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Electronic and optical properties of body-centered-tetragonal Si and Ge
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We present a first-principles calculation of the quasiparticle and optical excitation spectra of recently pre-

dicted silicon and germanium polytypes in the body-centered-tetragonal (bct) structure. The quasiparticle
spectra calculated within the GW approximation predict that both silicon and germanium in the bct structure
are small band gap materials with indirect gaps of 0.86 and 0.38 eV, respectively. The optical spectra is
evaluated by solving the Bethe-Salpeter equation taking into account electron-hole interactions. We then make
comparison to the cubic phases of Si and Ge which suggest the possible utility of the silicon bct phase in

photovoltaic applications.
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I. INTRODUCTION

Silicon and germanium play an important role in count-
less electronic and photovoltaic devices that are at the heart
of modern technological development. Their importance ne-
cessitates an understanding of their properties, in particular
their electronic and optical characteristics. The cubic phases
of both of these materials have been extensively studied over
the years and have been the topic of a large number of pub-
lications. However, while much about the cubic phases is
known, much less is known about the various polytypes that
these elements form. The interest in obtaining a better under-
standing of the other polytypes that these materials form is
not only interesting from a scientific perspective, but because
a number of these phases have common characteristics with
their cubic counterparts they may have possible applications
in the same domains of use. Additionally, many of these
phases are the subject of current experimental study and thus
a good theoretical understanding of these materials is de-
sired.

One of the most recent developments in the understanding
of the phase diagram of silicon and germanium has been the
prediction of a new fourfold coordinated phase in the body-
centered tetragonal (bct) structure.! This phase had been re-
cently discovered in studies of carbon through molecular-
dynamics simulations as a crystalline phase that carbon
nanotubes form under a pressure of 20 GPa.” Because of the
similarities between the group-IVA materials, this phase was
expected to occur for silicon and germanium. The ab initio
calculations performed in the first study of the bct Si and Ge
structures suggest that this structure would be metastable
with a total energy higher than the cubic structure by only
~0.1 eV/atom.! Upon the inclusion of quasiparticle correc-
tions using the GW approximation (GWA) (Refs. 3 and 4)
silicon in the bct structure was found to be semiconducting
with an indirect band gap of 0.47 eV.! Germanium, on the
other hand, was found to have an indirect overlap in the
local-density approximation (LDA) which persists even after
the quasiparticle corrections. While the bct phase in Si and
Ge has yet to be observed experimentally, it has been sug-
gested that a possible path for obtaining this structure is het-
eroepitaxial growth on the (111) surface of a Ge substrate in
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the case of Si and the (111) surface of a Ge-Sn buffer layer in
the case of Ge.!

The discovery of a small band gap silicon polytype moti-
vates an interest in its optical properties since silicon-based
materials currently dominate the photovoltaics market. In a
recent paper two of the above authors investigated the optical
properties of another silicon polytype, the high-pressure
phase Si-XIL> In this work it was found that the optical
absorption coefficient showed a greater overlap with the in-
cident solar spectra than that of three other forms of silicon
used for comparison, namely the cubic, amorphous, and
polycrystalline forms. This characteristic could result in the
material finding use in photovoltaic applications. As another
small band gap silicon semiconductor, the bct phase is also
expected to have an optical spectrum conducive to its use in
photovoltaic applications. Similar expectations are reason-
able for bct germanium.

In this paper we first examine the quasiparticle excitation
spectra of the bet phases of Si and Ge using the GWA.>* We
then solve the Bethe-Salpeter equation for the optical spectra
which incorporates the mutual attraction of quasielectrons
and quasiholes.® Taking into account this mutual interaction
can be crucial when comparing to experimental
measurements.’~!' We then examine the optical spectra of
these materials and compare the bct phases to their cubic
counterparts.

II. METHOD

We have performed ab initio pseudopotential calculations
within the framework of density-functional theory (DFT) in
the LDA to the exchange-correlation functional. The interac-
tion of the valence electrons with the ion cores is represented
by a norm-conserving pseudopotential.!! These calculations
are used to evaluate total energies, for structural optimization
and as inputs to the subsequent quasiparticle and many-body
calculations. The electronic wave functions are expanded in
a plane-wave basis'>!3 with a kinetic-energy cutoff of 30 Ry.

Quasiparticle spectra are calculated in the “one-shot” GW
approximation to the electron self-energy following Hybert-
sen and Louie.* In this approach, the self-energy is approxi-
mated by the product of the single-particle Green’s function
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and the screened interaction.> The Green’s function is ap-
proximated using states and energies resulting from the LDA
calculations and the frequency-dependent dielectric matrix
needed to compute the screened interaction is obtained by
extending the static dielectric matrix to finite frequencies us-
ing a generalized plasmon-pole model.* This approach has
been seen to dramatically improve the agreement with ex-
periment with regards to the band gap of materials than re-
sults from simply interpreting the DFT eigenvalues as the
quasiparticle energies.

In order to calculate the optical spectra of materials accu-
rately from first principles, the effects of the electron-hole
interaction must be included. This necessitates going beyond
the quasiparticle calculations discussed above to examine ex-
citations that are characterized by linear combinations of free
quasielectron and quasihole pair configurations. These exci-
tations, denoted by |S), are given by

hole elec

|S)= E E 2 Afck&ZkéZ,k+Q|o>’ (1)
k v ¢

where dlk creates a quasihole in state k and bz’k +Q creates a

quasielectron in state k+Q following the absorption of a
photon with wave vector Q. These states and their corre-
sponding energies ()¢ can be calculated by solving the equa-
tion of motion for the two-body Green’s function using the
Bethe-Salpeter equation:'*
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The solution of this equation in the limit of Q — 0 is per-
formed within the framework described by Rohlfing and
Louie.® Once this equation is solved for the correlated
electron-hole excitations |S) and their energies, it is possible
to evaluate the optical spectrum.

III. RESULTS AND DISCUSSION

The structures of bet Si and Ge are described in the origi-
nal work of Fujimoto et al." We have relaxed the structures
from their original parameters and find that their original
structural description is consistent with ours. The calculated
gaps in the bct phase are shown in Table I where they are
compared with the results of Fujimoto et al.' The calculated
values of the gaps within the local-density approximation are
in good agreement. We note, however, that our indirect LDA
gap is somewhat larger that that calculated in Ref. 1 for bct
Ge. As in Ref. 1, we find the direct gap to be at the Z point
for both materials. The indirect gap is between the top of the
valence band at Z, for both materials, and the bottom of the
conduction band which is along a line connecting I'" to Z in
the case of Si and at the P point in the case of Ge.!

Despite the good agreement between the calculated values
of the gaps within the LDA, the values of the gaps calculated
within the GW approximation are noticeably different. The
values calculated in the present work are larger by an aver-
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TABLE I. The minimum indirect gap E; and direct gap E,; of bct
Si and bcet Ge calculated within the LDA and within the GWA. The
results from the present work are compared with those found by
Fujimoto er al. (Ref. 1).

E; (eV) E; (eV)
Ref. 1  Present work Ref. 1 Present work
bet Si (LDA) 0.10 0.15 0.25 0.32
bet Si (GWA) 0.47 0.86 0.74 1.07
bct Ge (LDA) -0.39 -0.23 0.11 0.15
bct Ge (GWA)  -0.12 0.38 0.51 0.79

age of 0.38 eV. This difference may be attributed to the dif-
ferent implementations of the GW approximation used in cal-
culating the effect of the electron self-energy. As discussed
earlier, in this work we utilize a plane-wave implementation
of the GWA in which the static dielectric matrix is extended
to finite frequencies with the use of a generalized plasmon-
pole model.* We calculate the static dielectric matrix
e&fc,(q, w=0) up to a kinetic-energy cutoff of 24 Ry and the
self-energy 3 by summing over 59 ¢ points in the irreducible
Brillouin zone and 700 bands (8 occupied and 692 unoccu-
pied). In contrast, the calculations done in Ref. 1 are imple-
mented in an all-electron, augmented-wave implementation
of GWA using eigenfunctions generated by the full-potential
linear muffin-tin orbital (FP-LMTO) method."'> In addition
to this difference, the calculations of Ref. 1 also involve the
computation of the full-frequency dependence of the
screened Coulomb interaction W and do not make use of the
plasmon-pole approximation.' It is found that in the method
of the present work, the calculated band gap of cubic silicon
is 1.27 eV whereas that found in Ref. 1 is 1.03 eV (experi-
mental measurement is 1.17 eV). This difference in the re-
sults of the two methods is also seen in other calculations in
the literature, giving an indication of the precision of this
approach. The original calculations of Hybertsen and Louie*
find a indirect gap of 1.29 eV in the case of cubic silicon
whereas calculations done by Faleev et al. using the FP-
LMTO method find a one-shot GW energy gap of 0.84 eV.'
Thus the fact that we find the bct quasiparticle gap to be
somewhat larger in our pseudopotential plane-wave approach
than that found in Ref. 1 using an all-electron implementa-
tion is consistent with previous results.

The difference in the magnitude of the quasiparticle cor-
rections for the bct phases from the current work and that of
Ref. 1 gives rise to a qualitative difference in the nature of
the gap in the case of germanium. In Ref. 1 it was found that
bet Ge is semimetallic with an indirect overlap of 0.12 eV.
Our calculations suggest that the indirect overlap present in
the LDA is increased to an indirect gap of 0.38 eV, thereby
predicting that bet Ge should be a small band gap semicon-
ductor. It should be noted that this conclusion does not rest
on the fact that the calculations of Ref. 1 find a somewhat
larger overlap in the LDA as our calculated quasiparticle
corrections are larger than that of Ref. 1 by more than the
difference between our LDA indirect gaps. However, it is
important to note that in the quasiparticle calculations for
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germanium, the occupancies of the states are as they would
be in the semiconducting case. This avoids the complexity of
representing the intraband transitions in the small region of
overlap where the Fermi level crosses the band in the LDA
as it would in a true metal.

Once the quasiparticle spectrum has been obtained, we
are in a position to solve the Bethe-Salpeter equation (BSE)
shown in Eq. (2). We have included all 8 valence bands
(v=1-8) and the lowest 12 conduction bands (c=9-20) in
our solution. The calculation of the electron-hole interaction
matrix elements is a computationally intensive step and so
they are calculated on a coarse grid of 512 k points before
an interpolation procedure is used to obtain them on a finer
grid of 1000 k points.® We then solve the BSE yielding the
coupled excitations |S) and the associated energies (.

Once these excitations have been solved for using the
BSE, the optical spectrum can be evaluated. The imaginary
part of the dielectric function, €,(w), is calculated using

16722

62((1)) = )

>IN (0[g]S) 28w - Q). (3)
S

In this expression X is the polarization of the incident
light and U is the single-particle velocity operator. In the
absence of electron-hole interactions, Eq. (3) reduces to the
following expression involving photon-induced direct transi-
tions between the independent electron and hole states

167>

w2

6(20) (w) =

2N @l do-(E.~E)], ()

where the superscript is used to distinguish the fact that
electron-hole interactions are not included.

In Fig. 1 we plot &(w) for silicon and germanium in the
bet structure using the method described earlier. For both
materials it is clear that the electron-hole interaction shifts
the spectra to lower energies. This behavior is seen in other
semiconductors and occurs not because of a shift to lower
energies due to the attractive electron-hole interaction but
rather due to a constructive superposition at lower energies
of the noninteracting matrix elements that make up the
coupled excitations [S).6

In comparing the absorption spectra between these two
materials it is interesting that while both materials have di-
rect gaps near 1 eV, only the germanium phase has any sub-
stantial weight in this energy region. The cause of this can be
understood by examination of Fig. 2. In Fig. 2 we have plot-
ted the joint density of states (divided by w? to make it com-
parable to the absorption spectra in Fig. 1) as well as the
average squared matrix element, |\ -(v|]c)[?, as a function of
energy. While the joint density of states for the two materials
are extremely similar, the average squared matrix element for
the silicon phase is very small up until after 2.5 eV, which
explains why the absorption curve in Fig. 1 does not become
substantial until around this energy.

In order to obtain a measure of the possible utility these
phases have for photovoltaic applications, we compare the
absorption spectra with their cubic counterparts. The cubic
phases of both silicon and germanium find widespread use in
photovoltaic applications. Silicon-based solar cells dominate

PHYSICAL REVIEW B 81, 115201 (2010)

50
45 bet Si
40
35
30 F
25 |
20 F
15 |
10 £

EA©)

25

20 |

£5(0)

0 e . .
0 1 2 3 4 5 6 7

Energy (eV)

FIG. 1. Calculated €,(w) of the bct phase of silicon (upper
panel) and germanium (lower panel). The solid line is including
electron-hole interactions [Eq. (3)] while the dotted line is the non-
interacting calculation [Eq. (4)].

the photovoltaics market while germanium is a component in
highly efficient multijunction solar cells.!” While the effi-
ciency of a solar cell certainly depends on other characteris-
tics, our analysis will focus only on the overlap of the ab-
sorption coefficient with the incident solar spectrum. In Fig.
3 we plot &(w) for silicon in the bct and cubic structures
calculated using the method described in this work. The ex-
perimental dielectric function for cubic silicon is taken from
Ref. 18 and shows the reliability of the method in calculating
optical spectra from first principles. The calculations for cu-
bic silicon also show good agreement with others in the
literature.®° The calculated e,(w) for bet silicon shows more
weight than cubic silicon at the lowest energies for which the
dielectric function is nonzero. However, above ~3.3 eV the
value for the cubic phase has a greater magnitude. In terms
of the relevance of these curves to photovoltaic absorption in
materials, the important energy range is that for which the
incident solar flux is appreciable.

In Fig. 4 we show the calculated absorption coefficients of
silicon in the bct and cubic phase. Shown also is the air mass
(AM) 1.5 solar spectral irradiance.!® It can be seen that the
absorption coefficient of bct silicon is larger for energies
where the incident photon flux is greater. The more complete
the overlap between the absorption coefficient and the inci-
dent solar spectrum the less material that is needed to capture
a given quantity of light. It is also important to note that in
the calculations only direct transitions are taken into account.
With the inclusion of phonon-assisted, i.e., indirect, transi-
tions we would expect the absorption coefficient of silicon in
the bct phase to have a finite values at lower energies than
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FIG. 2. Upper panel: calculated joint density of states (JDOS),
divided by w?, for silicon and germanium in the bct phase. Lower
panel: average squared matrix element |):(v|17 |c)|? for the two cal-
culations. The size of the energy bins in the lower panel is 0.1 eV.

for the case of cubic silicon arising from the smaller indirect
band gap found in the bct phase. While there are other con-
siderations that must be taken into account when building a
solar device, the strong overlap between the absorption co-
efficient of bct silicon and the solar spectrum owing to the
smaller band gap of this form of silicon shows promise for
use in photovoltaic devices.

We now turn to the case of germanium in the bct phase. In
Fig. 5 we show the calculated €,(w) for germanium in the bct
structure compared with experimental data on its cubic phase
from Ref. 20. Compared to its cubic counterpart, bct Ge
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FIG. 3. Calculated €,(w) of silicon in the bct and cubic phases.
The calculated curve for cubic silicon (cSi) is compared to the
experimental data from Ref. 18 and indicates the reliability of the
present method for calculating optical spectra. The calculated
curves include an artificial broadening of 0.15 eV.
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FIG. 4. Calculated optical absorption coefficient « of silicon in
the bet and cubic structures. Shown also in arbitrary units is the
solar spectral irradiance for AM 1.5.

appears to have substantially less weight at lower energies at
which the incident solar flux is large. Thus even though ger-
manium’s bct phase compares favorably to the bct phase of
silicon as seen in Fig. 1, the fact that the cubic phase of Ge
has a much smaller direct gap of 0.89 eV compared to the
direct gap of 3.4 eV in cubic silicon?"?? results in the bct Ge
phase comparing unfavorably in terms of overlap with the
solar spectrum whereas the bet Si phase compares favorably
in relation to their respective cubic counterparts.

In conclusion we have calculated the quasiparticle excita-
tion and optical absorption spectra of the recently predicted
bet phase of silicon and germanium. The quasiparticle spec-
tra are calculated using a plane-wave implementation of the
GW approximation which predict that both Si and Ge in the
bet structure are semiconductors with indirect gaps of 0.86
and 0.38 eV, respectively. The optical absorption spectrum is
obtained by solving the Bethe-Salpeter equation to take into
account the effect of the electron-hole interactions. The ob-
tained optical coefficients of silicon in the bct structure show
a better overlap with the incident solar spectrum than do
those for the cubic structure. In addition to providing optical
characterization of this predicted silicon and germanium
polytype, the calculations suggest that this phase of silicon
may find possible applications within the realm of photovol-
taics.
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FIG. 5. Calculated €,(w) of germanium in the bct and compared
to experimental data on cubic germanium taken from Ref. 20. The
calculated curves include an artificial broadening of 0.15 eV.
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