
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Limits on Passivating Defects in Semiconductors: The Case
of Si Edge Dislocations

Tzu-Liang Chan, D. West, and S. B. Zhang
Phys. Rev. Lett. 107, 035503 — Published 13 July 2011

DOI: 10.1103/PhysRevLett.107.035503

http://dx.doi.org/10.1103/PhysRevLett.107.035503


LC13610

REVIE
W

 C
OPY

NOT F
OR D

IS
TRIB

UTIO
N

Limits on passivating defects in semiconductors: the case of Si edge dislocations

Tzu-Liang Chan, D. West and S. B. Zhang
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Rensselaer Polytechnic Institute, Troy, New York 12180, USA

By minimizing the free energy while constraining dopant density, we derive a universal curve that
relates the formation energy (Eform) of doping and the efficiency of defect passivation in terms of
segregation of dopants at defect sites. The universal curve takes the simple form of a Fermi-Dirac
distribution. Our imposed constraint defines a chemical potential that assumes the role of “Fermi
energy”, which sets the thermodynamic limit on the Eform required to overcome the effect of entropy
such that dopant segregation at defects in semiconductors can occur. Using Si edge dislocation as
an example, we show by first-principles calculations how to map the experimentally measurable
passivation efficiency to our calculated Eform using the universal curve for typical n- and p-type
substitutional dopants. We show that n-type dopants are ineffective. Among p-type dopants, B can
satisfy the thermodynamic limit, while improving electronic properties.

PACS numbers: 61.72.-y,73.20.Hb,88.40.H-

Unintentional impurities and growth defects, for exam-
ple vacancies and grain boundaries, are typical imperfec-
tions in semiconductors [1]. By prolonged annealing and
carefully controlled epitaxy in ultra-high vacuum, it is
plausible to eradicate the great majority of imperfections.
However, such procedures should be balanced against
the time and cost for manufacturing semiconductor de-
vices. In fact, this balance is becoming increasingly im-
portant as semiconductor electronics is moving towards
next-generation materials based on earth-abundant ele-
ments and organics for which prolonged annealing or epi-
taxy may not be an option. Even for the current tech-
nology, there are also urgent needs for widespread ap-
plications of renewable energy sources, specifically, pho-
tovoltaic (PV) materials for solar energy. There is gen-
erally a trade-off in PV materials: low-cost technologies
(organic cells, amorphous-Si) are low efficiency, whereas
high-cost technologies (multi-layered AlGaAs and InAlP
junctions) are high efficiency. The low efficiency is re-
lated to defect states in the band gap that trap photo-
generated electrons and holes and recombine them as
heat [2, 3]. A cost-effective solution is to fabricate defect-
tolerant materials, e.g., instead of eliminating the impu-
rities and growth defects, the defects are passivated by
adding dopants into the system.

For polycrystalline materials, grain boundaries are ef-
fective recombination centers for photo-generated elec-
trons and holes [4]. Their geometries are highly
strained [5] resulting in deep levels inside the band
gap [6, 7]. One criterion for the choice of the dopant is
that the passivated defects should become electronically
invisible to carrier transport, for example by reconstruc-
tion or strain relief. Even if such a dopant can be found,
however, there is still a fundamental question of whether
the dopant can reach the defects. Since the defect den-
sity is typically low, an introduced dopant is much more
likely to go to a location with a bulk-like bonding environ-
ment (a bulk site), instead of associating with a defect to

achieve passivation (a defect site). In other words, there
is a large entropic contribution to the free energy which
acts against passivation. In order to overcome this en-
tropic effect, the dopant must have much lower energy in
the vicinity of the defect (relative to bulk).

In this paper, we focus on the second criterion, the
thermodynamic limit on the relative formation energy
(∆E) required for dopant segregation at the defects. To
describe the experimentally relevant process of doping
followed by annealing, we derive an expression for the
effective passivation(percentage of defects which are pas-
sivated by the dopant) within the canonical ensemble.
Additionally, by imposing the constraint that the dopant
concentration does not significantly alter the electronic
properties of the host material, we establish a universal
relationship between ∆E and the maximum passivation
efficiency, κmax

D . With detailed derivation to be presented
later in this letter, we illustrate the relationship between
∆E/kT and κmax

D in Fig. 1(a), which follows a Fermi-
Dirac distribution characterized by a chemical potential
µs. µs is a resultant of our imposed constraint on the
system, and is an effective Fermi energy that acts as
a demarcation line to separate effective and ineffective
doping. As an explicit example of our theory, our case
study deals with an edge dislocation (ED) in Si since Si
and Ge with small-angle grain boundaries, consisting of
a series of EDs, are candidates for low cost/high qual-
ity PV materials [8]. Using substitutional dopants as
our passivation candidates, we calculate their ∆E using
first-principles density functional theory(DFT), and de-
pict the resultant connection between the dopants and
their passivation efficiencies through the universal curve
in in Fig. 1(a). We find that B not only has sufficiently
favorable formation energy (Eform) at the dislocation to
overcome the effect of entropy, it can also make the elec-
tron trap originating from the dislocation shallower with-
out creating a deep acceptor level.

In order to determine whether a dopant can be intro-
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FIG. 1. (a) Maximum κD as a function of ∆E/kT is shown
as a solid line. Shaded triangles (discussed later as a part of
the DFT results) are a mapping between the various substitu-
tional dopants in Si EDs and their κmax

D , illustrated for T =
1100 K. (b) Contour plot of κD as a function of α and ∆E/kT
for defect number density ρ = 0.1%. The dashed line corre-
sponds to the maximum possible α if the fraction of the oc-
cupied bulk sites is constrained to less than κmax

B = 1×10−4.
Intersection between the dashed line and contours defines the
upper bound to κD (κmax

D ) as shown in (a).

duced and passivate defects, we should take both the
Eform and entropy contribution into account. Given
a fixed number of dopants n in the canonical ensem-
ble, the equilibrium configuration corresponds to a min-
imum in free energy F (nD, nB) = Eform − TS, where
Eform = nDED

form +nBE
B
form is the total formation en-

ergy of the system. ED
form and EB

form represent the for-
mation energy of the dopant substituted for a host atom
at a defect site and substituted for a bulk site, respec-
tively. The number of dopants at the defect sites nD and
those at the bulk sites nB add up to n. The system has a
total number of N sites, of which ND (NB) of them are
defect (bulk) sites. The number of degenerate configura-
tions with energy, Eform, is

(

ND

nD

)(

NB

nB

)

. At the minimum,
∆F = F (nD + 1, nB − 1) − F (nD, nB) = 0. It follows
that

α
κD

− ρ
1−α
1−κD

− ρ
= exp(

∆E

kT
), (1)

where we have defined α = n/N as the dopant num-
ber density, ρ = ND/N as the defect number den-
sity, κD = nD/ND as the passivation efficiency, and
∆E = ED

form−EB
form as the relative formation energy. In

Fig. 1(b), we illustrate how κD varies with α and ∆E/kT
for ρ = 0.1%. The qualitative feature of the plot remains
the same for other choices of ρ. Our goal is to push the
passivation efficiency κD as close to 1 as possible. The
figure depicts that if ∆E is not sufficiently negative, the
only possible solution to push κD towards 1 is to push
α towards 1. This is undesirable as the host material
will become a degenerate semiconductor. Hence, Eqn. 1
should be solved with a constraint on the dopant num-
ber density for the bulk sites, κB = nB

NB

≤ κmax
B , which

leads to a constraint on the total dopant number density,
α. The accessible α is found to be constrained below the
dashed line in Fig. 1(b). For a given ∆E/kT , a specific
value of the passivation efficiency κD is only possible if
its corresponding contour line in Fig. 1(b) goes below the
dashed line. Graphically, the intersection of the dashed
line with the contour lines leads to a maximum possi-
ble passivation efficiency κmax

D as a function of ∆E/kT
as depicted in Fig. 1(a). To illustrate the trend, we set
κmax
B to be 1 × 10−4, which is a doping concentration

beyond which a semiconductor can be considered degen-
erate. Analytically, Eqn. 1 should be recast in a more
convenient form:

−k ln

(

1

κB

− 1

)

+ k ln

(

1

κD

− 1

)

= ∆E/T. (2)

The first term on the left corresponds to the reduction
in entropy after removing a dopant from a bulk site, and
the second term is the subsequent gain in entropy when
the dopant is then added to a defect site. Under the
constraint κB ≤ κmax

B , it is straight forward to derive
from Eqn. 2 that κD is bound from above by

κD ≤ κmax
D =

1

exp(∆E−µs

kT
) + 1

. (3)

Note that κmax
D has a functional form of the Fermi-

Dirac distribution with the chemical potential µs =

−kT ln
(

1

κmax

B

− 1
)

≈ kT ln(κmax
B ), which is the en-

tropic change to the free energy by removing a dopant
atom from the bulk sites when κB = κmax

B . Hence, our
imposed constraint leads to a chemical potential for the
dopant atoms in the system, which determines the crit-
ical ∆E to overcome entropy. If ∆E is lower than µs,
then dopant segregation to defects is highly effective, oth-
erwise passivation of defects is nearly impossible. For
κmax
B = 1 × 10−4, µs = −9.21 kT . In the case of Si,

the annealing temperature is typically above 1,100 K for
dopant diffusion [16] at which µs = −0.88 eV.
We considered typical n- (P, As, Sb) and p-type (B,

Al, Ga) substitutional dopants in our study of the ED in
Si. In order to determine ∆E and the electronic effects
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FIG. 2. (a) and (b) Position dependence of the ∆E for P
and Sb around a Si ED along the 〈110〉 direction (normal to
the page). The intensity of the color indicates the magnitude.
Only half of the calculation unit cell is shown.

of the various dopants, we performed first-principles cal-
culations based on the density functional theory [9, 10]
under the local density approximation. The exchange-
correlation functional is from Ceperley and Alder [11]
parametrized by Perdew and Zunger [12]. The calcula-
tions were performed using VASP (Vienna ab initio sim-
ulation package) [13]. Ultrasoft pseudopotentials [14, 15]
are employed to replicate the ionic potentials. A plane
wave cutoff of 15 Ryd is used. We checked that the differ-
ence in total energies between two structures is converged
to within 0.01 eV for the chosen energy cutoff. Only the
Γ point is used for the Brillouin zone integration. All
the structures were minimized to a local energy mini-
mum with forces on each atom less than 0.025 eV/Å. The
atomic model consisting of linked five-fold and seven-fold
rings is adopted for the ED [17]. An ED can be speci-
fied by the Burgers vector b = a

2
(110) [5], where a is

the lattice constant. As such, an isolated ED cannot
be examined by periodic boundary condition. Instead,
a dislocation dipole is employed in our studies such that
the net Burgers vector from the two EDs cancel within
the calculation unit cell [6]. The two EDs are separated
by ∼ 12 Å. To ensure that the dopant does not interact
with its periodic images, the periodicity along the 〈110〉
direction is set to be six times the primitive unit cell.

In Fig. 2(a), we depict ∆E for P on various Si sites
in the vicinity of an ED. To obtain ∆E, we calculate
Eform by E+µ(Si)−E0−µ(P ), where E and E0 are the
total energy of the supercell with and without the dopant,
respectively, and µ(P ) (µ(Si)) is the chemical potential
of P (Si). We find that it is energetically favorable to
substitute the Si at the tip of the five-fold ring of the ED
by P. Dopants segregation to grain boundaries has also
been found in similar studies [18–21].

For the case of P, the P-Si bond length is very similar
to that of Si-Si in bulk. To elucidate the observed en-
ergetics, we examine the trend of the conduction band
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FIG. 3. (a) Evolution of the CBM as P moves away from the
ED core, i.e. from position 0 to 4. The dislocation is along
the axis of a hydrogen-passivated Si〈110〉 nanowire. (b) to
(e) Charge density contour plots for each P position. All the
contour plots have the same charge density. The “x” denotes
the position of the P.

minimum (CBM) inside the Si energy gap as a function
of P position in Fig. 3(a). Note here that the disloca-
tion is a periodic line defect along the dislocation core.
The ”dislocation CBM” is the minimum energy ED trap
originated from the bulk CBM. This study is carried out
using a hydrogen-passivated Si〈110〉 nanowire with an
ED along the wire axis. While it has been suggested
that LDA yields a too short distance for the interaction
of the defect with the surface in nanowires[22, 23], here
we are interested in bulk properties. Hence, we do not
take into account the energetics of P on the nanowire
surface where P segregation may occur.[24, 25] The use
of a nanowire allows the electronic band structures be-
tween different calculations to be aligned more conve-
niently. From which, it can be seen that P is not a good
candidate for passivation as it deepens the electron trap.
Without the P dopant, there is an unoccupied electron
trap associated with the ED within the Si energy gap [6]
(represented by the dotted line in Fig. 3(a)), and the
corresponding wave function is strongly localized on the
five-fold ring. With the presence of an n-type P dopant,
an electron is donated to the band inside the gap, which
becomes partially occupied. Fig. 3(b-e) depict the charge
density of the CBM with P at increasing distance from
the dislocation. From (d) and (e), we can see the local-
ization of the charge density around both the dislocation
and P. This illustrates the competition between the P
and the ED for the donor electron as it is energetically
favorable for the electron to localize on both of them
simultaneously. Consequently, the lowest energy config-
uration occurs when the P is at the five-fold ring (Fig.
3(b)), and the corresponding CBM is the lowest in en-
ergy. On the other hand, for the large n-type dopant
Sb, the dopant-induced strain plays a significant role,
and the lowest energy position is at the seven-fold ring
of the ED where the Si bonds have tensile strain as il-
lustrated in Fig. 2(b). Similarly, for p-type dopants the
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FIG. 4. The chemical trend of (a) the ∆E, (b) CBM and VBM
of a doped Si ED in a hydrogen-passivated Si〈110〉 nanowire.
In (a), the dashed line indicates the calculated chemical po-
tential µs below which passivation is effective.

energetics is governed by strain. The lowest energy po-
sition for the small B is at the five-fold ring, where the
Si bonds are compressed. Alternatively, Al and Ga are
found at the seven-fold ring because of their larger sizes.
For all the dopants considered, Fig. 4(a) shows that ∆E
is negative. Fig. 1(a) depicts the maximum passivation
efficiency κmax

D for each dopant. It reveals that, despite
∆E < 0, only p-type dopants (B, Al, and Ga) are ther-
modynamically attracted to Si EDs.

Fig. 4(b) depicts the VBM (valance band maxi-
mum) and CBM of a doped hydrogen-passivated Si〈110〉
nanowire with an ED along its axis. In order to assess the
passivation effect of the dopants, we increased the dopant
concentration such that there is one dopant for every two
primitive unit cells along ED. Each dopant is at its lowest
energy position. As a reference, the VBM and CBM of
the undoped nanowire (with Si as the “dopant”) are illus-
trated as well. The figure indicates that an ED without
dopants is an electron trap as the CBM is inside the Si
energy gap [6]. N-type doping results in the CBM sinking
deeper into the gap. This can be understood in terms of
the Coulomb attraction between the electron in the dislo-
cation and the positive charge of the donor, which causes
a lowering of the electrostatic potential at the ED and
hence its lower gap level. P-type doping makes the CBM
slightly shallower. It raises the VBM also when the size
of the dopant is larger than Si. This can be understood
in terms of the higher atomic p levels of the acceptors,
causing hole localization. The best electronic dopant is
B, which makes electron traps slightly shallower without
introducing any deep acceptor level. For B doped p-type
PV absorbers, dislocation traps will thus be less effective
in causing non-radiative recombination, which is benefi-
cial for the overall efficiency.

In conclusion, we derived a mapping between the for-
mation energy of doping and the passivation efficiency.
There is a universal thermodynamic limit on the forma-
tion energy such that introduced dopants can segregate
at the defects while maintaining the electronic proper-
ties of the material. From the theoretical perspective,

this allows one to quantitatively determine, from the cal-
culated ∆E, which dopants can effectively passivate de-
fects, while from the experimental perspective, this al-
lows for the measurement of ∆E from κB,κD, and T via
Eqn. 2. For passivating defects in low cost/high qual-
ity PV materials, we examined the passivation of EDs in
Si by typical n- and p-type substitutional dopants. We
found that n-type dopants are thermodynamically inef-
fective and electronically harmful as they tend to make
the gap states of the EDs deeper. The most successful
dopant in our study is B, which makes the electron trap
shallower, while satisfying the thermodynamic criterion
on the formation energy at the same time.
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