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ABSTRACT: Increased computational resources now make it
possible to generate large data sets solely from first principles.
Such “high-throughput” screening is employed to create a data-
base of embedding enthalpies for extrinsic point defects and
their vacancy complexes in Si and Ge for 73 impurities from H
to Rn. Calculations are performed both at the PBE and HSE06
levels of theory. The data set is verified by comparison of the
predicted lowest-enthalpy positions with experimental observa-
tions. The effect of temperature on the relative occupation of
defect sites is estimated through configurational entropy.
Potential applications are demonstrated by selecting optimal
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vacancy traps, directly relevant to industrial processes such as Czochralski growth as a means to suppress void formation.

B INTRODUCTION

Computational high-throughput screening allows sped-up
discovery of (new) materials and their properties by using ab
initio techniques to simulate a large set of candidates." Ab initio
methods allow a high degree of control over the studied
systems and have now reached the level of maturity where
simulations can be performed accurately without the need for
human interaction.”~* The computational high-throughput
approach enables better-focused experimentation by generation
of reference data, discovery of trends, and identification of
promising materials for desired applications. High-throughput
screening has been previously used to discover new materials
for photovoltaics, batteries, thermo- and piezoelectrics,
catalysis, gas storage, and even superconductors.”” "

In this article we apply high-throughput screening to
impurities in Si and Ge. While Si has been the focus of the
semiconductor industry for the last S0 years, Ge has recently
regained interest as a high-mobility substrate and is still
commonly used in niche markets such as radiation detectors
and space solar cells.'”””"> Impurities are essential to both
materials, providing control over the semiconductor’s proper-
ties during production and device operation. Knowledge of
impurity properties in Ge is significantly less complete than for
Si, and even for the latter only a subset of the periodic table has
been studied.'”'*™*° Through high-throughput screening this
knowledge can be considerably extended beyond what is cur-
rently experimentally known. In this way a complete and con-
sistent data set can be provided for both materials and used to
gain insights into future experimental and theoretical research
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as well as industrial applications. The latter is demonstrated
by selecting candidate impurities for vacancy gettering in the
Czochralski growth process.

B METHOD

At the heart of our study lies a database of ab initio formation
enthalpies of 876 extrinsic point defects and associated vacancy
complexes in Si and Ge, making it the most extended set cur-
rently available. The entire database has been calculated both
at the PBE level of theory and the higher HSE06 level.” ~**
The latter can require orders of magnitude more computational
power but is able to correct various shortcomings in PBE
such as the incorrectly vanishing band gap of Ge.”****~*’ The
availability of these data for a wide range of systems enables the
direct quantification of the differences between them. This has
not been previously possible, as earlier databases focused on a
single level of theory equivalent to PBE. An example of such an
earlier database is the one produced by Maeta and Sueoka'® to
study the diffusion barrier between substitutional and interstitial
defect sites in Ge. This database contains formation enthalpies
of three of the six positions presented here in both Si and Ge
and for a large part of the periodic table. Despite their focus
on Ge, only a generalized gradient approximation (GGA)
method similar to PBE was studied. The database presented
here adds 12 elements, the higher level of theory HSE06, and
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three positions to enable the study of local vacancy interactions.
The entire database, together with derived properties and CIF
files for all 876 optimized geometries, can be found in the
Supporting Information. Its potential use is demonstrated
through two applications. First, the database is directly
compared with experimental findings through the positions of
known impurities. The second application illustrates how addi-
tional quantities can be derived from the database and used for
impurity screening without performing any additional calcu-
lations. Specifically, an impurity is selected with the aim to
improve single-crystal growth from a melt of Si or Ge by
reducing void formation through vacancy gettering.

The defect formation enthalpy AHP for a defect D is defined
as
=HP

sup

AHfD — NMyHy — NpHp

(1)

in which ng is the enthalpy of a defect supercell, the chemical
potentials py; and pp, represent the enthalpies of the host and
defect atoms in a reference structure, while ny; and np, represent
the numbers of these atoms present in the defect supercell. The
elemental ground-state crystal structures are chosen as
references for the impurity atoms. Because of the complexity
of the ground-state crystal structures of S and Mn, simpler
reference states were calculated and corrected using the known
PBE energy differences between the two phases.’

Six positions are considered for each impurity, divided into
three groups according to the number of host atoms in the cell.
Each group contains two distinct nearest-neighbor environ-
ments between which migration is possible, as shown in Figure 1.

Figure 1. Positions and migration pathways for the three pairs
discussed in the text.

The basis of the first group is an untouched host lattice, in which
the impurity occupies an interstitial site with either tetrahedral (T)
or hexagonal (H) coordination. The second group is created
from a single vacancy, resulting in a substitutional (S) position
when the vacancy is filled by the impurity or a tetrahedral—
vacancy pair (TV) when the vacancy is created next to a T
interstitial. The final group is based on a divacancy, either a
substitutional—vacancy pair (SV) or a bond-centered (BC)
position with the impurity placed in the center of the divacancy.
The total energies in the database show that migration typically
occurs from lower to higher coordination (T to H, TV to S, and
SV to BC). In the case of the TV site, migration is often partial,
with the impurity settling in a trifold planar configuration
coordinated by the three common neighbors of the S and TV
sites. This site is termed an off-center substitutional site (S.g).
Symmetry conservation is imposed on all of the calculations,
explicitly forbidding the appearance of configurations with
broken symmetry. In particular for the lighter elements, sym-
metry breaking could sometimes lower the enthalpy further.
Each of the six positions has been calculated for 73 different
impurity elements. Including reference states, this results in
over 1000 structures to optimize. Screening at this scale requires
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a careful choice of method, where the computational cost must
be weighed against the accuracy required. In our case, the
accuracy of the formation enthalpy must be suflicient to
observe trends throughout the periodic table. With this in
mind, periodic PBE density functional theory (DFT) was
chosen as main calculation method when geometric relaxations
were performed. Final formation enthalpies were also evaluated
using the HSE06 hybrid functional.

In all cases, global charge neutrality is conserved within the
simulated cell. Atoms can acquire an effective charge through
local polarization of the charge density, but it cannot be
guaranteed that the experimental oxidation state will be
obtained in all cases. The database is defined by the positions
studied, the level of theory chosen, and the charge states
simulated and represents a well-defined search space. These
choices are acceptable and even essential to the paradigm of
high-throughput screening. The resulting database can be
expanded in follow-up studies. Typical strategies are the selec-
tion of isolated cases to perform high-precision calculations of
either the same or novel properties or expanding the existing
database with additional high-throughput studies of different
charge states, configurations, and properties at a similar level of
theory.

B RESULTS

Lowest-Enthalpy Positions. Experimentally observed
impurity positions are shown in Figure 2a,b, with the corre-
sponding PBE-calculated lowest-enthalpy positions in Figure 2¢,d
and the HSE06 equivalents in Figure 2e,f. White areas in the
experimental figures mark elements for which no position
information is available. In these cases the ab initio results may
provide information complementary to the experimental
results. Discussion will commence with the PBE results,
followed by an elaboration of the modifications caused by the
Hartree—Fock (HF) contribution. A large part of the periodic
table, both in Si and Ge, prefers a substitutional position. Since
this typically minimizes distortions of the lattice, this result is
not surprising. A major difference between Si and Ge is the
preference of the 3d transition metals for interstitial sites in Si,
typically T. For both materials, interstitial preference is also
present for small alkali metals and noble gases, both of which
interact weakly with the lattice, providing insufficient
compensation for broken bonds of the host crystal. This can
also be seen in the experimental results, which closely match
the PBE positions. For larger atoms, the interstitial-induced
lattice strain becomes too large, making it enthalpically
favorable to create and fill a vacancy. For Si, which has higher
bond strengths and less diffuse and polarizable valence orbitals,
this is typically an S.g position, whereas in the case of very large
atoms the S and T sites are simultaneously occupied. In the
case of Ge, an SV complex is more beneficial because of the
lower enthalpic cost of creating vacancies. Some of the smaller
atoms also prefer the S g position, which typically remains close
to the trifold planar configuration, sometimes distorted toward
the substitutional position. In Si these are O, Cl, and Br, while
in Ge they consist of Cl and Kr. The S site offers the smallest
possible bond lengths within our set, and minimizing bond
lengths is exactly what these impurities attempt to do. This
observation suggests that in these cases lesser-coordinated,
symmetry-broken sites might lower the enthalpy even further.
Such sites are indeed experimentally observed for O and
N."”?* When the latter lower-symmetry sites are explicitly
simulated, both elements strongly prefer an interstitial site,
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Figure 2. Most common experimental impurity positions for (a) Si'" and (b) Ge,''“™** mostly taken from refs 16 and 17, which represent data
collected in the Landolt-Bornstein series, compiled from >50 experimental papers. These are compared to the lowest-enthalpy DFT predictions
using PBE for (c) Si and (d) Ge and using HSE06 for (e) Si and (f) Ge. The description of the experimental positions is limited to interstitial (I) and
substitutional (S), while the DFT predictions cover the six positions shown in Figure 1.

twofold-coordinated for O and trifold-coordinated for N, as
well as a distorted substitutional site. Maeta and Sueoka
examined the twofold-coordinated site for larger elements also
but found that it quickly becomes enthalpically unfavorable.'®
The remaining TV positions in Ge consist of transition metals,
which are capable of increased interactions through their
incomplete d shells. Finally, the lanthanides, and in Ge also the
alkaline-earth metals, prefer the bond-centered position. These
elements are both sufficiently large and have sufficient numbers
of free valence electrons to undergo bonding with the six
nearest neighbors in the BC site. Results for Lu, which have
been calculated but are not shown in the figures, suggest that
the entire lanthanide series will remain in this position for Ge.
In Si, lanthanides will switch from T to BC at some point for
the same reason as the 3d transition metals.

‘When comparing these results with those obtained using the
HSEO06 functional, one sees that the site-specific regions are
maintained but that the boundaries between the regions have
shifted. Systematic trends are visible, most notably for the BC
and SV positions, which are much less favored by HSEO06.
Additionally, an interstitial region appears for small transi-
tion metals in the case of Ge. These changes can be largely
attributed to a single cause, namely, the increase in the
formation enthalpy of the vacancy (~1 eV), implying increased
cohesion of the crystal. This was previously observed by
Spiewak and co-workers, and the HSE06 values were found to
correspond much more closely to experiment.**> This effect
delays the onset of vacancy creation as a means of lattice strain
reduction. However, experimentally the interstitial region for
the transition metals is not observed. This discrepancy is most
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likely a precision issue. A change in lowest-enthalpy positions
implies a crossing of the relevant enthalpy curves. The nature of
the crossing, combined with the lowered precision for HSE06
calculations, may cause an interchange of positions in some
cases and subsequently a shift in region boundary. In the
interstitial region of the transition metals, the interstitial and
substitutional curves run roughly parallel, which increases their
susceptibility to this behavior. Nonetheless, contributions by
phenomena not considered in the model used may provide
alternative explanations. Small energy shifts may be induced by
symmetry breaking, for instance due to Jahn—Teller distortions,
which could explain small shifts for the transition metals. This
study also supposes overall charge neutrality, a condition that
experimentally may not be necessarily met. However, the
overall agreement between the calculated and observed
positions suggests that the geometric effects of charged
impurities may be limited. Especially outside of the transition
metal region this can be expected, where the enthalpy
difference between interstitial and substitutional positions is
often predominantly determined by lattice strain. The resultant
enthalpy difference between the subsitutional and interstitial
positions is several electron volts in many cases and would
require a very large change in the formation enthalpy of the
charged defects to change the order of the positions. If a
charged defect forms the ground state, the formation enthalpy
is still expected to be positive, as most impurities will not
spontaneously occur. This implies that the enthalpy curves are
again compressed, in contrast to the spread caused by HSE06
as a consequence of the increased cost of vacancy formation.
Similarly, a charged vacancy could be lower in energy and alter
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the energy and charge state of the complexes. For instance,
negatively charged vacancies occur under n-type conditions
both in Si and Ge.”**"

The enthalpy curves, grouped by period, can be found in the
Supporting Information.

Relative Occupancies at the Melting Temperature.
The lowest-enthalpy positions discussed in the previous sec-
tion represent the sites relevant at 0 K. When temperature is
introduced, rather than a single position, a distribution of sites
will be occupied. This distribution will be determined not only
by the relative enthalpy differences between these sites but also
by their entropies. Taking this into account requires switching
from the formation enthalpy AH; to the formation Gibbs free
energy AG; (per 2 X 2 X 2 supercell):

AG; = AH; — TAS; @)

where AS; is the formation entropy and T is the relevant
temperature. Entropic contributions can be separated into
various components: configurational, vibrational, electronic,
and magnetic. In the dilute limit the configurational entropy
increases because of the higher availability of impurity sites;
however, the vibrational entropy remains approximately
constant because the interactions with the lattice can be con-
sidered local. This causes the configurational entropy to
become more important in the dilute limit.”” As a result, cal-
culating the computationally expensive vibrational entropy
can be safely avoided. The electronic contribution is typically
negligible even at high temperature, and the studied systems
contain only a single defect, which in most cases is not mag-
netic.

The configurational entropy per 2 X 2 X 2 supercell can be
deduced from the number of associated microstates W through
the Boltzmann expression for entropy:

S=kylh W (3)

where kg is Boltzmann’s constant. The number of microstates
that can be constructed for a given defect position using n
defects in a cell of N atoms with g available configurations per
host atom is given by

v=()
n )

This enables the construction of the configurational entropy for
each defect. The resulting AG; can then be used to construct a
Boltzmann distribution that will determine the relative occu-
pation Pp, of each defect:

_ (V)
"~ (gN —n)!n!

—AGP /kyT all sites
e . —AGP kT
B=S " with  z= Y A
Z (s)
D

where D is the considered impurity configuration and Z is the
canonical partition function. Relevant values per site can be
found in Table 1.%

The entropy is determined by the multiplicity g of the defect
site per lattice atom. For the S and T sites, only one defect can
be created per lattice site, resulting in g = 1. Vacancy complexes
are created by removing an atom from a defect site’s nearest-
neighbor shell. Since only one of the four atoms in the shell is
removed, the complexes have a multiplicity of g = 4. H and BC
can be seen as higher-symmetry positions between two neigh-
boring T and SV sites, respectively, resulting in multiplicities
halved with respect to those of their sites of origin. It should
be noted that in the case of vacancy complexes only the
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Table 1. Quantities Used in the Calculation of the
Configurational Entropy of a Single Defect (n = 1) in a
64-Atom Host Cell (N = 64) at the Melting Temperature
(1687 K for Si and 1211 K for Ge)

T H S vV BC sV
g 1 0.5 1 4 2 4
w 64 32 64 256 128 256
ToatrsS (€V) 0.50 0.50 0.60 080 070 0.80
ToetrceS (6V) 043 0.36 043 057 05 0.57

considered directly interacting vacancy pairs are included, while
in reality configurations also exist where the vacancy is found at
varying distances in further nearest-neighbor shells. However,
these are typically less enthalpically favored, as vacancy pairs are
often created to locally reduce lattice strain, often with
occupancy of the vacancy by the impurity as a consequence.

The impact of the configurational entropy contribution can
become very sizable at the melting temperature. Because of
the normalization procedure, however, the relative occupations
are determined only by Gibbs free energy differences and,
consequently, differences in entropy. This also has the positive
side effect that the relative occupation does not change with
respect to concentration. These relative occupations at the
melting temperature are depicted in Figure 3. Each element’s
box is colored proportionally to each site’s occupation.

Even at the melting temperature the overall occupancy
picture has changed very little. When comparing the PBE
results with their 0 K counterparts, one does see that many of
the T interstitial positions in Si also obtain a minority S
occupation. The S ¢/ TV regions also clearly expand because
they are entropically favored, as can be seen for the noble gases
(S to S,z) and also for Y and La (BC to TV). This same
preference for asymmetry is visible in Ge, where TV and S¢
become favorable for transition metals and chalcogens while the
lower-symmetry SV position becomes more prominent for
larger elements. The behavior for HSE06 is very similar, but
with position ratios sometimes differing between, for instance,
S and T sites. As previously discussed, vacancies undergo an
energetic penalty in HSE06, which is the reason why SV/BC
positions are very rare at thermodynamic equilibrium while
interstitials become more prominent. The larger spread in
formation energy also causes the TV region in the transition
metals to be less extended. It should be noted that the lattice
model used here represents a simplification of the true situa-
tion, where impurities may diffuse in three-dimensional con-
tinuous space. Here, many more local minima can be present
that may be highly similar to the positions studied here or
represent additional sites. If that happens, the configurational
entropy may greatly increase, and the balance between dif-
ferent positions could shift. Such effects have, for instance, been
previously observed in the clustering of point defects by Kapur
et al.”’

Vacancy Trapping at 0 K. The second property of interest
is the vacancy trapping enthalpy. During single-crystal growth
from a melt, vacancies can agglomerate and form voids, leading
to problems with epitaxy and gate oxide integrity, among
others. One way to prevent this without affecting the crystal
electrical properties is trapping of vacancies by impurities.”®
These impurities may be electrically active or not, depending
on the requirements of the application. Trapping occurs when
it becomes enthalpically beneficial for the vacancy to reside near
the impurity. Since the diffusivities of substitutional impurities
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Figure 3. Relative occupancies at the melting temperature calculated using the PBE functional for (a) Si and (b) Ge and the HSE06 functional for
(c) Si and (d) Ge. Vertical ordering or colored regions correspond to horizontal ordering within the legend.

are typically much lower than that of a vacancy, a trapped
vacancy is less likely to agglomerate.'”*%*!

This can be quantified through the trapping enthalpy Hgy or
Hyy (denoted as Hyy, with D = S or T), which expresses the
energy cost of creating a trapped vacancy out of a defect and a
vacancy (negative values mean that energy is being released):

(6)

where each AH; is the formation enthalpy of the relevant
defect. Each of them is available in the database, including the
vacancy formation enthalpy AHY. The latter is included as the
SV defect with Si or Ge as the “impurity”; in PBE this cor-
responds to 3.6 eV for Si and 2.5 eV for Ge, while for HSE06
values of 4.4 eV for Si and 3.5 eV for Ge are found. This is
in good agreement with known ab initio and experimental
results.” ">+

The next step is to create a set of criteria that reduce the full
screening set to a subset of potentially interesting impurities.
The actual criteria may vary depending on the experimental
situation and in an industrial context may even include
economic constraints.”> As an illustration of the method, the
following criteria were used:

Hpy = AHPY — AHP — AH/

e It should be favorable to form the complex from the
isolated vacancy and the free trap. Additionally, to pre-
vent void formation, trapping by impurities should be
more favorable than trapping by vacancies:

Hpy < min(0, Hyy) (7)

The vacancy—vacancy trapping enthalpies are Hyy

—1.8 ¢V in Si and —0.8 eV in Ge at the PBE level and
—2.2 eVin Si and —1.5 eV in Ge at the HSEO06 level.
Sufficient free traps should be present compared with
vacancies and the complex—the latter as buffer for
changes in vacancy concentration:

AHP < min(AH{, AHPY) (8)
Together with eq 6, this requirement leads to the fol-
lowing condition:

Hpy > _AHfV )
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The latter expresses that the energy released by merging

a defect and a vacancy should not be larger than the
energy needed to create a vacancy. If this were to
happen, then any trapping event would generate more
vacancies, and the trap would not be effective.

Equations 7 and 9 lead to upper and lower bounds for Hpy:
—AHY < Hpy < Hyy. Choosing an element for which Hpy is
maximally negative (ie., close to the lower bound, Hpy =
—AHY) implies by eq 7 that the condition expressed by eq 9 is
only barely met: the number of free traps is not abundant. On
the other hand, choosing an element for which Hpy is close to
the upper bound (Hpy = Hyy) implies that the trapping
strength is small: vacancies can leave the trap to form vacancy
clusters without penalty.

The best candidates are the ones with an optimal trade-off
between the conflicting requirements of a large equilibrium
concentration of free traps and a large trapping strength. For
this a simple exponential average is used, since both the initial
vacancy concentrations and diffusion coefficients vary exponen-
tially within the interval:

v
eftw 4 =AM ]

Hg%t = ln[ 2

(10)
This yields the following intervals and optimal values for PBE:

e for Si: —3.6 eV < Hpy < —1.8 eV; HY = —2.3 eV
AHP < 3.6 eV

e for Ge: —2.5 eV < Hpy < —0.8 eV; HY: = —1.4 eV;
AHP <25 eV

The intervals and optimal values for HSEQ6 are:

o for Si: —4.4 eV < Hpy < —2.2 eV; H = —2.8 eV;
AHP < 44 eV

o for Ge: —3.5 eV < Hpy < —1.5 eV; HIE = —2.0 eV;
AHP < 3.5 eV

The vacancy trapping data for Si are graphically presented
in Figure 4. For the substitutional impurities, the major
elimination of candidates is caused by the criterion for Hgy. The
limitation on AHS leads to the additional elimination of most
alkalis, noble gases, and W. Optimal substitutional traps are the
light elements Li, Mg, F, and Cl as well as the transition metals
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Figure 4. Optimal Hpy regions for (a) S and (b) T traps and formation enthalpies of the free (c) S and (d) T traps for Si. Contours were created by
interpolating enthalpic data points at the center of each element’s box. Dashed purple lines represent HyY;, while areas outside of the optimal interval

have been darkened.
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Figure S. Optimal double-trapping regions with the PBE functional for (a) Si and (b) Ge and with the HSE06 functional for (c) Si and (d) Ge. Here

the contours represent AHf —

more prevalent, i.e, where AHf — AH; is negative.

AH, and all areas excluded in Figure 4 have been darkened. Double trapping is most likely when the first free trap is

Ti, V, Nb, W, Pt, Pd—In, and TI and the p-block elements S,
Se, Te, and Bi. For the T interstitial impurities, the limita-
tion on Hpy leaves only most transition metals, some light
(earth)alkalis, and F—Ar. Ar is the only element that is
additionally eliminated on the basis of the AHF criterion. The
surviving optimal interstitial traps are the light elements Na
and Be (both only marginally optimal) and the transition
metals Cr, Mo—Pd, and perhaps Ni, as well as F and to a
lesser extent also Ne—Ar. When the experimental symmetry-
broken defect configurations are explicitly simulated, a sig-
nificantly lower formation enthalpy AHY is found, which may
greatly increase the number of free traps in this case and
outweigh their suboptimal trapping behavior. However, the
explicit trapping enthalpy for these positions was not cal-
culated. It is also possible that more complex configurations
come into flay, including the mutual interaction of O and N
impurities.

Looking at the cross sections of the HYy lines and the
overlap of the allowed intervals enables a search for possible
double traps. This is illustrated for Si in Figure Sa, where
all four allowed PBE intervals from Figure 4 are combined.
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The combined PBE results for Ge are shown in Figure Sb,
while the HSE06 equivalents for Si and Ge can be found in
Figure Sc,d, respectively. In each case, the enthalpy contours
now represent AH{ — AH;. Elements for which the latter value
is negative (and therefore fall simultaneously in both allowed
intervals) that are also near a crossing of the Hg{ and HY¥; lines
are promising candidates for double traps. With PBE these are
Li—Be, Nb—Mo, Pd, and F for Si. For Ge, only Li—Be and F
survive, but the only remaining transition metals, Pd and Mn,
represent a similar region to the one found for Si. In the case of
HSE06, minor changes take place. The double-trapping regions
contract for Si and slightly expand for Ge, with minor shifts of
the optimal-value curves occurring in both cases. The reason for
this difference in behavior is actually a flat trapping enthalpy
surface in the V—Cr region. This causes these elements to be
excluded for Si while there is actually an expansion of the
optimal region toward the bottom-left of the periodic table, a
consequence of increased enthalpy differences between posi-
tions in HSE06. Despite these changes, however, the optimal
choices largely stay the same. This is the case because the
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Figure 6. Optimal double-trapping regions at the melting temperature with the PBE functional for (a) Si and (b) Ge and with the HSE06 functional
for (c) Si and (d) Ge. Here the contours represent AGf — AG{, and all areas excluded in Figure 4 have been darkened. Double trapping is most
likely when the first free trap is more prevalent, i.e, where AGf — AG is negative.

formation enthalpy of the vacancy shifts both Hpy and the
boundaries in the same direction, with further cancellation of
enthalpic changes in the remaining terms of eq 6. In the case of
Si, the cross sections for Li—Be and F remain largely identical,
while in the transition metal region the cross sections shift
toward Nb from Mo, including Ti, and toward Ag from Pd. The
behavior for Ge is similar, with Nb and Ag also entering the
double-trapping region. These results suggest that while HSE06
may cause a minor shift in the final results, it is still recom-
mended to perform initial screening with PBE followed by local
exploration of good candidates and their surroundings using
HSEQ6. In this way computational resources can be saved
during the PBE screening phase and reinvested in higher-
accuracy HSE06 calculations.

Vacancy Trapping at the Melting Temperature. By
the use of Gibbs free energies of formation, the trapping
enthalpy Hpy can be converted to the trapping Gibbs free
energy Gpy:

Gpy = AGPY — AGP — AGY (11)
Making use of the fact that gp = 1 for D =V, §, and T, this can
be rewritten as

WDV

Gpy = Hpy — kgT ln[ ) = Hpy — kT In(g,,C)

(12)

where C = 1/N is the impurity concentration. This will cause
the trapping enthalpy to increase because C is always smaller
than 1. Similarly, the selection quantities can be replaced by
their Gibbs free energy counterparts,

D'V

AGP = AHP + kT h{i]
&b (13)
which will decrease in value.

The same elimination procedure can now be performed at
the melting temperature and a given concentration C. A typical
defect concentration of 10" ¢cm™ was chosen for Si, which
reduces to an occupancy of 1 in 2 X 107% Si lattice sites. The
same atomic concentration was used for Ge. This causes the
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following change in intervals and optimal values for PBE:
e for Si: —1.0 eV < Hpy < 0 eV; HR = —0.4 eV; AHP <

1.0 eV

o for Ge: —0.6 eV < Hpy < 0 eV; HR = —0.3 eV; AHP <
0.7 eV

The intervals and optimal values for HSEQ6 are:

e for Si: —1.9 eV < Hpy < 0 eV; HR = —0.5 eV; AHP <
19 eV

e for Ge: —1.7 eV < Hpy < 0 eV; HR = —0.5 eV; AHP <
1.7 eV

The resulting double-trapping regions are shown in Figure 6.
Compared to the 0 K results, the optimal regions have
contracted but remain centered around the same areas, albeit
slightly shifted. There is more correspondence between the
PBE and HSEOQ6 results, but there is again a minor shift in the
region with now an expansion in both cases. This is the case
because V and Cr were already excluded from the PBE can-
didates upon addition of the entropic contributions to the
Gibbs free energies. For both Si and Ge, the Li—Mg and F—Cl
regions provide the true cross sections. These regions contain
monovalent impurities that may be able to passivate some of
the dangling bonds. F—V complex formation has been observed
experimentally.*® Transition metal regions remain for Si but are
nearly fully excluded in the case of Ge. Only Fe remains as a
candidate in the HSEQ6 results. Because of the limited change
in the enthalpy surfaces, however, the optimal transition metals
at 0 K remain the best suboptimal choices in this region. For Si,
Nb—Zr and Ti remain good candidates, with Sc added for PBE.
One can conclude that both temperature and the contribution
of HF exchange cause changes in the screening results but that
these are not as large as one might expect. As a result, the PBE
candidate set offers an acceptable first attempt at discovering
optimal vacancy traps under the described conditions. To
further improve upon the selected candidates, the optimal
regions should be studied in more detail with HSE06 cal-
culations performed with higher precision and vibrational
contributions to the entropy. To obtain a more complete
picture, the same procedure can also be repeated with self-
interstitials. With information on both native defects in hand,
their relative concentrations after Frenkel pair recombination
can be estimated. This is most relevant to tune the defect
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concentrations in or close to regimes where the two exist sim-
ultaneously.

Bl CONCLUSIONS

A database was constructed to study the behavior of 73
impurities at six positions in Si and Ge. Formation enthalpies
and Gibbs free energies at the melting temperature were
determined using both the PBE and HSE06 DFT functionals.
From these results, the lowest-enthalpy positions were derived
for each impurity and found to be in close agreement with
experiment. The most notable PBE result was the occurrence of
an interstitial region for the transition metals in Si that does not
exist for Ge. While this was experimentally known, the current
database suggests that this behavior extends toward heavier
elements for the left upper triangle of the periodic table. The
HSEOQ6 functional shows largely the same behavior but imposes
a higher energetic penalty on the creation of vacancies. This
shifts several impurities from divacancy (BC, SV) to single-
vacancy (S, TV) positions and from single-vacancy positions to
interstitials (T, H). The same behavior occurs in the transition
metal region for Ge, which is not observed experimentally. This
difference may be a side effect of limited numerical precision
but also may imply that other effects, such as charge or con-
figurational or vibrational entropy, may serve to reverse some of
the observed shifts. Temperature dependence was estimated
through configurational entropy, which at the melting temper-
ature makes a sizable contribution to the Gibbs free energy and
is likely underestimated. The vibrational contribution may
provide an additional non-negligible contribution but is out of
scope for a high-throughput study. The configurational entropy
showed that many defects obtained a partial occupancy, usually
by shifting toward their asymmetrical equivalent sites (i, a
vacancy pair rather than S or BC sites). The second part of
the paper illustrated an elimination procedure that screened
candidates for vacancy gettering in a Si or Ge melt. This was
achieved by deriving secondary quantities from the database,
and the effects of both temperature and the functional were
again considered. In both cases, changes in the end result
were fairly limited and several interesting areas of the periodic
table were highlighted. Further research on these candidates has
the potential to yield practical impurities for vacancy gettering
and in this way would provide an industrially relevant quality
boost of Ge wafers. While more detailed studies are surely
needed, this application demonstrates how high-throughput ab
initio screening is capable of not only reproducing experimental
data sets but also expanding them, in this way uncovering
trends that might not be visible from the limited experimental
data. It was also shown that because of the size of the data set,
many secondary properties are inherently present within the
database. As demonstrated, these can be used to easily perform
a secondary screening step that selects candidate impurities for
industrially relevant applications. The entire database, includ-
ing enthalpy data and many additional graphs used during
the selection of candidate vacancy traps as well as defect
geometries, can be found in the Supporting Information. Com-
bining the current database with additional data sets, such as
charge states, vibrational frequencies, migration barriers, or
optical transition levels, would further expand the discussed
possibilities. This would also enable the use of modern data-
mining techniques, which can uncover complex relations and
trends that go far beyond those that can be directly visually
identified. These types of discoveries would never be possible
experimentally because of the sheer cost, in both time and

982

money, of growing and characterizing the single crystals repre-
senting all of these data points.

B COMPUTATIONAL DETAILS

The database consists of two sets of calculations, both based on
periodic DFT. Their main distinction is the functional used. Relaxed
geometries and initial formation enthalpies were obtained using the
Perdew—Burke—Ernzerhof (PBE) functional.**> These relaxed geo-
metries were then used to perform additional calculations with the
2006 Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional, a
modification of PBE in which a short-range correction of the exchange
interaction using exact exchange from a Hartree—Fock calculation is
applied.*® These calculations were performed sequentially using in-
house automation software Queue Manager, which interfaces with
various popular DFT packages.*®

The starting geometry of the PBE calculations was a direct result of
the choice of the model system. In the case of semiconductor defects,
it was defined by the size of the host supercell. This was chosen such
that the concentration of defects was sufficiently low to minimize the
interaction between periodic copies of the defects. The host cell was
chosen to contain 64 atoms, each of which was allowed to relax to its
minimum-enthalpy position. Tests for a 216-atom cell suggested a 1%
deviation in AHj, which did not affect the trends of interest in this
work. The following paragraphs will discuss the details of the PBE and
HSEO06 calculations.

The PBE calculations were performed using the all-electron
linearized augmented plane wave (LAPW) method as implemented
in the WIEN2k 12.1 software package.*”*® While PBE strongly under-
estimates the band gap for both materials, it is computationally
relatively cheap and provides accurate formation enthalpies.””,*” The
numerical precision of the formation enthalpies AH; was calibrated to
a total error below 0.01 eV per defect cell. Settings for the lower-
symmetry vacancy complexes were adapted to reach an equivalent
precision level. The reciprocal grid for defect cells was chosen to
contain at least 20 k points during relaxation for point defects and 40 k
points for vacancy complexes. Final energy calculations were
performed with a minimal mesh of 50 and 100 k points for point
defects and complexes, respectively. The grid density was automati-
cally raised when convergence issues occurred. Final energies for
impurity reference states were calculated using a minimal k mesh of
8000/N,, k points, where N,, is the number of atoms. Si and Ge host
cells were calculated using 64-atom supercells with identical settings as
the defect calculations to maximize cancellation of errors. Reference
geometries were not relaxed since these were previously optimized
with the same functional using the Vienna Ab Initio Software Package
(VASP).> The basis set size is determined by the K, parameter,
which was kept constant at 3.10 for relaxations and 3.57 for final
energy calculations. To ensure sufficient precision, K., was further
increased to 5.00 for H defects. The input parameter that determines
Ko is called RK,,,, in WIEN2K. It is always set equal to R min Ky
the product of the minimal muffin-tin sphere radius present in the cell
and the desired K,,. Spin polarization was enabled for known
magnetic impurities (Cr, Mn, Fe, Co, and Ni). Spin—orbit coupling
was enabled for heavy impurities starting at Cs. In most cases, R, was
chosen as 1.9 bohr for Si and 2.0 bohr for Ge, with separate reference
states for each. On the basis of the R, reccommended for impurities by
WIEN2K’s init_ lapw, fixed R, values of 2.02 and 2.13 bohr were
chosen for impurities in Si and Ge, respectively. The R values of
period 1 and 2 elements required manual adaptation because of their
small radii. Full details concerning the purpose and implementation of
these settings can be found in the WIEN2k manual.*’

The HSEO06 calculations were performed in VASP 5.3 using the
projector-augmented wave (PAW) method.’*">* This method does
not require explicit calculation of the core electrons, greatly reducing
the required computational time. This is essential because calculating
the HF contribution for even a single k point can lead to a 100-fold
increase in the total calculation time. Therefore, only a static energy
calculation based on the PBE geometry was performed, with no
additional relaxation of the defect cell. Calculating the HF exchange on
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a reduced k mesh inevitably lowers the numerical precision to some
extent. Even with this limitation, the HSE06 functional is able to
significantly alter the formation enthalpy as well as correct the band
gaps of both the Si and Ge host materials. This is significant, especially
for Ge, which has a metallic band structure at the PBE level.**** The
variation of the PBE formation enthalpies throughout the data set is
fairly large (5—10 eV) and is further spread out by the hybrid
functional. This means that the reduced numerical precision in the
HSEO6 case does little to change the trends but can make it difficult to
distinguish between defect sites of similar energy. The PBE con-
tribution was still calculated on a larger grid consisting of 6 X 6 X 6 k
points (20—32 irreducible) for Si and 4 X 4 X 4 k points (10—13
irreducible) for Ge because of the increased computational intensity
resulting from the inclusion of d electrons. Within VASP a plane-wave
basis set is used, the size of which is determined by the cutoff energy
E_.. It was set to 600 eV for impurities from the first two rows of the
periodic table and 400 eV for those from lower rows. The real-space
grid was kept sufficiently dense for all calculations using PREC =
Accurate, while PRECFOCK was kept at Normal. Spin-
polarization was considered for the same elements as in the PBE
calculations. Spin—orbit coupling was not considered, as its effect is
small and its computation is not feasible in combination with HSE06.
Reference states were relaxed using HSEO06, though not to the same
accuracy as for the PBE reference set, which contributes to the larger
error bar mentioned previously. Fully optimized geometries will be
published at a later date. Energies were calculated with an E,
matching that of the defect cells and a 12 X 12 X 12 PBE k mesh,
which was reduced to 6 X 6 X 6 for the HF contribution, making the
numerical error for the reference states negligible.
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