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Using infrared absorption, the room temperature band gap of InSb is found to reduce from 174

(7.1 lm) to 85 meV (14.6 lm) upon incorporation of up to 1.13% N, a reduction of �79 meV/%N.

The experimentally observed band gap reduction in molecular-beam epitaxial InNSb thin films is

reproduced by a five band k � P band anticrossing model incorporating a nitrogen level, EN, 0.75 eV

above the valence band maximum of the host InSb and an interaction coupling matrix element

between the host conduction band and the N level of b ¼ 1.80 eV. This observation is consistent

with the presented results from hybrid density functional theory. VC 2016 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4963836]

The substitution of highly electronegative nitrogen for a

few percent of the host anions in III-V semiconductors is

known to lead to a significant band gap reduction. Such dilute

nitride III-V compounds have attracted attention in recent

years due to realised device applications, including subcells in

world record efficiency multi-junction solar cells, as in the

case of GaInNAsSb,1 and potential applications such as light

sources and photodetectors in the long-wavelength infrared

range.2–4 The property of band gap reduction upon N incorpo-

ration has already been observed in GaNAs,5 GaNP,6

GaInNAs,7 InNAs,8 and GaNSb.9,10 It has been described in

terms of conduction band anticrossing (BAC), wherein a

localized nitrogen level interacts with the extended host con-

duction band.7 The linear combination of isolated nitrogen

states model also describes this phenomenon very well.11–14

InSb has the smallest band gap of any common binary

III–V semiconductor, having a value of 174 meV at room

temperature, corresponding to a wavelength of �7 lm. InNSb

has long been proposed as an alternative to InAsSb for use in

the 8–14 lm atmospheric transmission window.15 Some evi-

dence has been reported that the addition of N to form InNSb

results in a dramatic reduction of the fundamental band

gap.2,16–18 However, several early studies were hampered by

non-optimal samples in which the N content was not well

known and/or hydrogen was added to stabilize an electron

cyclotron resonance N plasma source.2,16,17,19,20 In other sam-

ples, grown by radio frequency N plasma source-assisted

MBE, fundamental band gap reduction in the InNSb films

grown on semi-insulating GaAs was inferred from modeling

of data of Burstein–Moss shifted absorption edges versus

degenerate carrier concentrations.21,22 However, quantitative

modeling relied on assumed band anticrossing parameters

rather than those determined from experimental results.

Photoluminescence has been observed from InNSb grown by

metal-organic vapor phase epitaxy, but without a clear trend

of band gap versus N content.23

In addition to band gap reduction, the Auger recombina-

tion rate for InNSb alloys has been suggested to be three times

lower than that of comparable band gap HgCdTe alloys due to

the high electron effective mass, which makes InNSb a prom-

ising material for long-wavelength light sources and photode-

tectors.2,24 However, in spite of continued interest in InNSb

alloys over the last 15 years, straightforward optical spectro-

scopic evidence of the band gap reduction in samples of

known N content has still not been reported and so reliable

BAC parameters have not been determined.

In this letter, infrared absorption measurements of the

band gap of epitaxial InNSb thin films with nitrogen incorpo-

ration of up to 1.13% are presented, analyzed using the BAC

model, and compared with the results of hybrid density func-

tional theory (DFT). The band gap of InNxSb1–x alloys is

shown to decrease from 174 meV (7.1 lm) for x¼ 0 to

85 meV (14.6 lm) for x¼ 1.13%, which corresponds to a

band gap reduction of �79 meV/%N. Simulations of the

absorption, based on a joint density of states method, includ-

ing the BAC interaction reproduce the experimental absorp-

tion spectra well. The band gap reduction as a function of N

content is also well reproduced by the BAC model. The

BAC matrix element coupling strength is estimated to be

1.80 eV, using a nitrogen level of 0.75 eV above the valence

band maximum (VBM). These findings and preliminary low

temperature absorption measurements are consistent with the

hybrid DFT results. Overall, these results indicate that

InNSb alloys are suitable for sources and detectors operating

in the 8–14 lm atmospheric transmission window and
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provide the BAC parameters needed for modeling for under-

standing related quaternary alloys such as GaInNSb and

InNSbBi and for future device design.

The InNSb epilayers were grown at the University of

Warwick by N plasma assisted solid-source MBE on 100 nm

InSb buffer layers on quarters of 51 mm diameter undoped

InSb(001) substrates. Prior to growth, the N plasma was

struck in a separate chamber with a power of 500 W and a

flow rate of 0.2 sccm. The InNSb epilayers were grown to a

thickness of �400 nm at a fixed growth rate of nominally

0.5 lm h�1 using substrate temperatures, determined by

pyrometer, ranging from 270 to 365 �C. The surface mor-

phology was investigated by atomic force microscopy

(AFM) with an Asylum research MFP-3D microscope in tap-

ping mode. The lattice constant of the InNSb films was deter-

mined using high resolution X-ray diffraction (XRD) using a

Philips X’Pert diffractometer equipped with monochromatic

Cu Ka1 X-ray source (k ¼ 0.15406 nm) with a four bounce

Ge monochromator. XRD analysis was performed using the

Panalytical X’pert Epitaxy application. AFM indicates the

root mean square roughness values (uncorrelated with N con-

tent) in the range of 0.5–3.0 nm for all samples from

5� 5 lm2 images. There is no evidence from AFM measure-

ments of any condensation of Sb on the films’ surface.

Transmittance measurements were performed at room tem-

perature using a Bruker Vertex 70V Fourier-transform infra-

red spectrometer, using a liquid nitrogen-cooled HgCdTe

detector between 50 and 1200 meV. Additionally, transmis-

sion measurements were made in the temperature range

4–300 K for a film with 0.73% N content using a continuous-

flow He cryostat.

The incorporation of N in InSb has also been investi-

gated using DFT calculations employing hybrid functionals

which often provide better structural data and more

accurate band gaps than the local density and generalized

gradient approximations.25–29 Here, the screened HSE06

(Heyd-Scuseria-Ernzerhof) hybrid density functional is

used,30 as implemented in the Vienna Ab initio Simulation

Package (VASP).31–33 The value of exact nonlocal

exchange, a, was 31.0%, which gives a band gap of 231 meV

for InSb, in good agreement with the 0 K band gap of

235 meV extrapolated from the low temperature experimen-

tal data.34 The valence–core interaction was described using

the projector augmented wave (PAW) approach,35 and cores

of [Kr] for indium and antimony and [He] for nitrogen are

used. A cutoff of 400 eV was used for all the calculations,

with the Brillouin zone sampled employing a 8� 8� 8

Monkhorst Pack grid, which provided convergence in the

total energy of 10�4 eV. N incorporation was modeled by

substituting one Sb for an N in a 2� 2� 2 expansion of the

8 atom cubic cell (i.e., a 64 atom supercell), corresponding

to an N concentration of 3.125%. This supercell size has

been shown to be well converged when modeling N in other

III–V materials.36,37 Geometry optimisation was deemed to

have converged when the forces on all the atoms were less

than 0.01 eV Å�1. The band structure of the supercell con-

taining one N was unfolded to the primitive cell band struc-

ture using the BandUP code.38,39 All the calculations

included spin-orbit coupling, which, for bulk InSb gives a

spin-orbit valence band split off of 800 meV, in good agree-

ment with experiment (803 meV).40

The N fraction was determined for epilayers grown at

temperatures between 270 and 365 �C using a fixed growth

rate of 0.5 lm h�1. Both the N fraction and the epilayer thick-

ness were determined by XRD, where both the 004 peak split-

ting and the Pendell€osung fringes were modeled by dynamical

simulations. The epilayer peak occurs at higher Bragg angle

than the substrate peak, corresponding to the InNSb layer hav-

ing a smaller lattice parameter than that of InSb. The N con-

tent was determined under the assumption that Vegard’s law

is valid using an endpoint lattice parameter for zinc blende

InN of 5.01 Å.41 Example measurements and simulations are

shown in Fig. 1 for layers with 1.13 and 0.73% of their Sb sub-

lattice substituted by N atoms. (The sample with 0.73% N was

grown in a separate growth run from the others in order to fill

the composition gap between 0.54% and 1.1% N. By the time

of the later growth run, the N plasma source aperture plate had

been modified and so, to fill the composition gap, the sample

was grown at 275 �C but at a higher growth rate of 1.75 lm

h�1.) The N content from XRD (for fixed N plasma source

conditions and fixed growth rate) increases as the growth tem-

perature decreases and begins to reach a plateau corresponding

to x¼ 1.14% for growth temperatures below approximately

270 �C (see Fig. S1 of supplementary material). These results

are similar to those of Zhang et al. who grew InNSb at

between 250 and 350 �C.42 The temperature dependence of

the N incorporation in InNxSb1–x has been modeled using the

kinetic approach of Wood et al.43 and Pan et al.,44 which has

previously been applied to N incorporation in GaNSb and

GaInNSb alloys.45,46 The curve shown in Fig. S1 is a very

good fit to the experimental data and corresponds to an energy

barrier for loss of N of 1.79 eV and a characteristic surface res-

idence lifetime of N atoms of 5 ls. For comparison, the previ-

ously reported equivalent values for GaNSb are 2.0 eV and

5 ls.45 This lower energy barrier is consistent with the

FIG. 1. XRD (points) of the 004 diffraction maximum from the InNSb films

grown on an InSb substrate at 275 �C at growth rates of 0.5 and 1.75lm h�1.

The results of the simulations (solid line) indicate that the InNSb films con-

tain 1.13 and 0.73% N and their thickness are 390 6 10 nm and 400 6 10 nm,

respectively.

132104-2 Linhart et al. Appl. Phys. Lett. 109, 132104 (2016)
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requirement to grow InSb at a lower temperature than GaSb

for N incorporation.

The band structure close to the C point of InNxSb1–x

alloys was calculated using the k�P BAC model.47–49 The

dispersion of the E6 subbands can be determined by finding

the eigenvalues of the 2� 2 determinant

EcðxÞ � E b
ffiffiffi
x
p

b
ffiffiffi
x
p

ENðxÞ � E

����
���� ¼ 0; (1)

where EcðxÞ ¼ Ec0 � ax and ENðxÞ ¼ EN0 � cx are the

assumed energies of the conduction band edge and isolated

N level with respect to the InSb valence band maximum

(VBM). The values a¼ 2.44 eV and c¼ 2.47 eV are taken

from fitting to previous tight binding results.50 The x-depen-

dence of the effective N level is due to interactions with

other N-related states, such as different N pair and cluster

configurations that are more likely to occur as the N content,

x, increases. The value of b is determined by fitting to the

experimental data. Within this model, the host InSb conduc-

tion band and its nonparabolicity are described by Pidgeon

and Brown’s ð4� 4Þ k�P Hamiltonian that includes interac-

tions of the InSb conduction band with the valence bands

and the influence of higher lying bands.51 So this results in a

ð5� 5Þ Hamiltonian (or ð10� 10Þ if spin degeneracy is

included) to describe the InNSb. As a result of the interaction

of the nitrogen level with the host conduction band, two con-

duction subbands form and are denoted as Eþ and E�. An

example with x ¼ 1% is shown in Fig. 2.

The optical properties of the InNSb epilayers as a func-

tion of N content were studied using transmission measure-

ments. The transmission data from each sample were divided

by the transmission from a different quarter of the same InSb

wafer so that the remaining signal corresponds to transmis-

sion through the InNSb layer. This ratioing of the sample

data with data from an InSb substrate accounts for the

decrease in Da above the band gap of the InSb—the absorp-

tion of InNSb converges to that of InSb as Eþ approaches

the InSb conduction band (see Fig. 2). The absorption spec-

tra calculated from the transmission data for the samples

with x¼ 0.54%, 0.73%, and 1.1% are shown in Fig. 3(a).

The band gap red shifts with increasing N content. The

absorption edge decreases in energy to 85 6 15 meV as the N

content is increased to x¼ 1.13%, corresponding to a wave-

length of �14.6 lm. This corresponds to a band gap reduc-

tion of 79 6 5 meV/%N. Model absorption curves are shown

in Fig. 3(b). The approach of Perlin et al.52 has been used to

calculate the model absorption spectra. Accordingly, the

absorption coefficient, a, is

a Eð Þ /
X

c;v

jPcvj2gcv Eð Þ
h�

; (2)

where gcvðEÞ is the joint density of states, h� is the incident

photon energy, and Pcv are the momentum matrix elements

for the optical transitions, derived from the BAC model. Here,

the calculated absorption of InSb was subtracted from the cal-

culated absorption spectrum of InNxSb1–x which is equivalent

to ratioing the transmission data. Within this model approach,

the trends observed in the experimental absorption spectra are

well reproduced. The absorption onsets are sharper in the

model than the measured curves as a result of lifetime broad-

ening being neglected.

The experimental absorption edge as a function of N

content is shown by the open circles in Fig. 4. The BAC

model well reproduces the trend of the band gap reduction,

which is determined by the transition between the VBM and

the minimum of the E– subband, which is shown by the thick

solid line in Fig. 4. Within the BAC model, the adjustable

parameters of the InNSb band structure are the energy of the

N impurity level, EN, and the BAC coupling strength, b, in

the coupling matrix element, VMN ¼ b
ffiffiffi
x
p

. The N level is set

to 0.75 eV above the VBM, according to the results of previ-

ous tight binding calculations.50 The optimum fit is then

FIG. 2. (a) Conduction band dispersion of InN0.01Sb0.99 close to the C point

of the Brillouin zone calculated using the k�P BAC model. The host conduc-

tion band (dashed line) interacts with the N level (dashed-dotted line) and

results in two conduction subbands E� and Eþ (solid lines).

FIG. 3. (a) Absorption spectra from InNxSb1-x with x¼ 0.54% (solid line),

0.73% (dashed line), and 1.1% (dashed-dotted line) grown on InSb sub-

strates. Da denotes the difference in absorption by the InNSb film on InSb

substrate and by InSb substrate alone. (b) The calculated absorption spectra

within the BAC model.

132104-3 Linhart et al. Appl. Phys. Lett. 109, 132104 (2016)
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given by adjusting the value of b to 1.80 eV. The band gap

reduction is �79 meV/%N due to downward shift of the con-

duction band minimum due to the BAC interaction.

The interaction strength of b¼ 1.80 eV is similar to the

value of 1.99 eV suggested by tight binding calculations.50

The BAC parameters determined here differ significantly

from those recommended in Vurgaftman and Meyer’s

review34 where, largely based on the work by Murdin et al.16

but using an N content-independent N level, they suggested

EN¼ 0.65 eV and b¼ 3.0 eV. These values correspond to

145 meV/%N band gap reduction and band gap closure for

�1.25% N at room temperature.

Results from hybrid DFT are also shown in Fig. 4 for

InSb and InNSb with 3.125% N. As the DFT corresponds to

0 K, the results are compared with absorption results at 4 K

for InSb and one InNSb sample with 0.73% N (see Fig. S2 of

supplementary material). The DFT band gap of InNSb with

3.125% N is 23 meV. Assuming linear variation of band gap

with N content, this gives a band gap reduction of 67 meV/%N.

This is somewhat lower than the room temperature experi-

mental value, which is probably due to the absence of N pair

and cluster effects in DFT calculations using a 64 atom

supercell containing only one N atom, which corresponds to

a perfectly ordered array of substitutional N atoms, rather

than a random distribution. The low temperature band gap

dependence on N content has been calculated using k�P with

and without the effects of N pairs and clusters on the effec-

tive N level and is shown in Fig. 4. The band gap reduction

per %N, when the N level is fixed, is similar to the DFT

results for N contents greater than 1.5%.

The dispersions from DFT in the C to X direction for

the heavy hole valence band and the lowest two conduction

bands, E� and Eþ, are shown in inset in Fig. 4. The band dis-

persions from k � P calculations are also shown. Without sig-

nificantly changing the band dispersions, the value of b in

the k � P was adjusted from 1.80 to 1.65 eV to reproduce the

DFT band gap for x¼ 3.125% N. The k � P dispersions

match those from hybrid DFT for the topmost valence band

and the E� subband. The energy position of the Eþ band is

similar for both methods, but with flatter dispersion in the

k � P results.

The band gap reduction of 79 meV/%N represents a large

proportional change due to the small band gap of InSb, but is

about half the absolute band gap change per %N compared

with that seen in GaNAs alloys (150 meV/%). This is a conse-

quence of the N level lying more than 550 meV above the

CBM in InNSb compared with only 250 meV for GaNAs. The

InNSb band gap reduction per %N is greater than twice that

observed per %Bi in InSbBi alloys (35 meV%Bi),53 but is

accompanied by much greater lattice parameter change due to

the greater difference between the zinc blende InN and InSb

lattice parameters compared with that of the zinc blende InBi

and InSb parameters. Additionally, the InNSb calculation sug-

gests that at room temperature band gap closure will occur for

x > 2.3%, giving a semimetallic band structure. Some circum-

stantial evidence of such band gap closure has previously been

reported by Veal et al.18 At low temperature (0 or 4 K), band

gap closure is predicted to occur at or greater than 3% N.

See supplementary material for figures showing N con-

tent from XRD versus growth temperature along with kinetic

modeling and also the absorption spectra recorded at 4 K

from an InSb substrate and from InNSb/InSb with 0.73% N.
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