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Enhanced Born charges in III-VII, IV-VII,, and V-VII; compounds
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We report electronic-structure and lattice dynamics calculations on selected III-VII, IV-VIL,, and V-VII4
compounds. The common characteristic of these largely ionic compounds is that their outmost cation-s states
are fully occupied and thus the conduction-band states are derived from the more spatially extended cation-p
states, resulting in significant cross-band-gap hybridization, which enhances Born effective charges substan-
tially. The large Born charges cause large splitting between longitudinal and transverse optic phonon modes
and large static dielectric constants resulting mostly from the lattice contribution. This can lead to effective
screening of defects and impurities that would otherwise be strong carrier traps and recombination centers and

may therefore have positive effects on the carrier transport properties in radiation detectors based on these

soft-lattice halides.
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I. INTRODUCTION

Group III, IV, and V cations can form many compounds
with group VI or VII anions. These cations have both s and p
orbitals in their outmost valence shells, e.g., In has two 5s
and one 5p valence electrons; Pb has two 6s and two 6p
valence electrons, etc. Depending on whether the s orbitals
are occupied or not, these group III, IV, and V cations can
assume multiple oxidation states. For examples, the oxida-
tion states for In are +1 in Inl and +3 in Inl; while different
In in In,I, have valences of +1 and +3. We are interested in
the compounds with group III, IV, and V cations, whose
outmost s orbitals are fully occupied, such as in Inl, Pbl,,
and Bil;. Within the occupied valence bands, the lower-lying
cation-s bands hybridize strongly with the higher-lying
anion-p bands, leading to some peculiar electronic proper-
ties, such as abnormal band-gap order and valence-band off-
set in lead chalcogenides,' negative deformation potential in
both lead chalcogenides' and thallium halides.> More re-
cently, we have shown enhanced Born effective charges in
thallium halides, leading to large splitting between longitu-
dinal and transverse optical phonons (LO and TO) and prox-
imity to ferroelectricity.> The large lattice polarization in
thallium halides results in large static dielectric constants re-
sulting mostly from the lattice contribution.

In this paper, we will generalize our findings in thallium
halides to indium halides, lead halides, and bismuth halides.
The filling of the cation-s band results in the unusual
cation-p character of the conduction band, which is more
delocalized than the conduction band states of many conven-
tional semiconductors, typically of cation-s character if no
transition metal ions are involved. We will show that the
stronger cross-band-gap hybridization between the cation-p
and anion-p bands in these largely ionic halides is respon-
sible for the enhanced Born effective charges* and large
LO-TO splitting, in consistence with the experimentally ob-
served larger static dielectric constants. The cation-p charac-
ter of the conduction band states can also be found in IV-VI
and V,-VI; compounds, many of which have large LO-TO
splitting. Here we will focus on halides due to their large
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band gaps and potential applications in room-temperature ra-
diation detection. The large static dielectric constants (due to
the large lattice polarization) in these halides reduce the car-
rier trapping at impurities and defects, thereby improving the
carrier transport properties. These may play a key role in
radiation detection applications.

Room-temperature radiation detection requires high den-
sity, i.e., composition with large atomic number elements, for
efficient radiation absorption, relatively large band gap
(>1.4 eV) for room-temperature applications, high resistiv-
ity for suppressing dark current and device noise, and large
w7 product (where u and 7 are carrier mobility and lifetime,
respectively). Some halides considered in this study (Inl,
Pbl,, and Bil;) have large atomic numbers, large enough
band gap, high resistivity, and large static dielectric con-
stants. This combination is desired for the room-temperature
radiation detection applications. There has been considerable
interest in investigating Inl, Pbl,, and Bil; for potential ap-
plications in x-ray and y-ray detection.>!!

II. METHODS

We performed density-functional calculations to study the
electronic structure and lattice dynamics of III-VII, IV-VIL,,
and V-VII; compounds. The electronic structures were cal-
culated using projector-augumented wave method, as imple-
mented in the plane-wave-based VASP package.!> The Born
effective charges were calculated using linear response in the
VASP code and the phonon dispersion for Inl was calculated
using the QUANTUM ESPRESSO code'? with norm-conserving
pseudopotentials.  Perdew-Burke-Ernzerhof = exchange-
correlation functionals'* were used in all calculations.

III. RESULTS
A. Indium halides

Inl and InBr crystallize in a base-centered orthorhombic
TII structure (space group 63).!%16 The TII structure is also a
high-temperature phase (>390 K) for InCL'” These com-
pounds have layered structures with every In atom bonded to
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FIG. 1. Band structures of (a) InCl, (b) InBr, and (c) Inl.

five halogen atoms within the layer and to two other In atoms
in the adjacent layer. The band structures of InCl, InBr, and
InI are shown in Fig. 1. The experimental lattice parameters
were used in these calculations, ie., a=4.242 A, b
=1232 A, and c¢=4.689 A (InCl):;"7 a=4242 A, b
=12.32 A, ¢=4.689 A (InBr);!® a=4.763 A, b=12.781 A,
¢=4.909 A (InI).'® As shown in Fig. 1(c), InI has a direct
band gap on the H line (between T and Y points), which
disagrees with previous calculations that show an indirect
band gap.'®!° On the other hand, indirect band gaps can be
seen for InBr and InCl in Figs. 1(b) and 1(a). The valence-
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band maxima (VBM) for InBr and InCl are both at the %*
point while the conduction-band minima (CBM) are on the H
line for InBr and on the 2, line (between X and I points) for
InCl. Our results agree with the optical measurements that
show direct band gap for Inl and indirect band gap for
InBr.?° The calculated band gaps are 1.22 eV (InI), 1.22 eV
(InBr), and 1.44 eV (InCl), compared to the measured band
gaps of 2.02 eV (Inl) (Ref. 21) and 2.13 eV (InBr).?> The
underestimation of the calculated band gaps is the common
problem for the density-functional calculations.

As can be seen from Fig. 1, the band structures of the
three indium halides are quite similar. The bands between —6
to —4 eV with respective to VBM are mostly derived from
the In Ss states while the bands between —4 to 0 eV have
mostly halogen p character. There is strong hybridization be-
tween the In 5s and halogen p states as shown by the pro-
jected density of states (DOS) shown in Fig. 2. Such hybrid-
ization is enhanced when the halogen changes from I to Br
and Cl, as evidenced by the increasing In s component in the
DOS near the VBM (see Fig. 2). This causes small change in
band gaps going from Inl to InBr and InCl since the lowering
of the outmost p bands of the more electronegative halogen
is largely prevented by the repulsion from the In 5s bands.
The valence band maxima at the 2 and S points and on the
H line are close in energy in indium halides. Their relative
positions are sensitive to the symmetry-dependent hybridiza-
tion between the In 5s and halogen p bands.

Significant cross-band-gap hybridization between the In p
and halogen p states can also be seen in Fig. 2, suggesting
some covalent character in these largely ionic compounds.
The presence of covalent character in the mostly ionic bond-
ing network has important consequences in lattice dynamics
because the displacement of the positive charge center will
cause the electron transfer in the opposite direction.* This
effect enhances the lattice polarization, as has been discussed
in ferroelectric oxides, such as PbTiO5.4*> We will dem-
onstrate below that the same mechanism also gives rise to
large Born effective charges and large LO-TO splitting in
these indium halides.

Figure 3 shows the phonon dispersions for Inl. The pho-
non energy scale is low, with a maximum frequency just over
100 cm™!, consistent with InI’s soft lattice as evidenced by
its low melting temperature of 360 °C. Since the crystal is
biaxial, three LO and three TO modes are identified corre-
sponding to three principal crystallographic axes. The three
calculated LO modes are 99.7 (along a axis), 102.7 (b axis),
and 92.6 (c axis) cm™!, and the three calculated TO modes
are 50.5 (a axis), 56.4 (b axis), and 40.8 (¢ axis) cm™..
Infrared®® (IR) and resonant Raman scattering?’ experiments
reported LO modes of 106 and 111 cm™, respectively. The
IR measurements also show a TO mode of 58 cm™'.2® How-
ever, the phonon anisotropy has not been resolved experi-
mentally. Besides the three IR active optical phonon modes,
there are six Raman modes, which are calculated to be 22.9,
34.2, 504, 62.2, 66.0, and 81.5 cm™!, compared well to the
measured Raman modes of 26.6, 42.8, 57.1, 68.3, 72.3,
86.7 ¢cm™'.26 The large LO-TO splitting results from large
Born effective charges, which measure how lattice polariza-
tion develops with atomic displacement. The calculated Born
effective charges for In and I ions (see Table I) are nearly 2.5
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FIG. 2. (Color online) Projected density of states for (a) InCl,
(b) InBr, and (c) Inl. Note the cross-band-gap hybridization be-
tween the halogen p bands and the nominally unoccupied In 5p
bands.

times larger than their nominal ionic charges (In: +1 and I:
—1). This is due to the cross-band-gap hybridization between
the T p and the spatially extended In p states (as can be seen
in Fig. 2). Similarly, the calculated Born effective charges for
InBr and InCl are also substantially larger than their nominal
ionic charges as shown in Table I. The anomalously large
Born effective charges reflect significantly enhanced dy-
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FIG. 3. (Color online) Phonon dispersion for Inl. LO and TO
phonons are indicated by red circles and blue squares, respectively.

namic coupling between atomic displacement and polariza-
tion.

The calculated large Born charges for indium halides
should correspond to large lattice polarization and hence
large static dielectric constants. The calculated high-
frequency dielectric constants are &} =8.5, £2=9.1, &7
=10.0 (Inl) and &}*=6.5, £¥Y=7.4, £2=8.1 (InBr). These
numbers may be overestimated due to the artificially small
band gap from the calculation. The isotropic high-frequency
(e.,) and static (g,) dielectric constants have been deduced as
7.7 and 25.7, respectively, for Inl, and 6.5 and 34.7, respec-
tively, for InBr, from the analysis of the IR reflection spectra
by Clayman et al.?® Clearly, the lattice contribution out-
weighs the electronic part by a substantial amount in the
static dielectric constants of Inl and InBr, consistent with our
results of large Born charges and large LO-TO splittings.

B. Pbl, and Bil;

Similar to the III-VII compounds discussed above and in
our previous publication on TI halides,? IV-VII, and V-VII,
compounds also have their outmost cation-s states fully oc-
cupied. Thus, their conduction-band states are derived from
spatially more extended cation-p orbitals, leading to signifi-

TABLE 1. Born effective charges (Z*) for Inl, InBr, InCl, Pbl,,
and Bil;. Note the nominal ionic charges are +1 for In, +2 for Pb,
+3 for Bi, and —1 for all halogens. The Born charge for I in Bil; is
not shown. It is a tensor involving nondiagonal elements.

Wave-vector direction a b c

Z" (InI) 2.4 (In) 2.5 (In) 2.5 (In)
2.4 (I) -2.5 (1) -2.5 (1)

Z* (InBr) 2.1 (In) 2.4 (In) 2.4 (In)
-2.1 (Br) -2.4 (Br) -2.4 (Br)

Z* (InCl) 1.8 (In) 2.3 (In) 2.2 (In)
-1.8 (C1 -2.3 (Cl) -2.2 (Q1)

Z" (Pbl,) 4.0 (Pb) 4.0 (Pb) 1.92 (Pb)
-2.0 (I) -2.0(I) -0.96 (I)

Z" (Bily) 5.2 (Bi) 5.2 (Bi) 2.8 (Bi)
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cant cross-band-gap hybridization and enhanced Born effec-
tive charges. Here we will discuss two representative IV-VI,
and V-VI; compounds, i.e., Pbl, and Bils, both of which are
promising x-ray and y-ray detectors.

Pbl, crystallizes in a hexagonal CdI, structure (space
group 164) with lattice constants: a=4.5580, b=4.5580, and
c=6.986 A28 Bil; crystallizes in a thombohedral structure
(space group 148) with lattice constants: a=7.516, b=7.516,
and ¢=20.72 A2 Both compounds have layered structure
with significant anisotropy between the directions parallel
and perpendicular to the ¢ axis. We have calculated the Born
charges in these two iodides using their experimental lattice
constants. As shown in Table I, abnormally large Born
charges in the ab plane are found, while the Born charges
along the ¢ axis are normal, close to their nominal ionic
charges. These results suggest that there is enhanced in-plane
lattice polarization that should be substantially larger than
the out-of-plane lattice polarization. The measurements of IR
reflectivity spectra show that, for Pbl,, there is an in-plane
static dielectric constant g, (E 1 ¢)=26.4 (lattice contribu-
tion is 20.3),° much larger than the out-of-plane &, (Ellc)
=6.5.3! Similarly, very large difference between the in-plane
and out-of-plane static dielectric constants for Bil; [g
(E Lc)=54, g, (Ellc)=8.6] has been reported.’* Again, the
lattice contribution dominates the in-plane dielectric constant
since the high-frequency dielectric constants are small, i.e.,
£, (ELc)=7.1, g, (Ellc)=6.4.3% These experimental results
are consistent with our calculated large Born effective
charges for Pbl, and Bil;.

IV. DISCUSSION

As discussed above, the enhanced Born charges as a result
of the cross-band-gap hybridization in the largely ionic ha-
lides studied in this paper may be related to the delocalized
cation-p character of the CBM states. To gain more insight,
we have also calculated Born charges for Hgl,, which has the
normal cation-s character for the conduction band. The cal-
culated Born charges for Hg are +2.8 (in-plane) and +2.3
(out-of-plane), compared to the nominal ionic charge of +2.
Apparently, the enhancement of Born charges for Hgl, is
much smaller than the typical enhancement found in the III-
VII, IV-VII,, and V-VII; compounds as shown in Table I. As
a result, the static dielectric constant for Hgl, is only 8.8.3*

Similar Born charge enhancement has been found in
many ferroelectric oxides. In general, ferroelectricity is gov-
erned by a balance between the long-range Coulomb inter-
actions and the short-range close-shell repulsion between
ions. The former favors ferroelectricity while the latter does
not. In oxides, the divalent anions have twice the nominal
charge of halogen ions and therefore on average the cations
have twice larger charges as well. This leads to larger Cou-
lomb interactions. Thus, in oxides, ferroelectricity is often
seen, while the halides are rarely ferroelectric, but nonethe-
less as discussed above can have enhanced Born charges
leading to useful enhancement of the dielectric screening.

ITonic and soft-lattice compounds often have inferior trans-
port properties, such as low carrier mobilities, compared to
covalent semiconducting compounds. The enhanced Born
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charges and the resulted large static dielectric constants are
more effective in screening the charged impurities and
defects,® which may be carrier traps and recombination cen-
ters. Thus, the significant Born charge enhancement may im-
prove the carrier mobility and lifetime, which are important
parameters for the semiconductor radiation detectors.

The carrier transport is also strongly influenced by the
defect properties. A combination of the effective dielectric
screening and benign electric properties of the defects may
result in surprisingly good w7 products. For examples, the
w7 products for both electrons and holes in TIBr (Refs.
35-39) are comparable to that in CdTe (in the orders of
1073 ¢cm?/V for electrons and 107 cm?/V for holes) de-
spite the fact that TIBr is a soft-lattice ionic compound,
which is usually prone to the defect formation and has a low
mobility. This may be explained by the combination of the
large static dielectric constant of TIBr (as a result of large
Born charges)® and the theoretical results that show that the
native defects in TIBr do not induce deep electron trapping
levels in the band gap.*

It should be noted that the reported w7 products for Inl,>¢
Pbl,, and Bil; (Refs. 7, 10, and 34) are generally smaller
than that of TIBr.>-* This points to the need for further
defect studies in these materials in order to better understand
the transport properties and the performance of these mate-
rials as radiation detectors. The w7 products of these materi-
als may improve substantially in the future through better
defect and impurity management. But it is possible that the
layered structures of Inl, Pbl,, and Bil; are more prone to the
formation of defects as opposed to the simple cubic structure
of TIBr. The layered structure also causes anisotropy in pho-
non scattering and dielectric screening. Among all the ha-
lides studied in this paper, indium halides have much stron-
ger interlayer bonding than Pbl, and Bil;. Taking Inl as an
example, the interlayer In-In bond length is 3.57 A, not
much longer than the intralayer In-I bond lengths of 3.25 and
3.46 A. For comparison, the interlayer I-I distance in Pbl, is
4.15 A, substantially longer than the intralayer Pb-I bond
length of 3.24 A. Similarly, the interlayer I-I distance in Bils
is about 4.1 A, also much longer than the intralayer Bi-I
bond length of about 3.1 A. Also, the phonon anisotropy in
InI is small as discussed in Sec. III A and consequently the
anisotropy in Born charges and static dielectric constant is
also small in contrast to Pbl, and Bils.

V. SUMMARY

We have calculated the electronic structure and lattice dy-
namics of several III-VII, IV-VIL,, and V-VII; compounds,
many of which have been investigated for potential room-
temperature radiation detection applications due to their
large atomic numbers, suitable band gaps, and high resistiv-
ity. The results show that the Born effective charges of these
compounds are substantially larger than the nominal ionic
charges, which are consistent with the large LO-TO splitting
that we find in these compounds. The common characteristic
of these largely ionic compounds is that the outmost cation-s
states are occupied, resulting in the CBM states being de-
rived from the spatially more extended cation-p states. This
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causes enhanced cross-band-gap hybridization between the
cation-p and the halogen-p states, leading to enhanced Born
charges. This is the same mechanism as in many ferroelectric
oxides. Here the large Born effective charges provide an ex-
planation of the large static dielectric constants that are ob-
served experimentally in these compounds. The large dielec-
tric constant provides more effective screening of the
charged impurities and defects, thereby improving the carrier
transport properties, which are important to the semiconduc-
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tor radiation detectors. This study provides important in-
sights to the performance of radiation detectors based on the
soft-lattice semiconductor compounds with enhanced Born
effective charges.
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