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First-principles study of the optical absorption spectra of electrically gated bilayer graphene
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The electronic structure and optical response of electrically gated bilayer graphene are studied by first-
principles approaches. We have obtained the induced band gap that is in good agreement with experiment when
the applied electric field is less than 1.5 V/nm. The infrared optical absorbance is calculated within the
single-particle excitation picture and its fine structures are presented. In addition, the calculated infrared optical
absorbance is found to be strongly depending on stacking styles of bilayer graphene and the polarization
direction of the incident light, which provides efficient ways to identify the electric-field intensity and stacking
styles in experiment. Finally, many-electron effects are discussed.
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I. INTRODUCTION

Graphene, a single-layer graphite, is known for its unique
electronic structure that has a massless Dirac-fermion disper-
sion close to the Fermi level.!~* This special feature results in
many unusual properties,>® e.g., quantum-Hall effect,> Kohn
anomaly,”® universal infrared optical conductance,’" etc. In
addition to the importance of fundamental physics, the high
mobility of free carriers and two-dimensional nature of
graphene make it possible to obtain high-performance micro-
electronic circuit structures, which could dramatically sim-
plify the fabrication of devices and lower the cost conse-
quently. However, despite above outstanding properties, one
obstacle to applications of graphene is its zero-gap band
structure. As a result, electrical conduction cannot be turned
off using control voltages, which is essential for the opera-
tion of transistors.'®

Recent experiments have confirmed that an external elec-
tric field perpendicularly applied to bilayer graphene (BLG)
can modify the electronic structure and induce a finite band
gap by breaking the lattice inversion symmetry without de-
grading the high mobility.!”~'® Moreover, the induced band
gap can be efficiently tuned in a wide range, up to a few
tenths of electron volt by the applied field around 1-2
V/nm.?2! This discovery makes BLG the first known mate-
rial with a wide-range tunable band gap. On the other hand,
many theoretical studies have been performed to reveal the
band structure of electrically gated BLG.?>>” However, there
are very few first-principles calculations about its optical ab-
sorption spectrum although a number of relevant experi-
ments are using optical approaches to study BLG (Refs. 20
and 21) and corresponding tight-binding (TB) models?® have
been developed. Therefore, a first-principles calculation
about the optical response of BLG is of great interest to the
graphene community.

Beyond explaining available experimental data, we are
motivated to study polarization effects of the optical re-
sponse of electrically gated BLG because low-dimensional
materials usually display quite different optical response to
the incident light with different polarization directions.?*-33
Therefore, the optical absorption spectra by different polar-
ization directions may provide useful information to detect
atomic and electronic structures of BLG.3* Unfortunately, to
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date we have very limited first-principles knowledge about
the polarization dependence of the infrared optical absor-
bance of electrically gated BLG. Finally, the stacking style of
BLG is another interesting topic affecting its infrared optical
response because different stacking styles result in different
band structures around the Dirac point.> In particular, ex-
perimental conditions, such as external strain, imperfections,
and edges, can potentially induce different stacking styles
locally.*® Since it is not easy to identify the stacking style of
BLG in experiment, the optical measurement may provide an
efficient way to solve this problem.

Motivated by above considerations, we have performed
first-principles calculations to study the electronic structure
and optical absorption spectra of AA and AB stacked BLG
with an perpendicularly applied electric field. Our density-
functional theory (DFT)-calculated band gap is in good
agreement with experimental measurements when the ap-
plied electric field is weak. Correspondingly, this induced
band gap results in a significant modification of optical ab-
sorption spectra of BLG within the infrared frequency re-
gime. Our calculation reveals that not only absorption peak
positions but also their amplitudes and line shapes are sig-
nificantly changed by the applied field. In addition, electri-
cally gated BLG displays strong polarization effects and a
dependence of stacking styles, which are useful for its future
electronic and photonic applications.

The remainder of this paper is organized as follows: in
Sec. II, we introduce the calculation details and structure of
electrically gated BLG; in Sec. III, the band gap of electri-
cally gated BLG and comparisons with experimental mea-
surements are presented; in Sec. IV, we carry out detailed
calculations on optical absorption spectra of electrically
gated BLG with different stacking styles and polarization
directions; in Sec. V, many-electron effects on infrared opti-
cal absorption spectra are discussed; and in Sec. VI, we sum-
marize our studies and conclusion.

II. STRUCTURE AND CALCULATION DETAILS

Our calculations are using DFT within the local-density
approximation (LDA) (Refs. 37 and 38) and the computa-
tional package is QUANTUM ESPRESSO.* The calculations are
done in a supercell arrangement*’ with a plane-wave basis
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using norm-conserving pseudopotentials*! with an 80 Ry en-
ergy cutoff. The distance between BLG sheets in neighboring
supercells is set to be 2.0 nm to avoid spurious interactions.
Two valence bands and two conduction bands are included to
obtain converged optical absorption spectra up to 6 eV. A
saw-tooth shape of electric potential is perpendicularly ap-
plied to mimic the gating electric field. A 128 X 128 X 1
k-point grid is used to ensure converged DFT results. In this
work, we focus on isolated BLG with fixed chemical poten-
tial, although the applied field can also be used to modify the
chemical potential and induces a substantial change in opti-
cal absorption spectra.*? Thus the optical response is studied
by calculating the imaginary part of the dielectric function*?
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where |v) and |c) are valence and conduction states, respec-
tively, ¢ is the velocity operator, and X is the polarization
direction of the incident light.

However, the quantity of above imaginary dielectric func-
tion cannot be compared with experiments directly because
its value is depending on the choice of the supercell size. In
order to eliminate this artificial effect, we obtain the polariz-
ability per unit area of BLG by**

ay(w) =[e(w) - 1]d/4, (2)

where d is the distance between adjacent BLG sheets in our
supercell arrangement. Moreover, most of experimental mea-
sured quantities are the optical absorbance. If we assume
isolated BLG surrounded by infinite vacuum, the optical ab-
sorbance can be derived as*

T 6me’d -
A= T () = IS K Gulale) ol - (5,
-] ®)

The other challenge of this study is how to obtain an
optical absorbance with a good energy resolution. Because
available experiments can only induce a small band gap of
BLG in an order of a few tenths of electron volt,'*2! we
have to use an extremely dense k-point sampling to obtain
comparable optical absorption spectra. Fortunately, we are
interested in the infrared optical absorption spectrum up to 1
eV and only need to extensively sample the k-space around
the Dirac point. In this study, we use a 100 X 100 k-point grid
to sampling the mini first Brillouin zone (BZ) (0.1 X 0.1 of
the first BZ) around the Dirac point, which is equivalently a
1000 X 1000 k-point sampling of the whole first BZ. This
extremely dense sampling makes it possible to obtain a fine
structure of optical absorption spectra with a 20 meV energy
resolution.

Finally, we have considered two stacking styles of BLG,
AB and AA. All these electrically gated structures are fully
relaxed according to the atomic force and stress with DFT/
LDA. We find that the applied electric field has minor effects
on the structure of BLG. The relaxed interlayer distance and
C-C bond length are nearly identical under different electric
fields up to 4 V/nm. The relaxed interlayer distance of AB
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FIG. 1. (Color online) Band structure of electrically gated BLG
close to the Dirac point. The AB stacked one is shown in (a) and AA
stacked on is shown in (b).

stacked BLG is 0.335 nm and that of AA stacked one is 0.346
nm, respectively, which are consistent with previous first-
principles results.*

III. BAND GAPS OF ELECTRICALLY GATED BLG

Plotted in Fig. 1 is the band structure of BLG close to the
Dirac point calculated by DFT/LDA. In the absence of gat-
ing field, for AB stacked one shown in Fig. 1(a), the valence
band and conduction band touch each other with a quadratic
shape due to breaking the AB symmetry by interlayer inter-
actions. Moreover, dispersions of valence bands and conduc-
tion bands are not symmetric to each other according to the
Dirac point.*’ In particular, the lowest two conduction bands
are even crossing each other along the K-M direction. This
may induce impacts on optical absorption spectra of doped
BLG.*?> For AA stacked BLG shown in Fig. 1(b), the inter-
layer interaction does not change the band dispersion but
shifts Dirac points.

When gating electric field is applied, a finite band gap is
generated in AB stacked BLG. It can be understood by the
following Hamiltonian describing the electronic structure
near the Dirac point of AB stacked BLG:*

ﬁZ
A - —(k,—ik,)*
2m ’
- ﬂ(k’c + iky)2 -A

where k is the momentum and A is the onsite energy differ-
ence between two layers of BLG, respectively. In the ab-
sence of electric field, A=0, thus the above effective Hamil-
tonian will lead to a gapless quadratic band dispersion. When
gating electric field is applied, it will introduce different on-
site energies of two layers. Then the nonzero A will give rise
to a finite band gap with a size of 2A. However, how to
obtain the value of A is not easy because the applied electric
field is inevitable to be screened by electrons in graphene,
which can significantly depress the difference of onsite en-
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FIG. 2. (Color online) Electric-field dependence of the tunable
band gap in AB stacked BLG. The experimental measurements and
tight binding and previous ab initio results are retrieved from Fig. 4
of Ref. 20.

ergy between graphene layers and reduce the band gap. DFT/
LDA may be a better choice because it includes a part of
screening effects through first-principles ways.

In Fig. 1(a), as the intensity of the applied electric field
increases, the band gap is enlarged and the band structure is
no longer quadratic and finally replaced by a Mexican-hat-
shape dispersion. In addition to the induced band gap, the
dispersion of conduction bands is modified by the applied
field as well. For example, the lowest two conduction bands
are no longer crossing each other along the K-M direction
under strong applied field. On the contrary, the bottom of the
second lowest conduction band and the top of the second
highest valence band are not so sensitive to the applied elec-
tric field, and a significant change in these bands shows up
until the applied field is larger than 4 V/nm.

We summarize our calculated band gap under different
electric fields into Fig. 2. Previous self-consistent TB (Ref.
28) and ab initio calculations”® and experimental
measurements® are plotted together for comparison. Inter-
estingly, our calculated band gap is larger than previous ab
initio calculations®® and in good agreement with experimen-
tal measurements when gating field is less than 1.5 V/nm.
For example, the previous DFT-calculated band gap under a
0.5 V/nm field is around 30 meV but our calculation provides
a 50 meV gap, an over 60% enlargement. A larger energy
cutoff and denser k grid used in our calculations may be
reasons for the difference between ours and the previous
calculation.”®> We have checked some other first-principles
studies and find that they are consistent with our results.?%?’
For example, following Ref. 26, the band gap of BLG is 37
meV when the applied field is 0.45 V/nm, which is very
close to our result. In Ref. 27, they get a band gap around
100 meV when the applied electric field is 1 V/nm, which is
consistent with our data as well. For larger electric field (
>1.5 V/nm), our calculated band gap is approaching previ-
ous ab initio results>® and significantly smaller than experi-
mental measurement.

The reason for the consistence and inconsistence of our
calculated band gap with experimental data is complicated
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because DFT is known for its failure to obtain accurate band
gaps of semiconductors.*® In particular, there are studies sup-
porting that self-energy corrections may enlarge the band gap
of BLG.?%* Here we attribute this “partial success” of DFT
to experimental reasons, such as substrate effects. In experi-
ment, BLG is sandwiched between gates, which may signifi-
cantly enhance the screening between electrons. Thus this
factor can reduce self-energy corrections from many-electron
effects and makes DFT results close to experimental mea-
surements. However, when the band gap is large enough as
the applied field is more than 1.5 V/nm, substrate effects
come to be smaller than self-energy corrections and our DFT
result starts to significantly underestimate the band gap as
shown in Fig. 2. Another potential reason for the above
agreement between DFT gaps and optical gaps may be from
the cancellation between self-energy corrections and exci-
tonic effects.3> More accurate experiments and first-
principles calculations with many-electron effects included
are expected to verify our discussions.

The band structure of AA stacked BLG close to the Dirac
point is presented in Fig. 1(b). Because inversion and AB
symmetries are kept, we do not observe any finite band gap
even when the applied electric field is around 4 V/nm. How-
ever, we do see an enlargement of the separation between
two Dirac points marked in Fig. 1(b), which is a result from
the enhancement of the difference of onsite energy of two
layers due to gating field. This small but essential change in
band structure will result in corresponding modifications of
optical absorption spectra and will be discussed in the next
section.

IV. OPTICAL ABSORPTION SPECTRA OF
ELECTRICALLY GATED BLG

First, we will focus on optical absorbance of AB stacked
BLG with the incident light polarized parallel to the
graphene sheet. The calculated optical absorption spectra are
presented in Fig. 3. The optical absorption with a frequency
less than 40 meV is not plotted because intraband transitions
and Drude factors are important there while we do not in-
clude them in this study. In Fig. 3(a), plotted is the optical
absorbance of AB stacked BLG in the absence of electric
field. There is only one absorption peak around 400 meV that
is due to interband transitions between the highest valence
band and the second lowest conduction band and the second
highest valence band and the lowest conduction band, re-
spectively. Besides this optical absorption peak, the rest part
of the absorbance is around 4.7% that is consistent with pre-
vious experimental observations.'3:14

When gating electric field is applied, a new absorption
peak shows up because of the induced finite band gap, as
shown in Figs. 3(b)-3(d). By measuring the position of the
sharpest slope of the new absorption peak, we identify that
these values are consistent with our calculated band gap.
Moreover, as applied electric field is stronger, the line shape
of the first absorption peak changes as well. For example, in
Fig. 3(d), the first absorption peak is actually a combination
of a few peaks. From Fig. 1(a), we can understand the origin
of the change in the absorption line shape is from the
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FIG. 3. Optical absorbance of BLG (AB stacked) with applied
gating electric field: (a) 0.0 V/nm, (b) 1.0 V/nm, (c) 2.0 V/nm, and
(d) 4.0 V/nm. The polarization of incident light is parallel to the
graphene sheet. A 10 meV Gaussian broadening is applied to all
plots. Please pay attention to the different scale of the above absor-
bance under different applied field.

Mexican-hat band structure under strong applied field. These
changes in band dispersions and correspond optical absorp-
tion spectra will modify the effective mass of free carriers
and are important to transport and electro-optical properties
of BLG.

It has to be paid attention to that not only the peak posi-
tion but also the peak intensity is modified by the applied
electric field; larger field induces a stronger absorption peak.
Plotted in Fig. 4 is the corresponding joint density of states
(JDOS), which is helpful to understand the modification of
the absorbance. As shown in Fig. 4(a), the applied electric
field not only induces a finite band gap but also gives rise to
an enhanced peak at the band edge of the JDOS. This en-
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FIG. 4. (Color online) The JDOS of bare and electrically gated
BLG (AB stacked). (a) The JDOS from 0 to 1 eV and (b) the JDOS
from 0 to 7 eV. A 10 meV Gaussian broadening is applied to (a) and
100 meV Gaussian broadening is applied to (b).
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FIG. 5. Optical absorbance of BLG (AB stacked) with applied
gating electric field: (a) 0.0 V/nm, (b) 1.0 V/nm, (c) 2.0 V/nm, and
(d) 4.0 V/nm. The polarization of incident light is perpendicular to
the graphene sheet. A 10 meV Gaussian broadening is applied to all
plots. Please pay attention to the different scale of the above absor-
bance under different applied field.

hancement of the JDOS increases the absorbance intensity
because more interband transitions are available within the
certain frequency regime.

When turning to the second absorption peak, we find a
weaker field dependence, which agrees well with our band-
structure conclusion because the second highest valence
band and the second lowest conduction band are not sensi-
tive to the applied field. Therefore, the shift of this peak is
not prominent until the applied electric field is larger than 2.0
V/nm. Unlike the first absorption peak whose intensity is
significantly enhanced, the intensity of the second peak does
not change much under different applied fields.

In low-dimensional structures, the optical response is
strongly depending on the polarization direction of the inci-
dent light. In BLG, we find the similar phenomenon. In Fig.
5, we present the optical absorbance of the incident light
with a polarization direction perpendicular to the graphene
sheet. First, the optical absorbance in this case is around two
orders of magnitude smaller than that in Fig. 3. This depo-
larization effect is interesting and quite different from those
observed in other nanostructures.’32 In those studies, we
have to include the local-field factor to obtain the depolar-
ization effect that is not considered in this study yet.

Second, we see more fine structures from this perpendicu-
lar polarization case. For example, we observe the absorption
peaks originated between the second highest valence band
and the second lowest conduction band in Fig. 5 which is not
shown in Fig. 3. Therefore, the energy position of these two
relevant bands can be measured by perpendicularly polarized
optical absorption spectra. Moreover, the intensity of the first
absorption peak shows a stronger dependence on applied
field than that of parallel-polarized cases. For example, its
absorbance increases from 0.03% to 0.3% as the field
changes from 0.5 to 4 V/nm. Therefore, although the magni-
tude of the absorbance is much smaller than that of Fig. 3, it
provides stronger contrast if advanced experimental tech-
niques can detect them, which may give better accuracy to
identify the band structure.
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FIG. 6. (Color online) Optical absorbance and JDOS of AA
stacked BLG under different gating electric field. (a) Optical absor-
bance with parallel-polarized incident light; (b) optical absorbance
with perpendicularly polarized incident light; and (c) JDOS. A 10
meV Gaussian broadening is applied to all plots.

Although AB stacked BLG is theoretically more stable
than AA stacked one, it is interesting to study the optical
response of the later one because the strain, imperfections,
and grain boundaries may result in locally AA stacked BLG.
Therefore, we have calculated the optical absorbance of AA
stacked BLG and presented them in Fig. 6. Because of dif-
ferent symmetries, the AA stacked BLG shows a very differ-
ent optical response from that of AB stacked one. In Fig.
6(a), when the incident light is polarized parallel to the
graphene sheet, the optical absorbance is zero within the fre-
quency range up to 0.6 eV. This symmetry gap is due to the
zero-oscillator strength between transitions from the highest
valence band to the lowest conduction band.*° Beyond that,
the optical absorption is contributed from transitions between
the highest valence band and the second lowest conduction
band and the second highest valence band and the lowest
conduction band, respectively. Interestingly, the optical ab-
sorbance above 0.6 eV is nearly a constant (~4.7%) that is
the same as that of AB stacked BLG. Therefore, the universal
infrared optical conductance of BLG above 0.6 eV is not
sensitive to whether AA or AB stacking style.

Finally, the electric-field effect on the optical response of
AA stacked BLG is weak as shown in Fig. 6. A significant
shift of the absorption edge does not show up until the ap-
plied electric field is larger than 2 V/nm, which is consistent
with our band-structure calculations shown in Fig. 1(b).

The polarization effect in AA stacked BLG is also quite
different from that of AB stacked one. As shown in Fig. 6(b),
the magnitude of the optical absorbance for the polarization
direction perpendicular to the graphene sheet is comparable
to that with a parallel polarization while a significant depo-
larization effect are observed in AB stacked BLG. However,
since the local-field effect may depress the perpendicularly
polarized optical absorption spectrum, a significant change in
Fig. 6(b) may happen after including many-electron effects.
Interestingly, when we compare the optical absorbance with
the corresponding JDOS that is shown in Fig. 6(c), we find
the perpendicularly polarized optical absorbance has a simi-
lar peak structure around 0.6 eV as that of the JDOS. This
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fact suggests that perpendicularly polarized absorbance is a
better choice to measure the JDOS in AA stacked BLG.

V. EXCITONIC EFFECTS ON INFRARED OPTICAL
ABSORPTION SPECTRA

It is known that many-electron effects, such as electron-
hole interactions,>!? are of importance in determining the
optical response of low-dimensional carbon materials.’*=¢ In
particular, a previous first-principles calculation with many-
electron effects included has revealed enhanced electron-hole
interactions in the optical absorption spectrum of BLG
around 5 eV.* Therefore, questions to our DFT-calculated
infrared optical absorption spectra are if many-electron ef-
fects will play an important role there and if they will quali-
tatively change our result for BLG with a finite band gap.

Usually, there are two important factors to dictate exci-
tonic effects on the optical response of solids. One is the
screening between electrons and holes; a smaller band gap
means a stronger screening and weaker electron-hole inter-
actions. The other one is the number of available electron-
hole pair configurations within a certain energy regime.
Within the Tamm-Dancoff approximation,’’ an exciton state
can be written as

hole elec

XS(xe’-xh) = 2 E 2 Agckl/jc,k(xe) l//:,k(xh), (5)
k v ¢

where A, is the exciton amplitude, ¢, ;(x.) and ¥, ;(x;) are
the electron and hole states, respectively. From this formula,
it is easy to see that a stronger bound exciton state needs
more electron-hole pair configurations to form a localized
state. Therefore, flatter bands are preferred to form enhanced
excitonic effects, which is consistent with the hydrogenic
model because larger effective mass gives rise to a stronger
binding energy of excitons accordingly.

For electrically gated BLG, an important consideration is
the small number of available electron-hole pair states within
the infrared frequency regime because of the sharp slope of
band dispersion close to the Dirac point of BLG. In Fig. 4(b),
we have marked the JDOS around the band gap and the peak
around 4-5 eV. Since the JDOS around the induced band gap
is much smaller than that around 4-5 eV, we expect exci-
tonic effects around the band gap is much smaller than those
around 4-5 eV. However, since the induced band gap is rela-
tively small, excitons with a small binding energy (a few
tenths of electron volt) can modify optical spectra®® although
they will not significantly change main conclusions of our
calculation. To justify this open question about the excitonic
effects in electrically gated BLG, more accurate first-
principles studies are necessary, which are beyond this paper.
In addition, we suggest future experiments to be performed
by measuring the line shape of absorption peaks as what had
been done in metallic Carbon nanotubes> to check the exis-
tence of bound excitons in electrically gated BLG.

VI. SUMMARY

In conclusion, we have performed first-principles calcula-
tions on the electronic structure and optical absorption spec-
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tra of electrically gated BLG. The electric-field dependence
of band gaps is evaluated. Our calculated result is partially in
good agreement with recent experiments. We believe self-
energy corrections are important although experimental sub-
strate effects can depress it when the applied field is weak.
The optical absorbance is calculated within the single-
particle transition picture. Absorption peaks, line shapes, and
intensity are found to be strongly depending on the applied
electric field. The polarization effect of the incident light and
stacking styles of BLG are studied as well, which provide
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efficient ways to detect the atomic and electronic structure of
BLG. Finally, excitonic effects are discussed and possible
experiments are suggested to verify our calculations.
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