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n-type doping via avoiding the stabilization of DX centers in InP quantum dots
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We demonstrate that it is preferable to dope III-V semiconductor nanocrystals by n-type anion substitution
as opposed to cation substitution. Specifically, we show the dopability of zinc-blende nanocrystals is more
efficient when the dopants are placed at the anion site as quantified by formation energies and the stabilization
of DX-like defect centers. Our results are based on first-principles calculations of InP quantum dots by using
a real-space implementation of density-functional theory and pseudopotentials.
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The search for new materials that would serve as basis for
highly integrated devices in semiconductor industry within
the deep nanometer regime is of tremendous current interest.
Among these materials, semiconductor nanocrystals such as
quantum dots (QDs) are especially important.! Besides their
reduced dimension, QDs offer the possibility to control the
properties of their macroscopic counterparts (such as the
band gap) by controlling their physical size. Here we show
that an analysis based on quantum confinement can be used
to determine how to efficiently dope nanostructures, i.e., we
demonstrate that n-type doping of zinc-blende nanostructures
is more efficient when the dopants are placed at anion sites.

Electronic and optoelectronic functional devices require
the semiconductors to be functionalized via p-type and
n-type doping. Among the most relevant factors that impede
the efficient dopability of semiconductors are the low solu-
bility of the impurity atom and the formation of defects that
would inhibit the desired characteristics of the impurity
states. The solubility of the dopant can be evaluated from its
formation energy, which is a measure of the energy cost de-
rived from the introduction of the dopant into the host mate-
rial. Here we will restrict ourselves to n-type materials. The
most relevant defects present in II-VI and III-V semiconduc-
tors are DX centers,> which create a donor state that was
initially shallow to be located deep within the host band gap.

One expects the dopability in semiconductor QDs to be
reduced when compared to the bulk materials owing to re-
stricted solubility and energetically unfavorable formation
energies. Specifically, the formation energy of substitutional
dopants in p-type and n-type Si-QDs was found to increase,
i.e., be less favorable, as the size of the QDs decreases.’
Likewise, the situation was found to be more unfavorable in
n-type GaAs-QDs doped at the cation site, since the increase
in the formation energy of the dopant was also found to be
accompanied by the stabilization of DX defect centers.*
However, III-V semiconductor QDs can be doped at both
cation and anion sites. The question we wish to explore is
whether such unfavorable doping trends will be true for both
sites, i.e., will the formation energies become less favorable
for doping and will defects be stabilized by a reduction in the
physical size of the system for both the cation and anion
sites?
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Here we carry out a detailed study of the formation en-
ergy and possible stabilization of DX centers in n-type InP-
QDs showing that III-V semiconductor QDs with zinc-
blende structure should not be doped by cation substitution
but rather by anion substitution. We find that the formation
energies increase with decreasing size of the nanocrystal for
a dopant at both cation and anion sites; however, the forma-
tion of DX centers is favored when the dopant is placed at
the cation site compared to the anion site.

Our study is based on density-functional theory as imple-
mented in the PARSEC code.’ In this implementation, the
Kohn-Sham equations are solved self-consistently on a
three-dimensional real-space grid. Only one parameter, the
grid spacing, is necessary to control numerical convergence.
The core electrons are represented by norm-conserving
pseudopotentials.® The local-density approximation is used
for the exchange and correlation potential.” We have success-
fully employed this computational approach in the study of
different p-type doped InP materials, including the bulk
material,® nanowires,” and QDs.!°

Spherical InP-QDs with diameters of 1.50, 1.82, and 2.36
nm were constructed from the zinc-blende structure of the
bulk (these systems contain 87, 147, and 293 atoms of crys-
talline core, respectively). In and P dangling bonds at the
surface were passivated using fictitious, hydrogenlike cap-
ping atoms with fractional charge.!" The nanocrystals were
chosen to be centered on both In and P atoms, which are the
atoms that were replaced by the external impurity. As dop-
ants, we used a Si atom that substitutionally replaces the
cation (Siy,), and a Se atom that substitutionally replaces the
anion (Sep). All the atoms in the QDs were allowed to relax
except those atoms at the surface. We introduced this con-
straint in order to mimic the effects of the coating layer that
is normally used to passivate chemically semiconductor na-
nomaterials such as nanowires or QDs.

The replacement of a In (P) atom by a Si (Se) impurity
introduces in the host nanocrystal a singly degenerate impu-
rity state with @; symmetry and dominant s character. The
impurity state is located at the dopant as shown in Fig. 1 and
the T, crystal symmetry in the vicinity of the impurity is
preserved. We have computed the binding energy of the do-
nor states in the QDs as the difference between the ionization
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FIG. 1. (Color online). Charge density associated to the donor
state introduced in the InP nanocrystal with diameter 1.50 nm by
Sip, (left panel) and Sep (right panel) n-type doping. Black and red
symbols stand for In and P atoms, respectively. Charge density is
plotted at 30% of its maximum value.

energy and electron affinity of the doped and undoped nano-
crystals, respectively. We extrapolated our calculations to the
bulk limit by fitting to a power law that takes into account
the binding energy being driven by an almost unscreened
electron-hole Coulomb interaction, as it was done for n-type
Si-QDs.? Since bulk InP has a large exciton Bohr radius, we
have included nanocrystals in our calculations that contain
thousand atoms of crystalline core, as we did when extrapo-
lating the binding energy in p-type InP-QDs.!? Our extrapo-
lated binding energy vanishes in the bulk limit to within a
value of 0.1 eV, which is in good agreement with the shallow
character of donor states in the bulk as reported by
experiment.'?

The calculation of impurity formation energies requires
chemical potentials of the elements that are exchanged in the
nanocrystals.* These potentials refer to the energy of the par-
ticle reservoirs from which the atoms are taken and depend
on the working environment. Since we are interested on the
effects that quantum confinement has on the properties of
interest, we can avoid the dependence on the chemical po-
tentials by calculating the formation energies relative to the
bulk by using the expression

AE;=[Erqp(Xy) — Ergp(undoped) | = [Expu(Xy)
— E7pux(undoped)], (1)
where Erqp and Epp, represent the total energies of the

nanocrystal and bulk systems, respectively, and Xy
={Sij,,Sep}. As we can see in Fig. 2, the formation energies
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FIG. 2. (Color online). Relative formation energies of Sip,
(circles) and Sep (squares) impurities introduced in InP-QDs as ob-
tained from our first-principles approach.
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FIG. 3. Configuration coordinate diagrams of negatively
charged Siy, (left panel) and Sep (right panel) doped InP-QDs.

increase monotonically with decreasing diameter of the
nanocrystals as result of quantum confinement. This similar
behavior of the formation energies can be explained from
simple electronic structure arguments. Since both the Siy, and
Sep impurity levels have dominant conduction-band mini-
mum (CBM) s character (see Fig. 1), they will react similarly
to confinement than this latter state, i.e., the levels move up
in energy with decreasing diameter of the nanocrystal or in-
creasing quantum confinement. And since both impurity lev-
els are occupied by an electron, they will both contribute to
the total energy of the QDs, thus increasing the formation
energies of the dopants through an increase in the value of
the first term in the right-hand side of Eq. (1) (the total en-
ergies of the doped QDs). Our results predict a lower impu-
rity concentration in n-type InP-QDs when compared to the
bulk because of energetic arguments and that this is indepen-
dent on whether the dopants are placed at cation or anion
sites. An increase in the formation energies of impurities in
different nanocrystals was also found,>*!3 thus indicating
that this could be an intrinsic property of these nanomaterials
as noted in previous work.!3

In contrast to the behavior of the formation energy, we
found important differences in the Sij, and Sep doped nano-
crystals relative to the formation of DX centers. These cen-
ters correspond to negatively charged defects in which either
the donor atom itself or one of its neighbors undergoes a
bond-rupturing displacement along a crystal direction.” De-
fining as configuration coordinate Q the displacement of the
dislocated atom respect to its ideal or undistorted position
allow us to keep track of the energetics associated to this
process.

In the left panel of Fig. 3 we represent the configuration
diagrams obtained for the Sij, doped InP-QDs. We found two
local minimum configurations in the total energies of the
negatively charged QDs. In one of these minima (Q=0), the
extra electron occupies the impurity donor state (left panel of
Fig. 1), and the T, crystal symmetry is preserved. In the other
local minimum configuration (Q~2.4 a.u.), the Si atom
breaks one of its bonds and undergoes a displacement along
the (111) direction, adopting an interstitial site, which corre-
sponds to the formation of the DX center (left panel of Fig.
4). In this latter configuration the crystal symmetry is low-
ered from T, to C;,. The transformation from the Siy, con-
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FIG. 4. (Color online). DX centers corresponding to the Siy, (left
panel) and Sep (right panel) doped InP nanocrystal with diameter
1.50 nm. The charge density associated to the eigenstate holding the
donor-electron pair is also shown. Black and red symbols stand for
In and P atoms, respectively. Charge density is plotted at 30% of its
maximum value.

figuration to the DX configuration can be understood as
driven by a Coulombic force. In the 7; configuration, the
negatively charged Si impurity atom is bonded to four anion
P atoms so it experiences a repulsive Coulombic force. This
electrostatic force “pushes” the impurity atom into an inter-
stitial region that surrounds it after passing through the en-
ergy barrier that is derived from the breaking of one of the
Si-P bonds. Since the Coulombic interaction is stronger for
the smaller QDs (the electronic wave functions are more lo-
calized in space), the energy barrier will increase with the
size of the nanocrystal (the energy barriers for the QDs with
diameters 1.50 nm, 1.82 nm, and 2.36 nm are 0.18 eV, 0.37
eV, and 0.47 eV, respectively).

The transformation from the Sij, configuration to the DX
center introduces important changes in the electronic struc-
ture of the doped QDs and, in particular, in the energy level
of the impurity donor state (see the left panel of Fig. 5). The
reduction in the ionic symmetry in the nanocrystal is accom-
panied by the splitting of triply degenerate states having t,
symmetry into singly (a; symmetry) and doubly (e symme-
try) degenerate states. One of these triply degenerate states
(t5; see the figure) gives a singly degenerate state [a;(.)]
that strongly couples with the impurity donor state during the
nanocrystal deformation. As result of this interaction, the im-
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FIG. 5. Electronic structure of the negatively charged Siy, (left
panel) and Sep (right panel) InP nanocrystal with diameter 1.50 nm.
The arrows represent the impurity state holding the donor-electron
pair and the numbers in parentheses its projected s/p characters.
Dashed lines correspond to the valence-band maximum and CBM
energy levels of the undoped nanocrystal that are used as reference.
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purity donor state acquires dominant p character and signifi-
cantly lowers its position within the energy gap (it becomes a
deep state). The electronic energy gain derived from this in-
teraction has been attributed as the cause of stabilization of
DX centers.*'* Such energy gain decreases as the size of the
nanocrystal increases. Since the impurity state in the DX
configuration has dominant non-CBM character it does not
go up in energy as rapidly as it does at T, due to quantum
confinement (the difference between both energy levels is
1.22 eV, 0.97 eV, and 0.84 eV for the QDs with diameters
1.50 nm, 1.82 nm, and 2.36 nm, respectivelyls). Globally, the
Coulombic and electronic structure arguments presented here
explain the configuration coordinate diagrams that are shown
in the left panel of Fig. 3. In the smaller nanocrystal, the
negatively charged fourfold coordinated Si impurity atom
placed at T,; shows to be unstable, and the global minimum
configuration for the nanocrystal corresponds to the threefold
impurity atom placed at Cs, (i.e., to the DX configuration).
As the size of the nanocrystal increases, the difference be-
tween the two total-energy minimum configurations is pro-
gressively reduced, and finally reversed (in the bulk limit, the
only minimum configuration corresponds to the undeformed
crystal with 7; symmetry).

The situation we found for the nanocrystals doped at the
anion significantly differs from that of those doped at the
cation in terms of the formation of DX centers (see the right
panel of Fig. 3). The configuration coordinate diagrams give
a prominent global minimum for the undistorted nanocrystals
with T; symmetry (Q=0). In this configuration, the extra
electron occupies the impurity donor state (right panel of
Fig. 1), similarly to what happens to the undistorted
Sip,-doped QDs. Only for the two smallest nanocrystals we
found a second metastable minimum that corresponds to the
formation of a DX center. In this latter configuration a cation
In atom that is initially bonded to the impurity Se atom
breaks this bond, experiences a displacement along the (111)
direction and finally assumes an interstitial position (right
panel of Fig. 4). The ionic distortion that takes place in this
process is equivalent to the distortion that occurs in the for-
mation of the DX centers for the Siy, doped InP-QDs. In this
case, the atom displaced from its ideal position is a first
neighbor atom of the impurity, rather than the impurity itself.

The driving force for this transformation can also be ex-
plained through Coulombic interactions. The fourfold coor-
dinated Sep, impurity placed at the tetrahedral position is
stable (the negatively charged impurity is now surrounded by
cation atoms rather than by anions, so it experiences Cou-
lombic attraction from its first neighbors, and not the repul-
sion that faces Sij,). However, the accumulation of extra
electronic charge around the impurity introduces some insta-
bility in one of the In atoms to which the impurity is bonded,
which is surrounded by the ionized impurity and by three
anion P atoms. The formation of the DX center from the
undistorted nanocrystal always implies traversing through
high-energy barriers (the computed energy barriers for the
QDs with diameters 1.50 nm and 1.82 nm are 0.46 eV and
0.52 eV, respectively).

The different atom that causes the ionic deformation (a
cation atom next to impurity and not the impurity itself) also
introduces profound changes in the electronic structure of the
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distorted QDs. When the nanocrystals are doped at the cat-
ion, there is an antibonding #,. state located at the impurity.
This state accompanies the impurity during the nanocrystal
deformation and strongly interacts with the donor state.
When the nanocrystals are doped by anion substitution (see
the right panel of Fig. 5) there is no such state, the main
effect of the ionic deformation being the energy lowering of
an empty state (a;.) with same symmetry and CBM character
as the impurity state. This state crosses the impurity level
and captures the electron-donor pair. As result of this process
there is an electronic energy gain but it is negligible when
compared to that obtained for the nanocrystals substitution-
ally doped at the cation. The energy level of the impurity
state is lowered 0.24 eV and 0.13 eV in the nanocrystals with
diameter 1.50 nm and 1.82 nm, respectively.

In general, our results show that when the nanocrystals
are doped by anion substitution the formation of DX centers
is energetically very unfavorable, and that when this occurs
there is no dramatical change in the position of the impurity
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level within the energy gap. Even though our results were
obtained for InP-QDs, the ionic and electronic structure ar-
guments used to interpret them can be generalized to n-type
III-V nanocrystals with zinc-blende structure. Previous work
on Sig,-doped GaAs-QDs also gave an increase in the for-
mation energy of the impurity atom and possible stabilization
of DX centers as result of quantum confinement.* We have
also checked the effects of using different dopants in the
nanocrystals (Sny, and Sp), finding no essential differences.

This work was supported by the Xunta de Galicia
(Conselleria de Educacién e Ordenacién Universitaria/
FEDER, Grants No. INCITEOS8PXIB206107PR and No.
INCITEO9E2R206033ES), and by MICINN/FEDER (Grant
No. FIS2008-04894/FIS). J.R.C. and M.L.T. would like to
thank the United States Department of Energy for its support
(Grant No. DE-FG02-06ER46286) and the National Science
Foundation (Grant No. DMR-09-41645). Computational sup-
port was provided by CESGA.

'A. D. Yoffe, Adv. Phys. 50, 1 (2001); D. V. Talapin, J.-S. Lee,
M. V. Kovalenko, and E. V. Shevchenko, Chem. Rev. 110, 389
(2010), and cites therein.

’D. J. Chadi and K. J. Chang, Phys. Rev. Lett. 61, 873 (1988);
Phys. Rev. B 39, 10063 (1989).

3G. Cantele, E. Degoli, E. Luppi, R. Magri, D. Ninno, G. Iadonisi,
and S. Ossicini, Phys. Rev. B 72, 113303 (2005).

4]. Li, S.-H. Wei, and L.-W. Wang, Phys. Rev. Lett. 94, 185501
(2005).

51 R. Chelikowsky, N. Troullier, and Y. Saad, Phys. Rev. Lett.
72, 1240 (1994); M. M. G. Alemany, M. Jain, L. Kronik, and J.
R. Chelikowsky, Phys. Rev. B 69, 075101 (2004); J. R. Che-
likowsky, J. Phys. D 33, R33 (2000).

SN. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).

’D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980).

8M. M. G. Alemany, X. Y. Huang, M. L. Tiago, L. J. Gallego, and

J. R. Chelikowsky, Solid State Commun. 146, 245 (2008).

M. M. G. Alemany, X. Y. Huang, M. L. Tiago, L. J. Gallego, and
J. R. Chelikowsky, Nano Lett. 7, 1878 (2007).

I0M. M. G. Alemany, L. Tortajada, X. Huang, M. L. Tiago, L. J.
Gallego, and J. R. Chelikowsky, Phys. Rev. B 78, 233101
(2008).

11X, Huang, E. Lindgren, and J. R. Chelikowsky, Phys. Rev. B 71,
165328 (2005).

12K. J. Bachmann, Annu. Rev. Mater. Sci. 11, 441 (1981).

13G. M. Dalpian and J. R. Chelikowsky, Phys. Rev. Lett. 96,
226802 (2006).

14S -H. Wei and S. B. Zhang, Phys. Rev. B 66, 155211 (2002).

150ur results show that there is also some deformation of occupied
states with valence-band character, so the electronic energy gain
during the defect formation is not strictly that given by the im-
purity donor state.

121307-4



