hy0BP) � E(GexHy) � mB � mP

� (x0 � x)mGe � (y0 � y)mH, (2)

where E(Gex0Hy0BP) is the total energy of a Ge QD aer the
codoping of B and P. The calculated Ef of B/P dopants in a Ge
This journal is © The Royal Society of Chemistry 2017
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QD is shown in Fig. 6. It is seen that the values of Ef for B/P
dopants is in the range of �8.1 to �7.8 eV, which is much
smaller than that for a singular B or P atom in a Ge QD. This
indicates that the codoping of B and Pmay actually facilitate the
incorporation of B and P into Ge QDs. In contrast to a B/P
codoped Si QD embedded in a SiO2 matrix where a B–P pair is
the most likely to be formed in the QD,46 the Ef of a B–P pair is
basically the same as that of unpaired B or P atom in a Ge QD.
This implies that a B atom and a P atom would be randomly
distributed at the sub-surface of a Ge QD when they are codoped
into the QD.

The energy-level diagrams for undoped and B/P codoped Ge
QDs are shown in Fig. 7. Similar to B/P codoped H-passivated Si
QDs,63 B/P codoping reduces the bandgaps of Ge QDs by 0.11–
Fig. 8 Distribution of the isosurface for the electron density of the
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) for B/P-codoped Ge QDs.

This journal is © The Royal Society of Chemistry 2017
0.37 eV. This highlights the tunability of band structures of Ge
QDs upon B/P codoping. The reduction of the bandgaps of Ge
QDs is mainly due to the rise of the HOMO levels towards the
middle of the bandgaps (Fig. 7). For B/P codoped Ge QDs, the
electron densities of the HOMO are localized at the B and
neighboring Ge atoms, while those of the LUMO are distributed
around B, P and Ge atoms (Fig. 8). It is the localization of the
electron density of the HOMO on B that contributes to the upli
of the HOMO level. It is interesting that the formation of a B–P
pair does not distinctly affect the band structures of B/P codo-
ped Ge QDs. This is again quite different from Si QDs
embedded in a SiO2 matrix, in which a B–P pair alters the band
structure of codoped Si QDs by forming a static electric dipole
that radially points toward the QD core.46
Conclusions

We have studied the doping of Ge QDs with B and P by means of
density functional theory. The current results show that B or P is
the most likely incorporated at the near-surface region of Ge
QDs. B doping introduces deep energy levels in the bandgap of
a Ge QD whether it is inside or at the surface of the QD. In
contrast, P doping causes deep energy levels only when it is
incorporated inside the Ge QD. The codoping of B and P may
promote the incorporation of B and P into Ge QDs, given a lower
formation energy of B/P dopants. Aer B/P codoping, the
bandgap of a Ge QD is reduced. Considering the moderate
bandgaps (�2.02 to 2.52 eV) and suitable band alignment with
water, B- and P-doped Ge QDs may have the potential applica-
tions in photocatalytic water splitting.64 Our calculated results
inspire the modulation of the band structures of Ge QDs for
desirable applications by B and P doping in the future.
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