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Low temperature photoluminescence

3
can play the role of both the radiative and nonradiative cen-
ters. Since the energy gap in GaNAs significantly varies with
the local alloy content, it is expected that the binding energy
for the same deep acceptorlike !donorlike" centers !the same
from the structural viewpoint" can largely change from place
to place due to various nearest-neighbor environments of
these centers. As a result, almost continuous distribution of
the sharp PL lines is observed in our !-PL spectra as seen in
Fig. 2. In addition to the sharp exciton lines associated with
the deep acceptor- and donorlike centers, alloy fluctuations
can also lead to localized emission from GaNAs. Such a
scenario is often proposed for GaInNAs alloys due to the
large miscibility gap in this alloy.7 The results presented
there show that the source of localized emission can also be
deep acceptor- and donorlike centers.

Figure 4 shows the temperature dependence of PR spec-
tra. The energies of LH and HH transitions extracted from

those spectra11 are plotted in Fig. 5, comparing the PL peak
energy for the two excitation densities. At low temperatures,
the well known S-shape behavior of the PL peak position
related to the localized emission is observed. Note that the
peak of the envelope of the PL band depends strongly on the
excitation power as seen in Fig. 1!b". Therefore, various
Stokes shifts can be observed for GaNAs layers and quantum
wells depending on the excitation conditions.

In conclusion, emission bands associated with the re-
combination of photogenerated carriers through the localized
and delocalized states in GaNAs have been resolved in !-PL
spectra. The PL band attributed to the recombination of lo-
calized excitons was composed of individual sharp PL lines.
The temperature dependence of these lines suggested that the
deep acceptor and/or donorlike complexes can be the origin
of the exciton localization at low temperatures and the non-
radiative recombination at temperatures higher than 50 K.
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#LH=#HH=230 K.

FIG. 3. Temperature dependence of !-PL spectra measured at the excitation
powers of !a" 1 !W and !b" 10 !W.
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FWHM ~ 50 meV
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purity background doping level and a similar in- 
crease in mobility with increasing growth tempera- 
ture as shown in Fig. 2 is observed for all investi- 
gated arsenic sources. This temperature-dependent 
incorporation behavior points to sulfur as the main 
residual donor impurity in our (Gain)As layers while 
a possible weak silicon impurity is rather negligible. 
This is confirmed by SIMS measurements, where 
sulfur is detected with [S] = 1015 cm -3 (silicon be- 
low the sensitivity limit), for a growth temperature of 
590°C and V / I I I  = 5. From these experiments there 
is no evidence for additional shallow donors or 
acceptors in the investigated layers. 

3.4. Optical properties 

A comparison of the PL characteristics of the 
(Gain)As layers grown by using the different arsenic 
sources is summarized in Fig. 3 (TBAs full line, 
DitBAsH dotted line, DEtBAs dashed line). In the 
case of DEtBAs non-radiative deep centers, probably 
due to the halogen impurities from the synthesis 
route as discussed above, are present. The incorpora- 
tion of deep centers for the MOVPE growth using 
DEtBAs is similar to the (AlGa)As material system 
as published earlier [12]. 

For TBAs and DitBAsH grown epitaxial layers, 
however, the luminescence is dominated by exciton 
correlated recombination with linewidths down to 
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Fig. 2. Mobility (left) and carrier concentration (right) at 77 K as a 
function of growth temperature for (Galn)As epitaxial layers using 
different As sources. A similar behavior for all As sources is 
observed. 
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Fig. 3. Low temperature luminescence spectra of (Gain)As bulk 
layers grown by using different As sources as indicated in the 
inset• The spectrum of the layer grown by using DEtBAs is 
magnified by a factor of 200. 

2.7 meV (FWHM). For these optimized structures 
the PL efficiency at 300 K is comparable to AsH 3- 
grown (Gain)As. These results indicate the high 
crystalline perfection of these epitaxial layers also 
with respect to minority carrier properties. 

3.5. Device results 

While for TBAs already several device-related 
studies have been published [13-15] the potential of 
the novel arsenic source DitBAsH has been investi- 
gated by growing an InP/(GaIn)As/InP-pin-detec- 
tot structure. About 500 planar pin-diodes of 55 /~m 
diameter from a 9 m m×  13 mm test-field from the 
middle part of a 2 inch wafer have been processed. 
High composition and thickness homogeneity over 
the entire 2 inch wafer area is giving evidence of the 
high perfection. The composition homogeneity 
amounts to A a / a =  _+5 x 10 - 4  o v e r  the 2 inch 
wafer. These results are confirmed by a device yield 
of above 95% with dark currents ranging between 
0.5 and 1.5 nA at - 5  V reverse bias. Details of 
these results are published elsewhere [8]. 

4. Summary 

In conclusion, high quality (Gain)As epitaxial 
layers with respect to structural, electrical and optical 

FWHM ~ 3 meV

J. Cryst. Growth 170, 155 (1997)

Appl. Phys. Lett. 94, 011907 (2009)
Ga1-xInxAs GaNxAs1-x GaBixAs1-x

Inhomogeneous broadening: intrinsic or extrinsic?
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Unfolding the first-principle band structure
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FIG. 1. Relation between k-mesh in the reciprocal space for a square primitive lattice (a) and that for a 3 × 2 supercell (b). The first BZ is
outlined on both panels. The overlay of both patterns is shown on the panel (c). The overlapped points form a subgroup ofK that represents
the Bloch wave vector k. There is a total of 6 subgroups (3× 2), which indicates that eachK-point in the supercell bears information about 6
k-points of the primitive basis.

of a primitive cell as originally introduced by Popescu and
Zunger [2, 10]. Here we briefly review the basics of this
method.
The PW expansion alone

Ψn,K(r) =
∑

G

Cn,K(G) ei(K+G)·r (1)

or its combination with a local basis set (such as augmented
plane-waves) is a popular choice for representing wave func-
tions in periodic solids. Here n refers to a particular eigenstate
(band index),K is the wave vector within the first BZ and C
are expansion coefficients. The summation runs over a set
ofK-points repeated with periodicity of the reciprocal lattice
vectors G1, G2 and G3. The plane wave cut-off Gmax de-
termines the range of the summation and, therefore, the com-
pleteness of the basis set. The general form of expansion (1)
is identical irrespective of whether a supercell or a primitive
cell basis is used. We will employ upper-case and lower-case
notations in order to distinguish between these two cases, re-
spectively.
Figure 1 (a,b) illustrates the reciprocal space mesh in two

dimensions for a primitive cubic lattice and its supercell of
the size 3 × 2. Each point on this mesh is associated with
an individual PW, and can be assigned a relative “weight”
of |Cn,K(G)|2. When the two meshes corresponding to the
primitive cell and supercell overlay as shown in Fig. 1(c), it
is possible to match the supercell K and the primitive Bloch
wave k PW expansion coefficients

Cn,K(G) → cn,k(g) (2)

at the points which fulfill

K+G = k+ g . (3)

As can be seen in Fig. 1(c), any K-point transforms into
N1N2N3 k-points in the first primitive BZ under the transla-
tion

k = K+m1G1 +m2G2 +m3G3 (4)

with mi = 0, 1, . . .Ni − 1 that extends up to the scaling fac-
tor Ni used when constructing the supercell along i’s axis.
This generates a multitude of “unfolded” Bloch wave vectors,
each with its own subgroup of the PW expansion coefficients
Cn,K(k + g). Thus, the individual “weights” of unfolded k-
points are expressed in terms of the PW coefficients which
belong to the subgroup of k

wn(k) =
∑

g

|Cn,K(k+ g)|2 . (5)

Note that the subgroups are formed by the translation vec-
tors g, notG. In order to facilitate the mapping, the supercell
needs to be generated by translation of the primitive cell along
its lattice vectors in real space, which implies a simple rela-
tion between the reciprocal lattice vectors gi = miGi. If
latter is not the case, an additional coordinate transformation
(miGi → gi) is required for the resultant wave vectors k
given by Eq. (4).

III. APPLICATIONS

A. Dilute GaP:N

Group III-V dilute nitride semiconductors continue to be
in the focus since the 1990’s as a material system for long-
wavelength telecommunication and photovoltaic applications
[14, 15]. In spite of the fact that nitrides (GaN and AlN) are
wide-bandgap semiconductors, addition of a small fraction of
nitrogen (a few percent) in the host III-V semiconductors, e.g.
GaAs, results in a drastic reduction of their energy gap. This
narrowing of the band gap is attributed to an anticrossing be-
tween extended states of the host conduction band and the lo-
calized nitrogen resonant states [16].
Ga(NP) was a progenitor of modern dilute nitrides [17]. It

was shown that nitrogen and its complexes behave in GaP
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in the focus since the 1990’s as a material system for long-
wavelength telecommunication and photovoltaic applications
[14, 15]. In spite of the fact that nitrides (GaN and AlN) are
wide-bandgap semiconductors, addition of a small fraction of
nitrogen (a few percent) in the host III-V semiconductors, e.g.
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Figure 9: Folded (a) and e↵ective (b, c) band structure of 250-atoms supercell unfolded to
the primitive Brillouin zone: pure Si (a, b) and random Si0.7Ge0.3 alloy (d). The Bloch
character in Si0.7Ge0.3 alloy is well preserved at the top of the valence band (VBE), whereas
the electronic states at the bottom of the conduction band (CBE) are more disordered. The
bottom row illustrates Si175Ge75 supercell (d) and the Kohn-Sham orbitals | n,K(r)|2 that
correspond to the top of the valence band (e) and the bottom of the conduction band (f).
The structure and isosurface plots were created with the help of the ABINIT cut3d utility
and VESTA 3 package [150].

elements.

6. On-going developments

6.1. Interpolation technique for BSE

An accurate description of dielectric properties within the BSE formalism
presented in Sec. 3.5.1 usually requires the sampling of a large number of k-
points in the Brillouin Zone. The large computational cost associated to this
dense sampling renders well-converged BSE calculations prohibitive. This is
especially true when derived properties e.g. Raman spectra are wanted [76].

Di↵erent numerical techniques have been proposed in the literature to im-
prove the convergence rate. For example, Rohlfing & Louie [151] developed a
double-grid technique in which the matrix elements of the BSE Hamiltonian
evaluated on a coarse grid are then interpolated towards a denser grid. This
scheme accelerates the convergence of the dielectric function with a computa-
tional cost that is significantly reduced with respect to a full calculation. In
the spirit of this technique, we have generalized the Rohlfing & Louie approach

46

L X

2.0

1.0

0.0

1.0

2.0

3.0

4.0

Wave vector

E
ne

rg
y 

(e
V

)

0

0.2

0.4

0.6

0.8

1

S
pe

ct
ra

l w
ei

gh
t

VBE

CBE

Si
Ge

Si0.7Ge0.3

Si175Ge75 VBE CBE

c

d e f

Si

b

Si

a

L X

2.0

1.0

0.0

1.0

2.0

3.0

4.0

Wave vector

E
ne

rg
y 

(e
V

)

L X

2.0

1.0

0.0

1.0

2.0

3.0

4.0

Wave vector

E
ne

rg
y 

(e
V

)

EF

Figure 9: Folded (a) and e↵ective (b, c) band structure of 250-atoms supercell unfolded to
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the electronic states at the bottom of the conduction band (CBE) are more disordered. The
bottom row illustrates Si175Ge75 supercell (d) and the Kohn-Sham orbitals | n,K(r)|2 that
correspond to the top of the valence band (e) and the bottom of the conduction band (f).
The structure and isosurface plots were created with the help of the ABINIT cut3d utility
and VESTA 3 package [150].
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Thermoelectric material: Si0.7Ge0.3
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Figure 9: Folded (a) and e↵ective (b, c) band structure of 250-atoms supercell unfolded to
the primitive Brillouin zone: pure Si (a, b) and random Si0.7Ge0.3 alloy (d). The Bloch
character in Si0.7Ge0.3 alloy is well preserved at the top of the valence band (VBE), whereas
the electronic states at the bottom of the conduction band (CBE) are more disordered. The
bottom row illustrates Si175Ge75 supercell (d) and the Kohn-Sham orbitals | n,K(r)|2 that
correspond to the top of the valence band (e) and the bottom of the conduction band (f).
The structure and isosurface plots were created with the help of the ABINIT cut3d utility
and VESTA 3 package [150].
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double-grid technique in which the matrix elements of the BSE Hamiltonian
evaluated on a coarse grid are then interpolated towards a denser grid. This
scheme accelerates the convergence of the dielectric function with a computa-
tional cost that is significantly reduced with respect to a full calculation. In
the spirit of this technique, we have generalized the Rohlfing & Louie approach

46

L X

2.0

1.0

0.0

1.0

2.0

3.0

4.0

Wave vector

E
ne

rg
y 

(e
V

)

0

0.2

0.4

0.6

0.8

1

S
pe

ct
ra

l w
ei

gh
t

VBE

CBE

Si
Ge

Si0.7Ge0.3

Si175Ge75 VBE CBE

c

d e f

Si

b

Si

a

L X

2.0

1.0

0.0

1.0

2.0

3.0

4.0

Wave vector

E
ne

rg
y 

(e
V

)

L X

2.0

1.0

0.0

1.0

2.0

3.0

4.0

Wave vector

E
ne

rg
y 

(e
V

)

EF

Figure 9: Folded (a) and e↵ective (b, c) band structure of 250-atoms supercell unfolded to
the primitive Brillouin zone: pure Si (a, b) and random Si0.7Ge0.3 alloy (d). The Bloch
character in Si0.7Ge0.3 alloy is well preserved at the top of the valence band (VBE), whereas
the electronic states at the bottom of the conduction band (CBE) are more disordered. The
bottom row illustrates Si175Ge75 supercell (d) and the Kohn-Sham orbitals | n,K(r)|2 that
correspond to the top of the valence band (e) and the bottom of the conduction band (f).
The structure and isosurface plots were created with the help of the ABINIT cut3d utility
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Inverse participation ratio (IPR)
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FIG. 6. Density of states (DOS) shown alongside the in-
verse participation ratio (IPR), which captures the strength of lo-
calization in semiconductor alloys for telecommunication lasers
with the emission wavelength of 1.55 µm: (a) In0.53Ga0.47As,
(b) In0.41Ga0.59N0.03As0.94Sb0.03, (c) GaAs0.89Bi0.11, and (d)
Ga0.91B0.09As0.89Bi0.11. The lower limit of IPR 1/64 corresponds
to pure Bloch states in the 128-atom supercell.

have an additional impact on localization characteristics. We
evaluated the effect of a tetragonal distortion on the elec-
tronic structure and localization in the compressively-strained
GaAs0.89Bi0.11 compound on a GaAs substrate (see Ap-
pendix). The tetragonal distortion leads to a opening of the
band gap and lifting the degeneracy between heavy and light
holes, which is consistent with effects expected from a com-
pressive in-plane strain of the layer Voisin 88 . There are no
major changes observed in the IPR spectrum indicating that
the alloy disorder is not sensitive to the epitaxial strain for the
particular material system and the strain magnitude.

IV. CONCLUSIONS

DFT calculations were used to perform a systematic char-
acterization of isovalent impurities (B, N, Al, P, In, Sb, Tl,
and Bi) in the host GaAs. The degree of localization present
in electronic states near to the band edges decreases in the
following order: N, Bi, B, Tl, and Sb. Other elements do
not cause notable localization of the electronic states. The
localization strength scales with the Born effective charge,
which was calculated for individual impurities. The effec-
tive charge of impurities can be markedly different from their
nominal values in binary compounds reflecting their elec-
tropositive/electronegative nature in the specific host lattice.
Elements, which have the Born effective charge less than the
host, introduce localized states in the conduction band but do
not perturb the valence band edge, and vice versa. The ex-
tremity of localization at the band edges directly correlates
with several important characteristics, such as the charge car-
rier transport, broadening of the photoluminescence spectra,
the ability of individual elements to change the band gap and
the relative band alignment. An extensive comparison with
experimental data gives confidence in the predictive power
of first-principle calculations. The energy penalty associated
with incorporation of impurities in the host lattice does not
follow the localization pattern and decreases in the following
order: B, Tl, Bi, N, and Sb. This result implies that the growth
of dilute borides poses more challenges than thallides or bis-
mides. The incorporation of nitrogen in GaAs is assisted by
the strong Ga-N bond.

We performed a comparative study of localization in
(InGa)As, (GaIn)(NAsSb) and Ga(AsBi) compound alloys,
which represent three generations of material systems for
telecommunication lasers. A wave function inverse partici-
pation ratio calculated for individual eigenstates was used as
a measure for the extremity of localization. The results indi-
cate that the electronic structure of (InGa)As is least affected
by the alloy disorder. The electronic states near to the conduc-
tion band edge of (GaIn)(NAsSb) and the valence band edges
of Ga(AsBi) are strongly affected by the disorder. The ex-
tremity of localization at the valence band edge of Ga(AsBi)
is approximately twice greater than that for the conduction
band edge of (GaIn)(NAsSb). This result translates into an in-
trinsically higher inhomogeneous broadening inherent to di-
lute bismide alloys as compared to their dilute nitride coun-
terparts, which can have an unfavorable impact on the optical
gain characteristics and Auger losses. This conclusion should
not be extended to group-III antimonide semiconductors al-
loyed with Bi for mid-infrared devices. The smaller electronic
difference between Sb and Bi should lead to a less detrimental
impact of Bi on the structure of (AlGaIn)(SbBi) according to
the arguments presented above for single impurities.
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have an additional impact on localization characteristics. We
evaluated the effect of a tetragonal distortion on the elec-
tronic structure and localization in the compressively-strained
GaAs0.89Bi0.11 compound on a GaAs substrate (see Ap-
pendix). The tetragonal distortion leads to a opening of the
band gap and lifting the degeneracy between heavy and light
holes, which is consistent with effects expected from a com-
pressive in-plane strain of the layer Voisin 88 . There are no
major changes observed in the IPR spectrum indicating that
the alloy disorder is not sensitive to the epitaxial strain for the
particular material system and the strain magnitude.

IV. CONCLUSIONS

DFT calculations were used to perform a systematic char-
acterization of isovalent impurities (B, N, Al, P, In, Sb, Tl,
and Bi) in the host GaAs. The degree of localization present
in electronic states near to the band edges decreases in the
following order: N, Bi, B, Tl, and Sb. Other elements do
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which was calculated for individual impurities. The effec-
tive charge of impurities can be markedly different from their
nominal values in binary compounds reflecting their elec-
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of dilute borides poses more challenges than thallides or bis-
mides. The incorporation of nitrogen in GaAs is assisted by
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which represent three generations of material systems for
telecommunication lasers. A wave function inverse partici-
pation ratio calculated for individual eigenstates was used as
a measure for the extremity of localization. The results indi-
cate that the electronic structure of (InGa)As is least affected
by the alloy disorder. The electronic states near to the conduc-
tion band edge of (GaIn)(NAsSb) and the valence band edges
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is approximately twice greater than that for the conduction
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have an additional impact on localization characteristics. We
evaluated the effect of a tetragonal distortion on the elec-
tronic structure and localization in the compressively-strained
GaAs0.89Bi0.11 compound on a GaAs substrate (see Ap-
pendix). The tetragonal distortion leads to a opening of the
band gap and lifting the degeneracy between heavy and light
holes, which is consistent with effects expected from a com-
pressive in-plane strain of the layer Voisin 88 . There are no
major changes observed in the IPR spectrum indicating that
the alloy disorder is not sensitive to the epitaxial strain for the
particular material system and the strain magnitude.
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acterization of isovalent impurities (B, N, Al, P, In, Sb, Tl,
and Bi) in the host GaAs. The degree of localization present
in electronic states near to the band edges decreases in the
following order: N, Bi, B, Tl, and Sb. Other elements do
not cause notable localization of the electronic states. The
localization strength scales with the Born effective charge,
which was calculated for individual impurities. The effec-
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nominal values in binary compounds reflecting their elec-
tropositive/electronegative nature in the specific host lattice.
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experimental data gives confidence in the predictive power
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order: B, Tl, Bi, N, and Sb. This result implies that the growth
of dilute borides poses more challenges than thallides or bis-
mides. The incorporation of nitrogen in GaAs is assisted by
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have an additional impact on localization characteristics. We
evaluated the effect of a tetragonal distortion on the elec-
tronic structure and localization in the compressively-strained
GaAs0.89Bi0.11 compound on a GaAs substrate (see Ap-
pendix). The tetragonal distortion leads to a opening of the
band gap and lifting the degeneracy between heavy and light
holes, which is consistent with effects expected from a com-
pressive in-plane strain of the layer Voisin 88 . There are no
major changes observed in the IPR spectrum indicating that
the alloy disorder is not sensitive to the epitaxial strain for the
particular material system and the strain magnitude.
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experimental data gives confidence in the predictive power
of first-principle calculations. The energy penalty associated
with incorporation of impurities in the host lattice does not
follow the localization pattern and decreases in the following
order: B, Tl, Bi, N, and Sb. This result implies that the growth
of dilute borides poses more challenges than thallides or bis-
mides. The incorporation of nitrogen in GaAs is assisted by
the strong Ga-N bond.

We performed a comparative study of localization in
(InGa)As, (GaIn)(NAsSb) and Ga(AsBi) compound alloys,
which represent three generations of material systems for
telecommunication lasers. A wave function inverse partici-
pation ratio calculated for individual eigenstates was used as
a measure for the extremity of localization. The results indi-
cate that the electronic structure of (InGa)As is least affected
by the alloy disorder. The electronic states near to the conduc-
tion band edge of (GaIn)(NAsSb) and the valence band edges
of Ga(AsBi) are strongly affected by the disorder. The ex-
tremity of localization at the valence band edge of Ga(AsBi)
is approximately twice greater than that for the conduction
band edge of (GaIn)(NAsSb). This result translates into an in-
trinsically higher inhomogeneous broadening inherent to di-
lute bismide alloys as compared to their dilute nitride coun-
terparts, which can have an unfavorable impact on the optical
gain characteristics and Auger losses. This conclusion should
not be extended to group-III antimonide semiconductors al-
loyed with Bi for mid-infrared devices. The smaller electronic
difference between Sb and Bi should lead to a less detrimental
impact of Bi on the structure of (AlGaIn)(SbBi) according to
the arguments presented above for single impurities.
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have an additional impact on localization characteristics. We
evaluated the effect of a tetragonal distortion on the elec-
tronic structure and localization in the compressively-strained
GaAs0.89Bi0.11 compound on a GaAs substrate (see Ap-
pendix). The tetragonal distortion leads to a opening of the
band gap and lifting the degeneracy between heavy and light
holes, which is consistent with effects expected from a com-
pressive in-plane strain of the layer Voisin 88 . There are no
major changes observed in the IPR spectrum indicating that
the alloy disorder is not sensitive to the epitaxial strain for the
particular material system and the strain magnitude.

IV. CONCLUSIONS

DFT calculations were used to perform a systematic char-
acterization of isovalent impurities (B, N, Al, P, In, Sb, Tl,
and Bi) in the host GaAs. The degree of localization present
in electronic states near to the band edges decreases in the
following order: N, Bi, B, Tl, and Sb. Other elements do
not cause notable localization of the electronic states. The
localization strength scales with the Born effective charge,
which was calculated for individual impurities. The effec-
tive charge of impurities can be markedly different from their
nominal values in binary compounds reflecting their elec-
tropositive/electronegative nature in the specific host lattice.
Elements, which have the Born effective charge less than the
host, introduce localized states in the conduction band but do
not perturb the valence band edge, and vice versa. The ex-
tremity of localization at the band edges directly correlates
with several important characteristics, such as the charge car-
rier transport, broadening of the photoluminescence spectra,
the ability of individual elements to change the band gap and
the relative band alignment. An extensive comparison with
experimental data gives confidence in the predictive power
of first-principle calculations. The energy penalty associated
with incorporation of impurities in the host lattice does not
follow the localization pattern and decreases in the following
order: B, Tl, Bi, N, and Sb. This result implies that the growth
of dilute borides poses more challenges than thallides or bis-
mides. The incorporation of nitrogen in GaAs is assisted by
the strong Ga-N bond.

We performed a comparative study of localization in
(InGa)As, (GaIn)(NAsSb) and Ga(AsBi) compound alloys,
which represent three generations of material systems for
telecommunication lasers. A wave function inverse partici-
pation ratio calculated for individual eigenstates was used as
a measure for the extremity of localization. The results indi-
cate that the electronic structure of (InGa)As is least affected
by the alloy disorder. The electronic states near to the conduc-
tion band edge of (GaIn)(NAsSb) and the valence band edges
of Ga(AsBi) are strongly affected by the disorder. The ex-
tremity of localization at the valence band edge of Ga(AsBi)
is approximately twice greater than that for the conduction
band edge of (GaIn)(NAsSb). This result translates into an in-
trinsically higher inhomogeneous broadening inherent to di-
lute bismide alloys as compared to their dilute nitride coun-
terparts, which can have an unfavorable impact on the optical
gain characteristics and Auger losses. This conclusion should
not be extended to group-III antimonide semiconductors al-
loyed with Bi for mid-infrared devices. The smaller electronic
difference between Sb and Bi should lead to a less detrimental
impact of Bi on the structure of (AlGaIn)(SbBi) according to
the arguments presented above for single impurities.

ACKNOWLEDGMENTS

Authors are thankful to Axel van de Walle and Joseph
Zwanziger for helpful discussions regarding generation of
quasi-random structures as well as to Maciej Polak for crit-

8

DOS
a

b

d

0

10

20

30

D
O

S 
(n

m
3

eV
1 )

0.0156
0.02

0.03

0.04

0.05

0.06

0

10

20

30

D
O

S 
(n

m
3

eV
1 )

0.0156
0.02

0.03

0.04

0.05

0.06

1.5 1 0.5 0 0.5 1 1.5 2
0

10

20

30

Energy (eV)

D
O

S 
(n

m
3

eV
1 )

0.0156
0.02

0.03

0.04

0.05

0.06

0

10

20

30

D
O

S 
(n

m
3

eV
1 )

0.0156
0.02

0.03

0.04

0.05

0.06

IP
R

IP
R

IP
R

IP
R

FIG. 6. Density of states (DOS) shown alongside the in-
verse participation ratio (IPR), which captures the strength of lo-
calization in semiconductor alloys for telecommunication lasers
with the emission wavelength of 1.55 µm: (a) In0.53Ga0.47As,
(b) In0.41Ga0.59N0.03As0.94Sb0.03, (c) GaAs0.89Bi0.11, and (d)
Ga0.91B0.09As0.89Bi0.11. The lower limit of IPR 1/64 corresponds
to pure Bloch states in the 128-atom supercell.

have an additional impact on localization characteristics. We
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tronic structure and localization in the compressively-strained
GaAs0.89Bi0.11 compound on a GaAs substrate (see Ap-
pendix). The tetragonal distortion leads to a opening of the
band gap and lifting the degeneracy between heavy and light
holes, which is consistent with effects expected from a com-
pressive in-plane strain of the layer Voisin 88 . There are no
major changes observed in the IPR spectrum indicating that
the alloy disorder is not sensitive to the epitaxial strain for the
particular material system and the strain magnitude.
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of dilute borides poses more challenges than thallides or bis-
mides. The incorporation of nitrogen in GaAs is assisted by
the strong Ga-N bond.
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a measure for the extremity of localization. The results indi-
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FIG. 5. Band order and symmetry labels for HgTe and CdTe compounds (a). These two compounds exhibit a band inversion (Γ6 ↔ Γ8) and,
thus, have different “topology”. As the composition Hg1−xCdxTe varies between two binary compounds, a topological band crossover occurs.
The crossover is accompanied by emergence of massless Kane fermions at the Γ-point (b). Regions of the band structure perturbed by disorder
are labeled with arrows. The disorder affects only the electronic states located 1− 3 eV above and below the Fermi energy.

III-V ternary semiconductors, including GaAs1−xSbx alloy.
GaBi is a metal with an anomalous order of bands [27], which
is reminiscent of the better known α-Sn with a band inver-
sion or negative band gap caused by spin-orbit effects [28].
Thus, the electronic structures of GaAs and GaBi have dif-
ferent topology, which is not the case in GaAs-GaSb, for in-
stance. The electronic structure of GaAs1−xBix cannot evolve
“smoothly” in the range 0 < x < 1 and must undergo a topo-
logical phase transition. This transition is accompanied by a
gradual transformation of the host GaAs parabolic conduction
band to a graphene-like cone with increasing x; electrons ul-
timately become massless fermions as it will be shown later.
Verification of this prediction would require electron trans-
port measurements in GaAs1−xBix for a wide range of x. So
far, the successful incorporation of Bi in GaAs under 12%
has been reported [29]. The lattice mismatch of 12% between
GaAs and GaBi is one of the main factors that limits their sol-
ubility.

C. (HgCd)Te alloy

Hg1−xCdxTe (HCT) is an example of a material system
with the topological band inversion [30], which is similar
to GaAs1−xBix discussed in the preceding Sec. IIIB. The
arrangement of bands in binary HgTe and CdTe as well as
their symmetry are shown at Fig. 5(a). The conduction band
minimum and the valence band maximum of CdTe have Γ 6

and Γ8 symmetry, respectively. In HgTe, the order of bands
is inverted due to a strong spin-orbit interaction [31]. The
crossover between the Γ6 and Γ8 bands is inevitable in the
course of a gradual change in the composition of ternary
Hg1−xCdxTe alloy as illustrated by dashed lines in Fig. 5(a).
The prominent feature of HCT is the presence of massless
Kane fermions [32] at the crossover composition (Fig. 5b),
whose experimental observation was recently reported by Or-
lita et al. [33].
The evolution of the Hg1−xCdxTe band structure as a func-

tion of composition is shown in Fig. 6. The composition range
was chosen to cover the transition from a semimetal with a
negative band gap to an insulator. The negative gap grad-
ually shrinks with increasing the Cd content (Fig. 6a) until
three-fold degeneracy is established at a critical composition
(Fig. 6b). At this composition, the light hole and electron
masses vanish near Γ as it is evident from the conical shape of
their dispersion. Orlita et al. [33] stressed that Kane fermions
are not protected by symmetry, unlike Dirac fermions. The
emergence of Kane fermions corresponds to a critical chemi-
cal compositionxc that depends on extrinsic factors (e.g., tem-
perature, pressure).
The band structure calculations yield the critical cadmium

content of xc ≈ 0.23 vs. 0.15 . . .0.17 observed experimen-
tally [34]. The modest level of discrepancy is largely due to
success of the modified Becke and Johnson (mBJ) exchange
potential [35] in correcting the energy gap error introduced in
regular LDA (local density approximation) calculations. The
LDA-mBJ values of the band gap in binary CdTe and HgTe
are 1.56 and −0.25 eV, respectively, compared to their ex-
perimental values of 1.65 and −0.3 eV [34]. It is interesting
that LDA-mBJ accurately reproduces not only the energy gap
for insulators, but also performs well for semimetals. With-
out mBJ potential, the LDA results for the band gap in CdTe
and HgTe are 0.3 and −0.8 eV. The Kane fermions can still
be observed, but the critical concentration is heavily shifted
towards Cd-rich composition xc ≈ 0.8.
Further increase of the cadmium content beyond x c leads to

a narrow-gap semiconductor with a highly non-parabolic con-
duction band (compare Figs. 6c and 6d). Apparently, there
is no ambiguity in the Bloch character for all states near the
Fermi energy irrespective of the Hg1−xCdxTe composition
(Fig. 6). This result indicates that charge transport character-
istics of HCT do not degrade as a result of the alloy scattering
as dramatically as in dilute nitride semiconductors [36]. Our
results explain the previously established experimental facts
for HCT, such as the exceptional electron mobility exceeding
105 cm2V−1s−1 at low temperature [37] with its maximum
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Regions of the band structure perturbed by disorder are labeled with arrows. The disorder affects only the electronic states located 1−3 eV
above and below the Fermi energy.

for instance. The electronic structure of GaAs1−xBix cannot
evolve “smoothly” in the range 0 < x < 1 and must undergo a
topological phase transition. This transition is accompanied
by a gradual transformation of the host GaAs parabolic
conduction band to a graphenelike cone with increasing x;
electrons ultimately become massless fermions as it will be
shown later. Verification of this prediction would require
electron transport measurements in GaAs1−xBix for a wide
range of x. So far, the successful incorporation of Bi in GaAs
under 12% has been reported [43]. The lattice mismatch of
12% between GaAs and GaBi is one of the main factors that
limits their solubility.

C. (HgCd)Te alloy

Hg1−xCdxTe (HCT) is an example of a material system
with the topological band inversion [44], which is similar
to GaAs1−xBix discussed in the preceding Sec. III B. The

arrangement of bands in binary HgTe and CdTe as well as
their symmetry are shown at Fig. 5(a). The conduction band
minimum and the valence band maximum of CdTe have !6
and !8 symmetries, respectively. In HgTe, the order of bands
is inverted due to a strong spin-orbit interaction [45]. The
crossover between the !6 and !8 bands is inevitable in the
course of a gradual change in the composition of ternary
Hg1−xCdxTe alloy as illustrated by dashed lines in Fig. 5(a).
The prominent feature of HCT is the presence of massless
Kane fermions [46] at the crossover composition [Fig. 5(b)],
whose experimental observation was recently reported by
Orlita et al. [47].

The evolution of the Hg1−xCdxTe band structure as a
function of composition is shown in Fig. 6. The composition
range was chosen to cover the transition from a semimetal with
a negative band gap to an insulator. The negative gap gradually
shrinks with increasing the Cd content [Fig. 6(a)] until
threefold degeneracy is established at a critical composition
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FIG. 6. (Color online) Evolution of the band structure in ternary (HgCd)Te alloy near the ! point as a function of the chemical composition:
Hg25Cd2Te27 (a), Hg22Cd5Te27 (b), Hg20Cd7Te27 (c), and Hg5Cd22Te27 (d). The transition from a semimetal (a) to an insulator (c),(d) occurs
by passing through a Kane point (b). The nearly linear dispersion E ∝ |k|, which is characteristic of the Kane point, persists in the conduction
band after opening of the band gap (c).
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threefold degeneracy is established at a critical composition
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FIG. 6. (Color online) Evolution of the band structure in ternary (HgCd)Te alloy near the ! point as a function of the chemical composition:
Hg25Cd2Te27 (a), Hg22Cd5Te27 (b), Hg20Cd7Te27 (c), and Hg5Cd22Te27 (d). The transition from a semimetal (a) to an insulator (c),(d) occurs
by passing through a Kane point (b). The nearly linear dispersion E ∝ |k|, which is characteristic of the Kane point, persists in the conduction
band after opening of the band gap (c).
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FIG. 5. (Color online) Band order and symmetry labels for HgTe and CdTe compounds (a). These two compounds exhibit a band inversion
(!6 ↔ !8) and, thus, have different “topology.” As the composition Hg1−xCdxTe varies between two binary compounds, a topological band
crossover occurs. The crossover takes place near xc ≈ 0.19 and is accompanied by emergence of massless Kane fermions at the ! point (b).
Regions of the band structure perturbed by disorder are labeled with arrows. The disorder affects only the electronic states located 1−3 eV
above and below the Fermi energy.
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electron transport measurements in GaAs1−xBix for a wide
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limits their solubility.
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arrangement of bands in binary HgTe and CdTe as well as
their symmetry are shown at Fig. 5(a). The conduction band
minimum and the valence band maximum of CdTe have !6
and !8 symmetries, respectively. In HgTe, the order of bands
is inverted due to a strong spin-orbit interaction [45]. The
crossover between the !6 and !8 bands is inevitable in the
course of a gradual change in the composition of ternary
Hg1−xCdxTe alloy as illustrated by dashed lines in Fig. 5(a).
The prominent feature of HCT is the presence of massless
Kane fermions [46] at the crossover composition [Fig. 5(b)],
whose experimental observation was recently reported by
Orlita et al. [47].

The evolution of the Hg1−xCdxTe band structure as a
function of composition is shown in Fig. 6. The composition
range was chosen to cover the transition from a semimetal with
a negative band gap to an insulator. The negative gap gradually
shrinks with increasing the Cd content [Fig. 6(a)] until
threefold degeneracy is established at a critical composition
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FIG. 6. (Color online) Evolution of the band structure in ternary (HgCd)Te alloy near the ! point as a function of the chemical composition:
Hg25Cd2Te27 (a), Hg22Cd5Te27 (b), Hg20Cd7Te27 (c), and Hg5Cd22Te27 (d). The transition from a semimetal (a) to an insulator (c),(d) occurs
by passing through a Kane point (b). The nearly linear dispersion E ∝ |k|, which is characteristic of the Kane point, persists in the conduction
band after opening of the band gap (c).
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Summary

Further reading: 
• Phys. Rev. B 90, 115202 (2014)
• Phys. Rev.  Applied 7, 064011 (2017)
• Comp. Phys. Commun. 205, 106 (2016)
• Phys. Rev. B 93, 205202 (2016)
• arXiv:1508.03612
• arXiv:1707.04625
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The Periodic Table of the Elements
1
H

Hydrogen
1.00794

2
He
Helium
4.003

3
Li

Lithium
6.941

4
Be

Beryllium
9.012182

5
B

Boron
10.811

6
C

Carbon
12.0107

7
N

Nitrogen
14.00674

8
O

Oxygen
15.9994

9
F

Fluorine
18.9984032

10
Ne
Neon

20.1797

11
Na
Sodium

22.989770

12
Mg

Magnesium
24.3050

13
Al

Aluminum
26.981538

14
Si

Silicon
28.0855

15
P

Phosphorus
30.973761

16
S

Sulfur
32.066

17
Cl

Chlorine
35.4527

18
Ar
Argon

39.948
19
K

Potassium
39.0983

20
Ca

Calcium
40.078

21
Sc

Scandium
44.955910

22
Ti

Titanium
47.867

23
V

Vanadium
50.9415

24
Cr

Chromium
51.9961

25
Mn

Manganese
54.938049

26
Fe
Iron

55.845

27
Co
Cobalt

58.933200

28
Ni
Nickel

58.6934

29
Cu
Copper

63.546

30
Zn

Zinc
65.39

31
Ga
Gallium
69.723

32
Ge

Germanium
72.61

33
As
Arsenic

74.92160

34
Se

Selenium
78.96

35
Br

Bromine
79.904

36
Kr

Krypton
83.80

37
Rb

Rubidium
85.4678

38
Sr

Strontium
87.62

39
Y

Yttrium
88.90585

40
Zr

Zirconium
91.224

41
Nb

Niobium
92.90638

42
Mo

Molybdenum
95.94

43
Tc

Technetium
(98)

44
Ru

Ruthenium
101.07

45
Rh

Rhodium
102.90550

46
Pd

Palladium
106.42

47
Ag
Silver

107.8682

48
Cd

Cadmium
112.411

49
In

Indium
114.818

50
Sn

Tin
118.710

51
Sb

Antimony
121.760

52
Te

Tellurium
127.60

53
I

Iodine
126.90447

54
Xe
Xenon

131.29

55
Cs
Cesium

132.90545

56
Ba
Barium

137.327

57
La

Lanthanum
138.9055

72
Hf

Hafnium
178.49

73
Ta

Tantalum
180.9479

74
W

Tungsten
183.84

75
Re

Rhenium
186.207

76
Os

Osmium
190.23

77
Ir

Iridium
192.217

78
Pt

Platinum
195.078

79
Au
Gold

196.96655

80
Hg
Mercury
200.59

81
Tl

Thallium
204.3833

82
Pb
Lead

207.2

83
Bi

Bismuth
208.98038

84
Po

Polonium
(209)

85
At

Astatine
(210)

86
Rn
Radon
(222)

87
Fr

Francium
(223)

88
Ra
Radium
(226)

89
Ac

Actinium
(227)

104
Rf

Rutherfordium
(261)

105
Db

Dubnium
(262)

106
Sg

Seaborgium
(263)

107
Bh

Bohrium
(262)

108
Hs

Hassium
(265)

109
Mt

Meitnerium
(266)

110

(269)

111

(272)

112

(277)

113 114

58
Ce
Cerium

140.116

59
Pr

Praseodymium
140.90765

60
Nd

Neodymium
144.24

61
Pm

Promethium
(145)

62
Sm

Samarium
150.36

63
Eu

Europium
151.964

64
Gd

Gadolinium
157.25

65
Tb

Terbium
158.92534

66
Dy

Dysprosium
162.50

67
Ho

Holmium
164.93032

68
Er
Erbium

167.26

69
Tm
Thulium

168.93421

70
Yb

Ytterbium
173.04

71
Lu

Lutetium
174.967

90
Th

Thorium
232.0381

91
Pa

Protactinium
231.03588

92
U

Uranium
238.0289

93
Np

Neptunium
(237)

94
Pu

Plutonium
(244)

95
Am

Americium
(243)

96
Cm
Curium
(247)

97
Bk

Berkelium
(247)

98
Cf

Californium
(251)

99
Es

Einsteinium
(252)

100
Fm
Fermium
(257)

101
Md

Mendelevium
(258)

102
No

Nobelium
(259)

103
Lr

Lawrencium
(262)

1995 IUPAC masses and Approved Names from http://www.chem.qmw.ac.uk/iupac/AtWt/
masses for 107-111 from C&EN, March 13, 1995, p. 35
112 from http://www.gsi.de/z112e.html

• (HgCd)Te
• (InGa)As
• (InGa)(NAsSb) disorder in 

the conduction band due to 
electronegative N

• Ga(AsBi) disorder in the 
valence band due to 
electropositive Bi

gap one row
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