Time-dependent density functional theory of narrow band gap semiconductors using a
screened range-separated hybrid functional
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Predicting the band structure and optical absorption spectra of narrow band gap semiconductors
is challenging for electronic structure methods. Here, we show that density functional theory (DFT)
can yield accurate band structures and time-dependent density functional theory (TDDFT) can
yield accurate optical absorption spectra for these systems. This is achieved by using a screened
range-separated hybrid (SRSH) functional with a single empirical parameter, fit to reproduce the
experimental band gap. By comparing TDDFT results based on the SRSH approach with those
obtained with the Heyd-Scuseria-Ernzerhof (HSE) functional we show that screened long-range exact
exchange improves the accuracy of the TDDFT spectra for these systems.

The optical absorption spectra of narrow band gap
semiconductors (i.e., those with a band gap smaller than
~ 0.8 eV) are often challenging to predict. A standard
technique to calculate optical absorption spectra is to use
many-body perturbation theory with the GW approxi-
mation [1-6] and the Bethe-Salpeter equation (BSE) [7-
10] approach. While the GW-BSE approach is known
for its accuracy, it can exhibit sensitivity to the density
functional theory (DFT) starting point. For narrow band
gap semiconductors, a challenge is that semilocal func-
tionals, often used to generate a starting point for GW
calculations, spuriously predict a metallic ground state
[11-14] and even use of a self-consistent scheme does not
result in sufficiently accurate band gaps [15-18].

Two approaches for overcoming this difficulty have
been suggested. In one, the Tran-Blaha modified Becke-
Johnson potential was found to yield reasonable band
gaps for these materials [19-21]. However, using this ap-
proach as a starting point for “one-shot” GW calculations
tends to yield overestimated band gaps [22]. In a different
approach, hybrid functionals have been used to generate
starting points for GW calculations. However, hybrid
functionals predict a range of band gaps, depending on
the amount of exact exchange included, thereby affecting
subsequent “one-shot” GW results [12, 23, 24]. Specif-
ically, the Heyd-Scuseria-Ernzerhof (HSE) [25] short-
range hybrid functional yields accurate results for narrow
band gap semiconductors, but GW using it as a start-
ing point produces results of similar quality only if self-
consistency is employed [26, 27]. A method to a priori
select the right parameters of hybrid functionals for band
gap prediction and for generating GW starting points re-
mains an active area of research [28-33]. These issues
have hampered the application of GW-BSE to narrow
band gap (and other) semiconductors.

Time-dependent density functional theory (TDDFT)
[34-37] in principle can yield accurate optical absorp-
tion spectra. However for crystalline solids TDDFT us-
ing (semi)local functionals produces inaccurate spectra

which are red-shifted and underestimate excitonic con-
tributions to absorption peaks [38, 39|, as can be seen
in the optical absorption spectra of narrow band gap
semiconductors in Ref. [40]. Many methods have been
proposed to overcome these deficiencies [35], and several
methods have been used to calculate the optical absorp-
tion of germanium [41-44] or indium arsenide [45], but
to our knowledge only the jellium-with-gap (JGM) kernel
with an empirical scissor shift has been tested on a set
of narrow band-gap semiconductors [46]. In that work,
reasonable results were obtained, however spin-orbit cou-
pling effects were neglected.

TDDFT using hybrid functionals or other forms of
screened exact exchange has received much attention
recently as a promising way to calculate the optical
absorption spectra of crystalline solids [47-55], but to
our knowledge they have yet to be applied to narrow
band gap semiconductors. In previous work [48, 50] we
showed that DFT and TDDFT using the screened range-
separated hybrid (SRSH) functional can produce band
structures and optical absorption spectra on par with
GW and GW-BSE, respectively, for a range of group
IV and III-V semiconductors. In that work, a single
parameter in the SRSH functional was fit to reproduce
the quasiparticle band gap predicted by GW. Subsequent
TDDFT calculations used a kernel obtained from the sec-
ond functional derivative of the SRSH functional and no
further fitting was required when calculating the TDDFT
spectra. Given the success of our previous work and the
advantages of the SRSH formalism, here we investigate
whether the SRSH functional can accurately calculate
band structures and optical absorption spectra for the
narrow band gap semiconductors Ge, GaSb, InAs, and
InShb.

In the SRSH functional,[28, 48] the exchange part of
the Coulomb interaction is partitioned using the identity
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where the first term is treated explicitly by a Fock-



like operator and the second term is approximated by
semi-local exchange, in our case based on the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional
[56]. The full form of the SRSH exchange-correlation
functional can then be expressed as:

ESft = (1 - ) ERE, + aESF +[1 - (a + B)EXE,
+(a+ B)EEE + Frse, (2)

where the subscripts K.Sx and K Sc denote (semi)local
KS exchange and correlation, respectively, and zz is ex-
act (Fock) exchange. In this form, the Fock-like exchange
operator is naturally partitioned into short-range (SR)
and long-range (LR) components that are scaled by the
error function such that there is seamless transition be-
tween the two regimes. «, (3, and <y are parameters. «
controls the fraction of short-range exact exchange, a+
controls the fraction of long-range exact exchange, and ~
is the range-separation parameter that controls the tran-
sition from the short-range to long-range regimes.

In this study we use the Vienna ab initio simula-
tion package (VASP), a plane-wave code,[57] with PBE-
based projector-augmented waves (PAWSs) for treating
core electrons [58]. For gallium, germanium, and indium
the PAWs include semi-core d-states. We use the room-
temperature lattice parameter for all materials. All cal-
culations, including the fitting procedure, include spin-
orbit coupling effects self-consistently.

We select parameters for the SRSH functional in the
following way. We set a = 0.25 in Eq. (1), as is done in
the HSE functional (note that this choice is not unique,
see the supplementary material of ref. 50). We then set
the 8 and ~ parameters using a two-step procedure.

First, we calculate the high-frequency dielectric con-
stant, €., and set 3 so that a+ 3 = é This constraint
on [ ensures that the SRSH functional has the cor-
rect — asymptotic behavior. The ion-clamped, high-
frequency dielectric constant, €., is calculated from the
change in polarization in response to a finite electric field
[59, 60]. The HSE functional is used for this calculation,
as it has been shown to lead to relatively accurate dielec-
tric constants [47, 50]. Due to the fact that the semi-
conductors in this study have large dielectric constants,
SRSH band structures and optical spectra of semicon-
ductors are not strongly affected by the exact value of
the dielectric constant, as long as the SRSH functional
is fitted to the fundamental band gap of the material
[50]. Thus the choice of which functional to use to cal-
culate the dielectric constant is of little consequence.
In these calculations local field effects are included for
both Hartree and exchange-correlation potentials [61].
The plane wave cutoff is 300 eV for all materials and
an 8x8x8 (9x9x9 for germanium) Monkhorst-Pack T'-
centered k-grid is used. The total energy convergence
criteria for calculations where the small electric field is
applied is 10710 eV. With these parameters the dielec-
tric constant is converged to within 3%. Our calculated
dielectric constants are reported in Table I.

Second, we fit the range-separation parameter, v to
obtain the experimental room-temperature fundamental
band gap [62]. A priori selection of all the parameters
of the SRSH functional is an ongoing challenge [28-33].
Here, the same numerical parameters were used as in the
dielectric response, except that the total energy conver-
gence was reduced to 10~* eV. This converged the band
gap to within 0.03 eV for all materials. The resulting
range-separation parameters are reported in Table I.

TABLE I. Room temperature experimental lattice constants
[62], ion-clamped dielectric constants using the HSE func-
tional, experimental high-frequency dielectric constants for
comparison [62], SRSH range-separation parameters that
yield the experimental room-temperature fundamental band
gap [62], and fundamental band gaps calculated by HSE. In
all calculations spin-orbit coupling effects were included.

Alat (A) etogeory Ego)jpt Y (Ail) Eg,expt (eV) Eg,HSE

Ge 5.66 14.8 16.0 0.41 0.67 0.71
GaSb  6.10 13.1 145 0.31 0.75 0.70
InAs  6.06 11.4 124 045 0.36 0.38
InSb  6.48 13.2 15.7 0.50 0.18 0.28

TDDEFT calculations are performed by solving the lin-
ear response equations [63—65] within the Tamm-Dancoff
approximation [36, 66]. For a detailed discussion of the
equations in the TD-SRSH case, see Refs. 48 and 67.
These calculations use a planewave energy cutoff of 240
eV for Ge, 220 eV for GaSb, and 180 eV for InAs and
InSb. Additionally, the exchange-correlation kernel is
evaluated using six valence bands and six conduction
bands, the transition energy cutoff is set to 10 eV, and
a Gaussian broadening of 0.1 eV is used. These parame-
ters converge the first two absorption peaks of the optical
absorption peak heights to within 3%. Calculations use
a 14x14x14 k-grid with a judiciously chosen k-grid shift
(0.1, 0.45, 0.75) selected to rapidly converge the TDDFT
results by maximizing the sampling of different transition
energies, as described in Ref. 50.

Band structures are calculated using the WANNIERIO
software package [68] using the same plane wave energy
cutoffs and dense k-grid as the TDDFT calculations.
These parameters converge the band gap to 0.03 eV,
though Wannierization introduces an error of up to 0.1
eV when interpolating to k-points not sampled.

In Figure 1, we present the SRSH band structures
for these semiconductors and compare them to those
obtained using the empirical pseudopotential method
(EPM) [69, 70], often used as benchmark data. Impor-
tantly, agreement between the two methods is good for
the top-most valence bands and bottom-most conduction
bands, which are the most important bands for TDDFT
calculations. The bottom SRSH valence bands are sig-
nificantly stretched as compared to the EPM, similar to
results comparing SRSH and GW band structures [50].
In the case of Ge, SRSH predicts a direct band gap of
0.69 eV, which is marginally larger than the fitted in-
direct band gap, and is somewhat smaller than the ex-



perimental direct band gap of 0.8 eV [62]. The direct
band gap of Ge is also reported to be underestimated in
a prior set of GW calculations, possibly due to an insuf-
ficient number of semi-core electrons [14]. Additionally,
the SRSH direct band gaps shown in Fig. 1, in particular
that of InSb, are somewhat smaller than the values ob-
tained from SRSH calculations using a Monkhorst-Pack
I'-centered k-grid, as reported in Table I. This is due to
using Wannier interpolation for the I' point which is not
included in the shifted k-grid.

In Figure 2, we present the TDDFT optical absorption
spectra of SRSH compared to room-temperature experi-
mental measurements [T1]. The agreement between the-
ory and experiment is very good. In particular, SRSH
correctly captures the spin-orbit splitting of the first ab-
sorption peak for GaSb and InSb (the smaller splitting of
the first peak in InAs likely requires a larger k-grid to be
resolved). GaSb peaks are shifted by 0.2 eV compared to
experiment. An overestimate of the experimental band
gap used to fit SRSH could cause such as shift, but the
literature is in agreement on the value of the band gap
[62, 72-75]. Averaging across the results of all four ma-
terials, SRSH blue shifts the first and second absorption
peaks by 0.11 &20.08 eV.

For comparison, we also include the optical absorp-
tion spectra of HSE in Figure 2, which is somewhat
blue-shifted from SRSH and experiment. The somewhat
smaller blue-shift for GaSb and larger blue-shift for InSb
can be explained by noting that HSE underestimates the
ground state band gap for GaSb and overestimates the
band gap for InSh, see Table I. The HSE spectra are on
average 0.09 4= 0.03 eV blue shifted compared to SRSH
spectra, as calculated by the difference between the po-
sition of the first peak of the HSE and SRSH spectra
minus the difference between the HSE and SRSH band
gaps. We hypothesize that the blue shift of the HSE

spectra is due to the neglect of screened long-range exact

3

exchange, which leads to incorrect asymptotic behavior
of the exchange-correlation kernel in the long-wavelength
limit [38, 39, 48]. Without the correct asymptotic be-
havior excitonic effects are not properly accounted for.
These excitonic effects red shift the absorption spectra
and increase the first absorption peak, relative to the in-
dependent particle absorption spectra, for IV and III-V
semiconductors [8, 39, 76]. Interestingly, the first absorp-
tion peak calculated by HSE is shifted, but of similar in-
tensity to that of SRSH. We have also observed a similar
effect in the case of silicon.

In conclusion, by empirically fitting one parameter
of the SRSH functional to the experimental band gap,
we show that the SRSH functional is able to yield ac-
curate band structures and optical absorption spectra
for four challenging narrow band gap semiconductors.
We also show by comparing the TDDFT SRSH spec-
tra to the HSE spectra that even for materials which
have large high-frequency dielectric constants, including
screened long-range exact exchange improves the optical
absorption spectra. TDDFT using the SRSH functional
is a useful pragmatic approach given that standard non-
empirical methods typically fail to yield accurate results
for these materials.
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