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What can we learn from defect calculations?

2

• We can learn about the defect chemistry, which is important in applications such as: 
thermoelectric, photovoltaic, etc. 


• First-principles defect calculations are now mature, are routinely done and provides useful 
insights 
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First-principles calculation of intrinsic defect chemistry and
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Semiconductor dopability is inherently limited by intrinsic defect chemistry. In many thermoelectric materials, narrow band gaps
due to strong spin–orbit interactions make accurate atomic level predictions of intrinsic defect chemistry and self-doping
computationally challenging. Here we use different levels of theory to model point defects in PbTe, and compare and contrast the
results against each other and a large body of experimental data. We find that to accurately reproduce the intrinsic defect chemistry
and known self-doping behavior of PbTe, it is essential to (a) go beyond the semi-local GGA approximation to density functional
theory, (b) include spin–orbit coupling, and (c) utilize many-body GW theory to describe the positions of individual band edges. The
hybrid HSE functional with spin–orbit coupling included, in combination with the band edge shifts from G0W0 is the only approach
that accurately captures both the intrinsic conductivity type of PbTe as function of synthesis conditions as well as the measured
charge carrier concentrations, without the need for experimental inputs. Our results reaffirm the critical role of the position of
individual band edges in defect calculations, and demonstrate that dopability can be accurately predicted in such challenging
narrow band gap materials.
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INTRODUCTION
The dopability of semiconductor materials plays a decisive role in
device performance. Dopability refers to the carrier concentration
limits achievable in a semiconductor material. These limits are set
by the compensating intrinsic (or native) defects and the solubility
of extrinsic dopants. The computational prediction of dopability
has a multi-decade history in microelectronic and optoelectronic
materials (e.g. III–V compounds,1 transparent conducting oxi-
des2,3). Successful computational prediction of dopability has
been enabled by the accurate description of native defect
chemistry, their formation energies and the absolute position of
band edges in these materials.4,5

In thermoelectric materials, computationally guided search for
new materials continues to be a strong research focus.6–11 In order
to realize the full potential of these materials and to guide the
search, accurate predictions of dopability is crucial.12,13 However,
atomic level understanding of native defects in many thermo-
electric materials is very challenging due to the presence of heavy
elements with strong spin–orbit coupling (SOC). Spin–orbit
coupling shifts the band edge positions and significantly reduces
the magnitude of the band gap. Describing defect chemistry and
dopability in narrow band gap systems such as PbTe is
challenging, because small uncertainties in the defect formation
energies as well as in the position of the band edges can have
strong implication towards predictions of the intrinsic defect
conductivity type (n or p), and defect and carrier concentrations.
Figure 1 shows a sketch of the formation energy of donor and
acceptor defects for a model system with a narrow band gap of
0.2 eV. Error of about 0.3–0.4 eV in the band edge positions (gray
boxes) leads to qualitatively distinct conclusions concerning the
dopability. In case (a), the system is hard to extrinsically dope p-

type due to compensation from native donor defects (‘killer’
donors). In contrast, predicting case (b) would indicate a highly
extrinsically p or n-type dopable system, and case (c) suggests a
system with ‘killer’ native acceptors that limits n-type doping.
Consistent with the challenge presented in Fig. 1, the literature

in thermoelectric materials often shows qualitatively different
results.14–18 Here, we consider PbTe a well studied material with
strong spin–orbit coupling, to demonstrate the challenges posed
in first-principles based density functional theory (DFT) calcula-
tions aimed at bulk properties,19–25 and intrinsic defects.14,15,26–28

The DFT calculations employing the local density approximation
(LDA)29 or the generalized gradient approximation (GGA)30 for
exchange correlation provide only a qualitative description of the
electronic structure of PbTe. For example, the calculated band gap
of PbTe with LDA and GGA is ~0.8 eV,22,23 compared to the
experimental value of 0.19 eV at 4.2 K.31 On the other hand,
inclusion of SOC reduces the band gap to nearly zero (−0.01–0.09
eV).22,23 Issues with the PbTe electronic structure have been
addressed22,24 by using SOC on higher accuracy methods that go
beyond the semilocal approximations, such as hybrid func-
tionals,32 or the GW approach.33

However, in the context of defect calculations, point defects in
PbTe have only been modeled using GGA14,26 or GGA +
SOC.15,27,28 Bajaj et al.,14 calculated the formation energies of
native point defects using GGA, and estimated the equilibrium
position of the Fermi energy and the resulting concentrations of
free carriers by scaling the GGA band gap (0.82 eV) to match the
experimental value. Interestingly, the authors14 found good
agreement between their predicted and experimentally-
measured carrier concentrations even without taking SOC into
account in their defect calculations. In another study, Wang
et al.,15 performed defect calculations with GGA functional,
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ABSTRACT: The rise of high-throughput calculations has
accelerated the discovery of promising classes of thermoelectric
materials. In prior work, we identified the n-type Zintl pnictides
as one such material class. To date, however, a lack of detailed
defect calculations and chemical intuition has led the
community to investigate p-type Zintls almost exclusively.
Here, we investigate the synthesis, thermoelectric properties,
and defect structure of the complex Zintl KGaSb4. We find that
KGaSb4 is successfully doped n-type with Ba and has the
potential for p-type doping with Zn. Our calculations reveal the
fundamental defect structure in KGaSb4 that enables n-type and p-type doping. We find that Ba doped KGaSb4 exhibits high
electronic mobility (∼50 cm2V−1s−1) and near minimum lattice thermal conductivity (<0.5 Wm−1K−1) at 400 °C. Samples doped
with 1.5% Ba achieve zT > 0.9 at 400 °C, promising for a previously unstudied material. We also briefly investigate the series of
alloys between KGaSb4 and KAlSb4, finding that a full solid solution exists. Altogether our work reinforces motivation for the
exploration of n-type Zintl materials, especially in tandem with high-throughput defect calculations to inform selection of
effective dopants and systems amenable to n-type transport.

■ INTRODUCTION

The discovery of new materials with a high thermoelectric
figure of merit zT would represent a great addition to the global
energy portfolio.1−3 Historically, however, the pursuit of new
thermoelectric materials has been driven by experimental work
and chemical intuition. Recent years have seen the integration
of high-throughput computation to aid the discovery of new
material classes and novel thermoelectric materials.4−9 For
example, we have previously developed a metric for quantifying
the thermoelectric potential of a material based on the quality
factor β.10 Our metric can be evaluated directly from first-
principles calculations and semiempirical models in a computa-
tionally tractable, high-throughput fashion.9

However, the mere discovery of new materials is insufficient
to develop practical thermoelectric devices. The application of a
new system depends critically on its ability to be optimized and
doped. Doping, in particular, poses a significant challenge to the
thermoelectric community, as the transport properties entering
zT depend on the carrier concentration in multiple, conflicting
ways. Optimized materials commonly have carrier concen-
trations in the 1019−1020 cm−3 range, which often requires the
intentional doping of intrinsic materials (e.g., PbTe,11 SnS12)
compensated doping in degenerate materials (e.g., SnTe,13

Yb14MnSb11,
14 Cu2Se

15). The identification of successful
dopants is currently dominated by experimental trial-and-
error, a time-consuming and laborious process. Further, the

analysis of successful dopants is relatively simple, leaving results
to be interpreted with chemical intuition alone.
The capabilities of first-principles defect calculations have

increased dramatically in the past 10 years.16,17 Other facets of
material science (e.g., battery research and photovoltaics) have
begun using first-principles defect calculations with resounding
success.18−20 With the onus thermoelectrics places on doping,
the application of defect calculations seems a natural extension.
Accordingly, several instances of first-principles defect calcu-
lations in thermoelectrics have begun to emerge.21,22 Our
ultimate goal is to combine the identification of promising
systems (via β, semiempirical models, and high-throughput
calculations) with high-throughput defect calculations to
accelerate the development of next generation thermoelectrics.
This work, combined with our prior work on KAlSb4,

23

represents our first union of promising material identifica-
tion9,23 with defect calculations to accelerate material develop-
ment.
In our prior work, we performed calculations on 145 Zintl

pnictides (a vetted class of p-type thermoelectric materials,
known for their exceptionally low thermal conductivity).23 We
found that the number of promising n-type Zintls materials
outnumber and possibly outperform the p-type counterparts.
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ABSTRACT: Recently, we and others have proposed screening criteria for
“defect-tolerant” photovoltaic (PV) absorbers, identifying several classes of
semiconducting compounds with electronic structures similar to those of
hybrid lead− halide perovskites. In this work, we reflect on the accuracy and
prospects of these new design criteria through a combined experimental and
theoretical approach. We construct a model to extract photoluminescence
lifetimes of six of these candidate PV absorbers, including four (InI, SbSI,
SbSeI, and BiOI) for which time-resolved photoluminescence has not been
previously reported. The lifetimes of all six candidate materials exceed 1 ns, a
threshold for promising early stage PV device performance. However, there
are variations between these materials, and none achieve lifetimes as high as
those of the hybrid lead− halide perovskites, suggesting that the heuristics for
defect-tolerant semiconductors are incomplete. We explore this through first-
principles point defect calculations and Shockley−Read−Hall recombination
models to describe the variation between the measured materials. In light of these insights, we discuss the evolution of screening
criteria for defect tolerance and high-performance PV materials.

■ INTRODUCTION
Thin-film polycrystalline photovoltaic (PV) materials offer the
potential for lower-capital intensity manufacturing relative to
crystalline silicon PV, but only if they can achieve high PV
conversion efficiencies in excess of 20%.1,2 Long minority-
carrier lifetimes are necessary to achieve high efficiency, yet to
date, there have been only a few classes of polycrystalline
semiconductors that have demonstrated minority-carrier life-
times in excess of 1 ns.3 Three classes of thin-film PV absorbers
have achieved bulk lifetimes in excess of 100 ns, and they
[Cu(In,Ga)Se2,

4 CdTe,5 and the lead− halide perovskites
(LHPs)6] are also the only polycrystalline thin-film materials
to achieve PV conversion efficiencies in excess of 20%.7

Given the stability8,9 and scalability10,11 challenges for these
leading thin-film materials, it is incumbent upon PV researchers
to continue to screen new materials capable of achieving such
long minority-carrier lifetimes.12,13 While lifetimes of ≥ 100 ns
are considered a benchmark for commercial success, the
available scientific literature suggests that a minority-carrier
lifetime of 1 ns is a good benchmark for early stage PV

materials: it allows power conversion efficiencies on the order
of 10% in materials with strong optical absorption and suggests
the potential for further improvements.3 Including InP and
other III−V materials, as well as the Cu2ZnSn(S,Se)4 family of
materials14 in addition to CIGS, CdTe, and LHPs, there are
several additional classes of thin-film inorganic (or hybrid
organic− inorganic) polycrystalline semiconductors that are
known to exceed this 1 ns threshold.
In prior work, we hypothesized that a promising path to

achieving these long lifetimes is through defect-tolerant
semiconductors,12 building upon a body of work describing
the physical underpinnings of defect tolerance.15− 18 Defect-
tolerant semiconductors are posited to achieve long lifetimes
because their intrinsic point defects (and ideally structural
defects and extrinsic defects, as well) produce relatively slow
electron− hole recombination kinetics. On the basis of a
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1. Introduction

In semiconductor materials, point defects play a vital role in
determining their properties and performance, particularly in
microelectronics [1], optoelectronics [2], and thermoelectrics [3]
related applications. The dominant point defects and their concen-
trations are determined from the defect formation energies, which
can be predicted with reasonable accuracy [4] using first-principles
methods such as density functional theory (DFT). Therefore, com-
putational modeling of point defects is increasingly becoming an
indispensable tool to understand and predict behavior of semicon-
ductors [5–7]. Modern approaches to point defect calculations uses
DFT and are typically based on the supercell approach [6,7]. With
the goal of accelerating the design and discovery of materials by
large-scale deployment of defect calculations, we have developed
a computational framework (Fig. 1) to automate supercell-based
point defect calculations with DFT. Our approach successfully
addresses two main challenges of automating point defect calcula-
tions: (1) generation of defects structures including vacancies, sub-
stitutional defects and interstitials, and (2) application of the
finite-size and band gap corrections.

In the context of structure generation, creating supercells with
vacancies and substitutional defects is relatively straightforward.
In contrast, identifying likely locations of interstitials is much more
challenging because of the large number of interstitialcy sites,

especially in complex, multinary systems. In addition, interstitials
might adopt complex configurations, including the split or dumb-
bell where the interstitial is associated with a off-site lattice atom.
To address these challenges, we have developed an efficient
scheme based on Voronoi tessellation; [8] the scheme considers
corners, edge and face centers of the Voronoi polyhedra as likely
sites for interstitials. We demonstrate that, upon relaxing the
structure, this scheme successfully discovers both the symmetric
and general Wyckoff positions as well as the split interstitial con-
figurations. Our implementation of this scheme is independent of
pymatgen [9] where Voronoi tessellation is also employed. Here
we will discuss the algorithm in detail and validate the Voronoi-
driven approach to identify interstitial sites.

Within the supercell approach to calculate the defect formation
energies, finite-size artifacts need to be removed using carefully
designed correction schemes. We have implemented tools to cal-
culate the following finite-size corrections: (1) potential align-
ment, (2) image-charge correction, and (3) band filling correction
to address Moss-Burstein-type effects. We follow the widely used
and tested approach of Lany and Zunger [10,11] out of the several
others that addresses the same issues [12–16]. However, the auto-
mated framework is highly modular so that other correction
schemes can be easily implemented including computation of
defect formation energies using series of supercell sizes in order
to extrapolate the values to the infinitely large supercell. In addi-
tion, the framework employs fitted elemental-phase reference
energies (FERE) [17,18] to compute elemental chemical potentials,
which have been shown to provide accurate predictions of thermo-
dynamic phase stability.
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related applications. The dominant point defects and their concen-
trations are determined from the defect formation energies, which
can be predicted with reasonable accuracy [4] using first-principles
methods such as density functional theory (DFT). Therefore, com-
putational modeling of point defects is increasingly becoming an
indispensable tool to understand and predict behavior of semicon-
ductors [5–7]. Modern approaches to point defect calculations uses
DFT and are typically based on the supercell approach [6,7]. With
the goal of accelerating the design and discovery of materials by
large-scale deployment of defect calculations, we have developed
a computational framework (Fig. 1) to automate supercell-based
point defect calculations with DFT. Our approach successfully
addresses two main challenges of automating point defect calcula-
tions: (1) generation of defects structures including vacancies, sub-
stitutional defects and interstitials, and (2) application of the
finite-size and band gap corrections.

In the context of structure generation, creating supercells with
vacancies and substitutional defects is relatively straightforward.
In contrast, identifying likely locations of interstitials is much more
challenging because of the large number of interstitialcy sites,

especially in complex, multinary systems. In addition, interstitials
might adopt complex configurations, including the split or dumb-
bell where the interstitial is associated with a off-site lattice atom.
To address these challenges, we have developed an efficient
scheme based on Voronoi tessellation; [8] the scheme considers
corners, edge and face centers of the Voronoi polyhedra as likely
sites for interstitials. We demonstrate that, upon relaxing the
structure, this scheme successfully discovers both the symmetric
and general Wyckoff positions as well as the split interstitial con-
figurations. Our implementation of this scheme is independent of
pymatgen [9] where Voronoi tessellation is also employed. Here
we will discuss the algorithm in detail and validate the Voronoi-
driven approach to identify interstitial sites.

Within the supercell approach to calculate the defect formation
energies, finite-size artifacts need to be removed using carefully
designed correction schemes. We have implemented tools to cal-
culate the following finite-size corrections: (1) potential align-
ment, (2) image-charge correction, and (3) band filling correction
to address Moss-Burstein-type effects. We follow the widely used
and tested approach of Lany and Zunger [10,11] out of the several
others that addresses the same issues [12–16]. However, the auto-
mated framework is highly modular so that other correction
schemes can be easily implemented including computation of
defect formation energies using series of supercell sizes in order
to extrapolate the values to the infinitely large supercell. In addi-
tion, the framework employs fitted elemental-phase reference
energies (FERE) [17,18] to compute elemental chemical potentials,
which have been shown to provide accurate predictions of thermo-
dynamic phase stability.

http://dx.doi.org/10.1016/j.commatsci.2016.12.040
0927-0256/Published by Elsevier B.V.

⇑ Corresponding author at: Colorado School of Mines, Golden, CO 80401, USA.
E-mail addresses: anuj.goyal@nrel.gov (A. Goyal), Vladan.Stevanovic@nrel.gov

(V. Stevanović).
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Why do we need a defect data format and repository?
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• The problem is two fold: 


• No standard data format for sharing defect energetics, requires cumbersome plot 
digitization to grab data


• Partly due to the lack of a shareable data format, a data repository of defect 
calculations is missing that would otherwise be immensely useful

2

Automatize Point Defect Calculations
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A Simple Example of a Defect Diagram: PbTe

4A. Goyal, P. Gorai. E. Toberer, V. Stevanović., npj Comp. Mat. 42 (2017)
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What Should the Defect Data Format Look Like?
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Defect Diagram
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Defect Data Format

Phase Stability

Energy Type Site Charge Label

0.52 V Te 2 V_Te_2

0.86 I Pb 2 I_Pb_2

1.05 Pb Te 1 Pb_Te_1

1.65 V Pb -2 V_Pb_-2

2.36 Te Pb 0 Te_Pb_0

2.77 I Te 1 I_Te_1

Band gap
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Examples of More Complicated Defect Diagrams
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concentration is not well resolved due to the low concentration
of the dopant. EDS results are provided in Table S1.
Intrinsic Transport and Native Defects. Commonly held

intuition within the thermoelectric community dictates that
Zintl compounds are commonly p-type due to the proclivity of
alkali and alkali earth vacancy formation. Experimentally,
however, we find that undoped KGaSb4 exhibits properties
consistent with an intrinsic semiconductor. Figure 3 shows the
high temperature Seebeck coefficient and Hall carrier
concentration measurements for undoped KGaSb4.
Both the high temperature Seebeck coefficient and Hall

carrier concentration demonstrate a strong contribution from
thermally activated bipolar transport. Intrinsic KGaSb4 is a
weakly p-type material until 275 °C, where a sharp transition to
n-type transport is observed. It is important to note that carrier
concentrations are in the 1017cm−3 range for all temperatures.
The curvature of the Hall effect data near the thermal transition
point is formally an artifact of the Hall voltage switching signs
and the breakdown of the single carrier type approximation
within typical Hall analysis.
Despite intuition suggesting that potassium vacancies VK

should be the dominant defect, our experimental results
indicate that either (i) there are compensating defects that
pin the Fermi level in the mid gap region resulting in intrinsic
transport behavior, or (ii) the native defects have high
formation energies. To better understand the defect chemistry
in KGaSb4, we have performed first-principles DFT calculations
to determine the native defect formation enthalpies ΔHD,q.
Figure 4 shows the plot of ΔHD,q as a function of the Fermi
level (EF) for 10 different native defects in KGaSb4 under Sb-
rich conditions. We stress that our computations indicate that
KGaSb4 is stable under a very narrow range of chemical
potentials, such that our calculations are valid over all
experimentally accessible compositions. The native defects
considered include vacancies and antisites (see the Methods
section for computational details). The line slope is equal to the
defect charge state.

In Figure 4, the predominant native defects are the acceptor
VK, the donor SbGa, and neutral GaSb(4), where Sb(4) represents
one of the 4 unique Sb Wyckoff positions in KGaSb4. Unlike
many other Zintls,22 the defect chemistry of KGaSb4 is unique
in that the defect formation enthalpies are rather high;

Figure 2. Representative Rietveld refinement (red) of the KGaSb4
diffraction pattern (black) and associated difference profile (blue).
Reference diffraction pattern (ICSD: 300158) is shown for
comparison. Rietveld indicates that material is >98% phase pure
with a trace amount of KGaSb2. Minor texturing is evident in all
samples.

Figure 3. High temperature Seebeck coefficient (blue) and Hall carrier
concentration (green) measurements on undoped KGaSb4 confirm
intrinsic transport. Bipolar transport strongly contributes to the
functional form of both the Seebeck coefficient and Hall carrier
concentration over all temperatures. Note that carrier concentrations
are <1017 cm−3 over all temperatures; the steep curvature near the
transition at 275 °C is an artifact of the Hall voltage switching sign and
the subsequent calculation of the Hall carrier concentration.

Figure 4. Formation enthalpy ΔHD,q as a function of Fermi level EF for
10 different native defects, including vacancies (e.g., VK) and antisites
(e.g., SbGa) in KGaSb4 under Sb-rich conditions. EF varies from zero
(top of the valence band) to the band gap Eg (0.39 eV). The line slope
is equal to the defect charge state. The defect chemistry is such that
(1) EF is pinned close to the midgap with almost intrinsic charge
carrier concentrations, and (2) the high ΔHD,q of native defects allow
the possibility of introducing effective extrinsic dopants with ΔHD,q
lower than ∼0.3 eV for acceptors (ΔEacc) and ∼0.5 eV for donors
(ΔEdon).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b01217
Chem. Mater. XXXX, XXX, XXX−XXX

D

Defect Chemistry in n-type Zintl KGaSb4

Ortiz et al., Chem. Mater. 29, 4523 (2017)

Defect physics of ZnSiP2

Gorai et al., Energy Enviorn. Sci. 9, 1031 (2016)

This journal is©The Royal Society of Chemistry 2016 Energy Environ. Sci., 2016, 9, 1031--1041 | 1035

Within the single phase region, where ZnSiP2 is stable, there are
three distinct regimes (labeled R1, R2, and R3) with different
lowest DHD,q defect pairs. The dominant DAP’s that set the
Fermi level are SiZn

2+ and SiP
1! in Region 1, PSi

1+ and ZnSi
2! in

Region 2, and SiZn
2+ and ZnSi

2! in Region 3. The Fermi levels (EF)
are indicated by dashed vertical lines in Fig. 4(b).

The ZnSiP2 crystals were grown under Zn-rich, Si-poor, and
P-poor conditions. These growth conditions most likely lie near
the line connecting points 1, 2, and 3, shown in Fig. 4(a).
For this reason, the defect formation enthalpies and their
concentrations were examined at these points which lie in the
corresponding regions R1, R2, and R3, in Fig. 4(a). For the point

Fig. 4 (a) Zn–Si–P phase diagram in chemical potential phase space. The flux growth conditions are Zn rich and are therefore expected to lie in the region
between point 1 and point 3. Also shown is a heat map representing the Fermi level (EF), which ranges from near mid-gap at point 1 to B1.7 eV above the
valence band maximum. R1, R2 and R3 are regions in the chemical potential phase space where different donor–acceptor pairs are dominant. (b) Defect
formation enthalpies (DHD,q) of 7 different point defects (vacancies and antisites) in all possible charge states (q ranging from 4! to 4+) at points 1, 2, and 3
on the phase diagram (a). The Fermi level is shown as a vertical dashed line along with mid-gap which is shown as a vertical dotted line; the relevant defects
which set the Fermi level are labeled in bold. For additional details on all charge states of each point defect see Fig. S1 (ESI†). (c) The density of states (DOS) of
ZnSiP2, without defects, and ZnSiP2 with four key native point defects (SiZn

2+, SiP
1!, PSi

1+, and ZnSi
2!). The associated defect states are shallow and appear as

shoulders of the relevant the band edges; there is no evidence of mid-gap states that could trap carriers and detrimentally affect Voc.

Energy & Environmental Science Paper
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• Definitely more complicated defect diagrams, but they can be reproduced using the same 
minimal defect data format. Check out: Citrine Webpage

https://citrination.com/datasets/155676/show_search


Looking Ahead: Building a Public Repository
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• Test the parser for more complicated defect diagrams


• Once parser is ready, build a public repository on Citrine for sharing defect diagrams 


• Encourage the community to use the data format for sharing - example, supplementary 
data for publication


• Once the repository has a sizable number of materials, use data informatics tools on 
Citrine to tease out trends etc.

Thank you!


