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Out-of-plane optical conductivity measured in bilayer graphene
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We report the experimental observation of the out-of-plane optical conductivity in bilayer graphene at a
wavelength of 633 nm. While the in-plane optical constants vary by a few percent from the single-layer crystal
up to the bulk, this physical quantity depends strongly on interlayer interactions, being at least three times larger
in bilayer than in monolayer graphene.
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I. INTRODUCTION

Two-dimensional (2D) materials, with atomic thickness
and macroscopic lateral dimensions, are often modeled as
optically isotropic slabs [1–3]. This appears to be in conflict
with their atomic structure and with the optical anisotropy of
their three-dimensional precursors [3–7]. For instance, bulk
hexagonal boron nitride is a transparent negative uniaxial
crystal [8]. Both ordinary and extraordinary complex dielec-
tric functions of graphite show nonzero absorption in the
visible spectrum [5]. Large optical anisotropy was recently
observed in bulk transition-metal dichalcogenides (TMDCs)
with important applications for on-chip next-generation
photonics [7].

The reason why the isotropic slab model is so successful
in describing 2D crystals is because the out-of-plane opti-
cal constants of these materials are experimentally elusive
quantities. This was soon recognized by scientists performing
ellipsometric experiments on graphene [9]. The substrate on
which 2D materials are deposited hides the contribution due
to the out-of-plane optical constants. Indeed, the sensitivity
of optical measurements to anisotropy depends on the path
length of the light through the material, which is extremely
limited for monolayers or few-layer crystals [9]. There is
much experimental evidence for this. Since the discovery
of 2D crystals, the number of optical experiments (not only
ellipsometry) performed on them is enormous. Still, we lack
information on their birefringence.

The quest for the magnitude of the out-of-plane optical
constants of 2D crystals has been recently addressed. Both an-
alytical and ab initio theoretical approaches suggest that these
physical quantities should be different from their in-plane
counterparts [10–15]. From an experimental point of view,
the observation of the out-of-plane surface susceptibility of
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monolayer graphene was reported [16,17]. The light reflected
from the substrate (that hides the contribution from the out-
of-plane optical constants) was removed by immersion of a
monolayer in the middle of a bulk transparent polymer prism.
Experimental data confirm that graphene is an anisotropic
material.

By contrast with the out-of-plane properties, the in-plane
optical constants of 2D crystals are experimentally acces-
sible. They can be measured via ellipsometry [18–20], via
reflectivity and transmissivity measurements [21], or optical
contrast [22]. The number of experiments concerning the
in-plane optical constants of graphene is impressive. Nair
et al. observed that, for visible photon energies, multilayer
graphene can be considered as a stack of independent atomic
planes [23]. As a result, the obtained in-plane optical constants
of graphene could also be used (with errors of a few percent)
for bilayer, trilayer, and multilayers up to graphite [5,23–26].
In technical language, the in-plane sheet susceptibility (χ‖)
and conductivity (σ‖) of graphite are very close to the in-plane
surface susceptibility and conductivity of graphene. Bora and
Borini ascribed this behavior to the relatively low value of
the interlayer hopping term in multilayered graphene, which
is negligible when transition energies in the visible range are
being probed [26].

While the in-plane optical constants of graphene resemble
graphite’s ones, the out-of-plane constants of the monolayer
seem considerably smaller than those of the bulk precur-
sor [16,17]. Experimental data for graphite [5] suggest that the
out-of-plane sheet susceptibility (χ⊥) and conductivity (σ⊥)
of this material are very different than the out-plane surface
susceptibility and conductivity of graphene. In particular this
last optical constant is too small to be observed with the
present experimental sensitivity [16,17]. Were it similar to its
bulk precursor, it would have been largely observable. In view
of these considerations, it is of the utmost importance to study
how the out-of-plane optical constants vary with the number
of layers. To this end, we report an experimental measurement
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FIG. 1. Spectroscopic ellipsometric parameters of bilayer
graphene deposited on PDMS. The experimental data refer to two
different angles of incidence θ = 45◦ and θ = 60◦.

of the optical constants of bilayer graphene for comparing to
the monolayer [16,17].

II. EXPERIMENTAL PROCEDURE

Standard ellipsometry cannot separate the in-plane, the
out-of-plane, and the substrate contributions to the reflection
of a 2D crystal even if we allow the angle of incidence to vary.
For this reason, we adopt a two-step approach that was already
successful for monolayer graphene [16,17].

The first step consists in a standard ellipsometric exper-
iment. A bilayer graphene sample, with lateral dimensions
of the order of 1 cm, grown by chemical vapor deposition,
is deposited on a transparent polydimethylsiloxane (PDMS)
substrate (graphene films on PDMS were purchased from
the Beijing Graphene Institute). The inset in Fig. 1 shows
schematically the sample studied. The arrows indicate the
incident and the reflected light direction. We use a commer-
cial spectroscopic ellipsometer (VASE®, J. A. Woollam) to
measure the complex ratio,

rp_sub

rs_sub
= tan(�sub)ei�sub , (1)

of the reflection coefficients rp_sub for p and rs_sub for
s-polarized incident light.

In a second step, we remove the substrate contribution. We
place the same sample used in the first step of the experi-
ment in a prism-shaped mold (base 6 × 5 cm, height 3.5 cm),
pour nonpolymerized PDMS on it, and wait for complete
polymerization. Owing to the replicant properties of PDMS
we obtain a bilayer graphene totally immersed in the PDMS
prism without spurious interfaces. This was carefully verified
experimentally by preparing PDMS prisms without the bilayer
graphene. There is no interface in between the previous and
the newly added material in this case. The angle α at the
base of the prism (see the inset in Fig. 2) has a value of 65◦.
The geometry of the prism has been chosen to measure at
angles of incidence greater than 45◦ where the out-of-plane
optical constants play a more relevant role. In this second

FIG. 2. Ellipsometric parameters of bilayer graphene immersed
in PDMS at λ = 633 nm. Dots: Experimental data. Lines: Theoreti-
cal predictions assuming for the optical constants the values reported
in Table I.

step, the light reflected from the sample is much less than in
the previous experiment. This forced us to develop a home-
made ellipsometric setup (for a complete description, refer to
Ref. [16]) to measure the complex ratio,

rp_imm

rs_imm
= tan(�imm)ei�imm , (2)

of the reflection coefficients at a vacuum wavelength (λ) of
633 nm.

Figure 1 reports the ellipsometric parameters �sub and
�sub, for bilayer graphene deposited on a transparent PDMS
substrate as a function of λ. Measurements are taken in all the
visible spectra at two different angles of incidence θ : 45◦ and
60◦. These two angles have been chosen below and above the
Brewster angle for PDMS (54.07◦ at 633 nm). For this reason
�sub assumes values close to 180◦ at θ = 45◦ and values close
to 0◦ at θ = 60◦. We observe that �sub is a monotonically
decreasing function for θ = 45◦ and it is a monotonically
increasing function for θ = 60◦.

Figure 2 reports the ellipsometric parameters �imm and
�imm, for bilayer graphene immersed in a PDMS prism as a
function of the incident angle (θ ) on the bilayer (the inset in
Fig. 2 schematically shows the direction of the incident and
the reflected light by the sample). Measurements at different
θ verify that the optical constants do not depend on θ and on
a specific position on the sample.

Figure 3 reports the intensity reflectivities Rs_imm =
|rs_imm|2 and Rp_imm = |rp_imm|2 for s- and p-polarized light
incident at θ on the bilayer immersed in PDMS. While
Rs_imm(θ ) is a monotonically increasing function, Rp_imm(θ )
shows a minimum at the pseudo-Brewster angle θpB. If we
compare these data with the experimental data for monolayer
graphene [16] we note two items. The first is that Rs_imm is
approximately four times larger in bilayer than in monolayer
graphene. This is expected because Rs_imm depends only on
the in-plane optical constants and in this case, as observed by
Nair et al. [23], bilayer graphene can be considered as a stack
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FIG. 3. Intensity reflectivity for s- and p-polarized light of bi-
layer graphene immersed in PDMS at λ = 633 nm. Circle (square)
dots: Experimental data for s (p) polarization. Solid and dashed lines:
Theoretical predictions assuming for the optical constants the values
reported in Table I. Patterned area at −45◦: The theoretical predic-
tions for Rp_imm(θ ) if we set σ⊥ compatible with our observations for
the monolayer. Patterned area at 45◦: The theoretical predictions for
Rp_imm(θ ) if we set bot σ⊥ and χ⊥ compatible with our observations
for the monolayer.

of two independent monolayer graphene planes. Two layers of
graphene reflect twice a single layer and the reflectivity is pro-
portional to the square of the reflected amplitude. Second, we
observe that for monolayer graphene immersed in a dielectric
medium θpB = 56.5◦ [16], while here we observe θpB = 50◦.
The behavior of p-polarized light is strikingly different from
s-polarized light and it deserves an explanation.

III. THEORETICAL MODEL

To extract the optical constants of bilayer graphene from
the experimental data we need a theoretical model that pro-
vides the correct reflection coefficients for it. Usually, in the
literature, 2D crystals are modeled as isotropic or anisotropic
slabs [1,27], but this oversimplified approach does not work
for 2D crystals immersed in a dielectric medium. We tried this
model [28] for bilayer graphene but, as for the monolayer [16],
we obtain a negative out-of-plane susceptibility that looks
unphysical and in contrast with ab initio calculations [11,12]
(see below).

A convenient model was developed in Refs. [29,30]. In
brief, if we consider two graphene monolayers separated by
a distance much greater (five times greater is largely enough)
than the linear dimensions of the unit cell of graphite, the
interaction in between the two atomic planes is completely
negligible and they can be considered as completely indepen-
dent monolayers. Given an incident electromagnetic field, it is
possible to define a reflected and a transmitted field and two
electromagnetic fields in between the two monolayers (Fig. 4).
The optical constants of these two atomic planes are equal to
those of an isolated monolayer.

If we let the distance of the two monolayers become
smaller and smaller (Fig. 4), down to the interlayer distance
of the bilayer graphene (d = 0.33 nm), the interaction of
the two atomic planes is no longer negligible. The approach

FIG. 4. Oblique incidence of a plane wave on bilayer graphene.
The unit vectors ŝi(r,t,+,−) give the propagation direction of the
electromagnetic fields. The subscript i (r, t) stands for the incident
(reflected, transmitted) field. The subscripts + and − refer to the
electromagnetic fields in between the two atomic layers.

just described remains valid, and it is still possible to define
common χ‖, χ⊥, σ‖, σ⊥ for the two atomic planes, but their
values differ from those of an isolated monolayer.

We consider an incident plane wave (Fig. 4), with propa-
gation direction ŝi = (0,− sin θ, cos θ ) and time dependence
eiωt (ω is the angular frequency of the light). For a bilayer
graphene immersed in PDMS we have ŝi = ŝ+ = ŝt , ŝr =
ŝ− = (0,− sin θ,− cos θ ), and the magnetic fields are related
to the electric ones via η

n
�Ha = ŝa × �Ea where a can be either

(i, r, t,+,−).
This wave generates surface polarizations �P1(2) on the two

graphene planes (denoted by the subscripts 1 and 2) that form
the bilayer. We have

⎛
⎝P1(2)x

P1(2)y

P1(2)z

⎞
⎠ = ε0

⎛
⎝χ‖ 0 0

0 χ‖ 0
0 0 χ⊥

⎞
⎠

⎛
⎝E1(2)x

E1(2)y

E1(2)z

⎞
⎠, (3)

where �E1(2) are the macroscopic electric fields at the two
atomic planes and ε0 is the vacuum permittivity. The same
wave generates also the surface ohmic currents �J1(2),

⎛
⎝J1(2)x

J1(2)y

J1(2)z

⎞
⎠ =

⎛
⎝σ‖ 0 0

0 σ‖ 0
0 0 σ⊥

⎞
⎠

⎛
⎝E1(2)x

E1(2)y

E1(2)z

⎞
⎠. (4)

For a p-polarized wave we have E1(2)x = 0, P1(2)x = 0,
J1(2)x = 0. This wave generates on each atomic plane total
in-plane surface currents given by iωP1(2)y + J1(2)y and total
out-of-plane surface currents given by iωP1(2)z + J1(2)z. The
total reflected field is a linear superposition of the reflected
fields generated by these in-plane and out-of-plane surface
currents [10,16], so the reflection coefficient for p-polarized
light can be expressed as a sum rp_imm = rp‖ + rp⊥.

For an s-polarized incident wave, only E1(2)x is different
from zero [Eqs. (3) and (4)]. This wave excites only in-plane
surface polarizations P1(2)x î and in-plane ohmic surface cur-
rents J1(2)x î. We show how to derive the reflection coefficients
in the Appendix.
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TABLE I. Optical constant of bilayer graphene at λ = 633 nm.
Data are compared with their analogs for monolayer graphene [16]
and graphite [31].

χ‖ (nm) σ‖ (10−5 �−1) χ⊥ (nm) σ⊥ (10−5 �−1)

Monolayer 1.7 ± 0.2 6.8 ± 0.3 0.6 ± 0.2 0.3±0.3
Bilayer 2.0 ± 0.3 6.8 ± 0.5 1.1 ± 0.2 1.1±0.4
Graphite 1.7 6.9 0.9 2.2

IV. DATA ANALYSIS

With MATHEMATICA it is easy to solve the linear equa-
tion systems giving the Fresnel reflection coefficients for the
bilayer graphene immersed in PDMS or deposited on a PDMS
substrate (see the Appendix). Then, using the data of Figs. 1
and 2, we numerically invert the fundamental equations of
ellipsometry Eqs. (1) and (2) and we recover the optical con-
stants of this material at λ = 633 nm.

The experimental data in Figs. 2 and 3 are the raw data.
They include the initial transmission from air to PDMS, the re-
flection on the bilayer, and the subsequent transmission from
PDMS to air. PDMS is a transparent dielectric, so we mea-
sured for it a real refractive index n = 1.38 at λ = 633 nm.
Transmission through a transparent material does not affect
�imm. In the data analysis we include the small contribution
to �imm, Rs_imm, and Rp_imm of the transmissions through the
two prism sides.

Table I compares the experimental data for monolayer [16]
and bilayer graphene with those for bulk graphite [31]. As for
Ref. [16], data in Ref. [31] are also confirmed by ab initio
calculations [11,32]. We note that χ‖ and σ‖ for the bilayer
are practically equal to the values measured for monolayer
graphene, while χ⊥ and σ⊥ are respectively almost two times
greater and at least three times greater than their values for
the monolayer. This is the main result of this paper. The errors
for the bilayer are the standard deviations of mean for the 14
values of �imm and �imm in Fig. 2. We verified that we obtain
the same results using the experimental data �sub and �sub

either at θ = 45◦, and either at 60◦.
The theoretical fits in Fig. 2 are those obtained once we

set χ‖, χ⊥, σ‖, σ⊥ equal to the bilayer values of Table I
in the reflection coefficients. The same holds for the two
curves (solid and dashed line) that fit the experimental data in
Fig. 3. The patterned area at −45◦ in Fig. 3 is the theoretical
predictions for Rp_imm(θ ) if we let χ‖, χ⊥, σ‖ equal to the
bilayer values of Table I while we set σ⊥ compatible with the
observations for the monolayer. The patterned area at 45◦ in
the same figure shows the theoretical predictions if we further
choose χ⊥ equal to the value observed for the monolayer. This
shows how the variation of the out-of-plane optical constants
of bilayer graphene with respect to the monolayer affects
Rp_imm(θ ). A larger value of χ⊥ shifts θpB at lower values, and
a larger value of σ⊥ rises the value of Rp_imm(θpB).

Figure 5 shows the ab initio computations, based on
the GW -BSE (Bethe-Salpeter equation) method which in-
cludes many-body effects, for χ⊥ and σ⊥ in bilayer graphene.
These physical quantities have been evaluated using an ap-
proach [33,34] similar to those used in Refs. [11,12,16]. We
observe that the values computed at λ = 633 nm compare

FIG. 5. Ab initio calculations of χ⊥ and σ⊥ for bilayer graphene
in the optical spectrum.

well with the experimental data that we report. This is an-
other confirmation of the good quality of our experimental
results. In particular, if we compare these theoretical values
with those obtained for the monolayer [11,12,16], ab initio
calculations confirm that the out-of-plane optical constants of
bilayer graphene are way different than what is observed for
the monolayer.

We analyzed the experimental data based on formulas that,
in our opinion, provide the exact Fresnel reflection coeffi-
cients of a bilayer. Intuitively, we can expect that the multiple
reflections in between the two atomic layers (Fig. 4) play a
small role here. We verified it by repeating the data analysis
using the formulas for the monolayer [formulas (3) and (4) of
Ref. [16] for p-polarized light, and formula (6) of Ref. [35]
for s-polarized light]. In this case, of course, having a single
layer, we obtain χ‖, χ⊥, σ‖, σ⊥ that are double those of Table I.
Within our experimental precision this second approach is
equivalent to the exact one.

V. DISCUSSION AND CONCLUSION

In his Nobel lecture, Novoselov says that, “Although the
addition of one layer on top of graphene is all that is needed
to arrive at bilayer graphene, the properties of the latter are
not simply twice those of the monolayer crystal; this is one
of those cases where one plus one is greater than two” [36].
Bilayer graphene fully confirms this statement for electrostat-
ics [37] and even for the very basic properties of linear optics.
While for s-polarized light the Fresnel reflection coefficient
of bilayer graphene immersed in a transparent dielectric or in
vacuum is practically twice the one for the monolayer, for p
polarization it is completely different (Fig. 3). This because
the out-of-plane optical constants of bilayer graphene are
remarkably different compared to the monolayer. We proved
this experimentally and our results are confirmed by ab initio
calculations.

We have measured σ⊥ at optical frequencies in bilayer
graphene. Together with χ⊥ these are basic properties that
strongly influence the light-matter interaction in 2D crystals
starting from the reflectivity response. The out-of-plane opti-
cal constants have proven difficult to observe. We predict that
our paper will stimulate experimental efforts in a complete
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characterization of the optical constants of 2D materials that
until now has been limited mostly to the in-plane optical con-
stants [2,3,6,18,20]. Results reported in this paper are relative
to bilayer graphene at λ = 633 nm but the measurements are
easily extended to other materials and to other wavelengths.

We expect that the out-of-plane optical constants of 2D
materials will be of the utmost importance in a careful
description of the linear [38] and the nonlinear [39] opti-
cal phenomena associated to these crystals. Among possible
applications, 2D materials have been proposed as optical
modulators [40,41]. The out-of-plane properties are expected
to play a role when non-normal incidence is required [42].
Photonic integrated circuits can benefit from the giant out-of-
plane optical anisotropy in TMDC thin films [7]. In monolayer
TMDC, this anisotropy will be even greater than in the bulk
materials. Monolayer or few-layer waveguides for on-chip
photonics have been recently developed, showing millimeter-
scale light transport in a 2D waveguide [38,43]. In the same
context, it was shown how optical anisotropy, perpendicular to
the atomic layers, offers new opportunities and novel control
knobs when designing 2D photonic integrated circuits [43,44].
For these reasons the archive of light-matter interactions in
atomically thin materials should include as soon as possible
a complete experimental and theoretical characterization of
their out-of-plane optical properties.
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APPENDIX: REFLECTION COEFFICIENTS

Willing to compute rp‖, the boundary conditions
are [10,16]

κ̂ × ( �EII1(2) − �EI1(2)) = 0,

κ̂ × ( �HII1(2) − �HI1(2)) = iωP1(2)y ĵ + J1(2)y ĵ, (A1)

where the subscript I (II) stands for the field immediately
above (below) each atomic layer. We need then to solve this
linear system of eight equations,

Eyi − Eyr = Ey+ − Ey−, (A2)

Ey+e−iβ − Ey−eiβ = Eyt , (A3)

Hxi + Hxr = Hx+ + Hx− + iωP1y + J1y, (A4)

Hx+e−iβ + Hx−eiβ = Hxt + iωP2y + J2y, (A5)

Eyi − Eyr = P1y

ε0χ‖
, Eyt = P2y

ε0χ‖
, (A6)

Eyi − Eyr = J1y

σ‖
, Eyt = J2y

σ‖
, (A7)

where β = n 2πd
λ

cos θ . Equations (A2)–(A5) come from the
boundary conditions [Eq. (A1)] for the electric and the mag-
netic fields at the two atomic planes, and Eqs. (A6) and (A7)
come from the definitions (3) and (4). We have rp‖ = Hxr/Hxi.

For rp⊥ the boundary conditions are [10,16]

κ̂ × ( �EII1(2) − �EI1(2)) = − κ̂

ε0
× grad

(
P1(2)z + J1(2)z

iω

)
,

κ̂ × ( �HII1(2) − �HI1(2)) = 0. (A8)

We have

Eyi − Eyr = Ey+ − Ey− + ik sin θ

ε0

(
P1z + J1z

iω

)
, (A9)

Ey+e−iβ − Ey−eiβ = Eyt + ik sin θ

ε0

(
P2z + J2z

iω

)
, (A10)

Hxi + Hxr = Hx+ + Hx−, (A11)

Hx+e−iβ + Hx−eiβ = Hxt , (A12)

Ezi + Ezr = P1z

ε0χ⊥
, Ezt = P2z

ε0χ⊥
, (A13)

Ezi + Ezr = J1z

σ⊥
, Ezt = J2z

σ⊥
, (A14)

where these equations have the same meaning as in the
previous case and the solution Hxr for this system fixes
rp⊥ = Hxr/Hxi.

For s polarization the boundary conditions are

κ̂ × ( �EII1(2) − �EI1(2)) = 0,

κ̂ × ( �HII1(2) − �HI1(2)) = iωP1(2)yî + J1(2)yî. (A15)

The system of eight equations now runs,

Exi + Exr = Ex+ + Ex−, (A16)

Ex+e−iβ + Ex−eiβ = Ext , (A17)

Hyi − Hyr = Hy+ − Hy− + iωP1x + J1x, (A18)

Hy+e−iβ − Hy−eiβ = Hyt + iωP2x + J2x, (A19)

Exi + Exr = P1x

χ‖ε0
, Ext = P2x

χ‖ε0
, (A20)

Exi + Exr = J1x

σ‖
, Ext = J2x

σ‖
, (A21)

and the Fresnel reflection coefficient is rs_imm = Erx
Eix

.
We measured also the bilayer graphene deposited on a

PDMS substrate, so rp_sub and rs_sub can be computed with the
same systems of linear equations, with these minor variations:
β = 2πd

λ
cos θ , η �Ha = ŝa × �Ea for all the electromagnetic

fields except for the transmitted one for which we have η

n
�Ht =

ŝt × �Et where, for Snell’s law, ŝt = (0,− sin θt , cos θt ) with
n sin θt = sin θ . Finally, in accordance with the superposition
principle for p polarization, rp_sub = rp‖ + rp⊥ − rp_substrate be-
cause the reflection coefficient of the bare substrate rp_substrate

is counted twice in our equations.
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