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Abstract

We experimentally demonstrate a broadband enhancement of the light absorption in graphene
over the whole visible spectrum. This enhanced absorption is obtained in a multilayer struc-
ture by using an Attenuated Total Reflectance (ATR) configuration and it is explained in terms
of coherent absorption arising from interference and dissipation. The interference mechanism
leading to the phenomenon of coherent absorption allows for its precise control by varying the

refractive index and/or thickness of the medium surrounding the graphene.
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Graphene, a truly 2-dimensional gapless semiconductor, has been recognized as a revolution-
ary material for opto-electronic applications. Several applications of graphene in various devices
have been proposed, such as transparent electrodes, 1> ultrafast lasers,> polarizers,* and photode-
tectors.” At optical frequencies graphene behaves as an absorbing dielectric due to the onset of
interband transitions, which leads to a negative imaginary component of its optical conductiv-
ity and a real component that approaches the universal conductivity value.® Photon absorption
through interband transitions leads to the formation of electron-hole pairs, which are essential to
build up an electric signal associated to the photodetection process. The low absolute value of the
absorption of graphene (2.3% of the incident light is absorbed in a graphene layer’) constitutes the
main limitation for the photocurrent efficiencies of graphene-based photodetectors.>® Therefore
one of the challenges concerning this ultra-thin material is to enhance its optical absorption.*!” In
general, enhancing and controlling light absorption in optical devices is receiving significant atten-
tion due to the increasing interest in its fundamental and practical aspects. !°~16 Typical parameters
to be optimized are the spectral and angular window of illumination over which the enhanced
absorption takes place and its dependence on the polarization of the incident light. The optical

absorption of graphene integrated in silicon waveguides has been recently demonstrated by Liu
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et a and by Li ef al.’”” A way to increase the photocurrent in graphene-based detectors has
been demonstrated by M. Furchi ef al. by integrating the graphene in a microcavity defined by
a pair of Bragg mirrors.?? Engel et al.?! used the cavity defined by metallic mirrors to enhance
the photocurrent of a graphene-based transistor. These approaches lead to a large enhancement
of the optical absorption in a limited range of wavelengths (~ 50 nm) and angles of incidence.
A detailed theoretical description of a graphene integrated microcavity has been accomplished by
Ferreira and coauthors.?> A plasmonic-assisted enhancement of the electric field near the contacts
of a graphene-based photodetector has been exploited by Echtermeyer et al to enhance the photo-
voltage.?? Also the possibility to achieve complete absorption in graphene at infrared frequencies
making use of plasmonic resonances has been theoretically investigated in nanopatterned graphene

by Thongrattanasiri e al.?*



In this manuscript we demonstrate a simple, yet robust, configuration to achieve a remarkably
large, broadband and polarization independent absorption of visible light in graphene. This en-
hanced absorption is achieved by interference and dissipation in a four layers structure. One of
these layers is a graphene monolayer or multilayer (depending on the sample). The graphene is
sandwiched between two non-absorbing dielectrics with slightly different refractive indexes. Light
impinges onto this structure through a high refractive index prism at a large angle of incidence.
Destructive wave interference builds up in reflection, while the optical transmission vanishes due
to total internal reflection. The coherent suppression of reflection and transmission translates into
an enhancement of the graphene’s absorption. In contrast to previous works, this simple structure
enables a broadband enhancement of the absorption in a narrow window of angles of incidence. We
experimentally show an absorptance higher than 10% for a monolayer of graphene over a range of
wavelengths spanning from 525 till 800 nm. This absorption increases to 60% and 70% for 5 and
10 layers of graphene, respectively. We also show how the absorption of the 10 graphene layers can
be optimized to reach values as large as 91%. Moreover, the absorption can be precisely controlled

by changing the difference in refractive indices of the dielectrics embedding the graphene.

Sample characterization

Three samples were prepared in order to investigate the enhanced absorption in graphene: The
first one is formed by 10 layers of graphene, the second by 5 layers of graphene and the third
by a monolayer. The multilayers were made by turbostratic deposition (see Methods). Raman
measurements (see discussion below) show that these multilayers have a net graphene behavior
and do not form graphite. Figure 1(a) displays the optical characterization of the three samples
through absorptance measurements in an integrating sphere at normal incidence. The absorptance
is defined as 1-R7-Tr, with R and Tr the total reflectance and total transmittance, respectively.
The open circles, squares and triangles correspond to the measurements of 10, 5 and 1 graphene

layers, respectively. The small bump at A = 700 nm is due to residual absorption from impurity



iron particles involved in the deposition process of the graphene. The solid curves in Fig. 1(a) are
fits to the measurements using the transfer matrix method. For these fits, we model the samples as
a 3 layers system, consisting of a substrate, the graphene layer and air. The absorption band of the
iron particles is not included in the model and we consider the silica substrate to be non-dispersive
with a permittivity &,;, = 2.08. The graphene (multi-)layer can be described as a uniaxial material,
characterized by an ordinary in-plane permittivity and by an extraordinary out-of-plane permittiv-
ity.?> Since the absorptance measurements in Fig. 1 (a) are performed at near normal incidence,
the graphene layers are described only through the ordinary permittivity. The birefringence will be
later taken into account when measurements at an inclined angle of incidence are discussed. The
ordinary refractive index is related to the optical conductivity, o, by &, = 4mic /®h, where o is
the frequency of the incident wave and 4 is the thickness of the graphene layer. The permittivities
of the graphene layers at 540 nm obtained from the fits to the transmission and reflection measure-
ments are €, = (5.9+£0.8)+i(10.2+0.6), (7.8+0.8) +i(8.5+£0.4) and (7.1 £3.2)+i(7.9+1.4)
for 10, 5 and 1 graphene layers. These values are in reasonable agreement with &, = 5.6 4-i7.0
reported by Kravetz ef al.?> and the absorptance is consistent with the well known value of 2.3%
per graphene layer predicted by Kuzmenko et al.” The discrepancy in the permittivity between
measurements and reported values, which in the worst case is around 30%, can be attributed to
differences in the fabrication process and the aforementioned impurities present in our samples.
To confirm the behavior of the graphene multilayers as a stack of monolayers (instead of thin
graphite sheet), we have performed Raman spectroscopy. It is known that the frequency of the
G-Raman line, the intensity of the D-Raman line, the relative intensity of the G- and 2D-Raman
lines and the line shape of the 2D-line give a valuable indication of the quality of graphene.? The
black, dark grey and light grey curves in Fig. 1(b) are Raman spectra obtained under a 514 nm
illumination of 10, 5 layers and the monolayer of graphene, respectively, where the first two have
been vertically displaced for clarity. We see the following features as a function of the number
of graphene layers: 1) the intensity of the 2D-line is always larger than the intensity of the G-

line, ii) the intensity of the D-line remains low, and (iii) the 2D-line maintains a lorentzian-like



shape. These observations provide an excellent indication that all the samples have a net graphene-
like behavior and do not form graphite. As expected the intensity of the Raman signal increases
with the number of graphene layers.?® The fact that a graphene behavior is found even for the 10
layer sample can be explained by considering the random relative alignment of the stacked layers
resulting from the deposition. The frequency shift of the G-line is known to provide information
about the number of graphene layers stacked together.?’~2° In Fig. 1(c) we desplay 4 spectra taken
from different locations in the sample with 10 layers of graphene for which imperfections due
to the layer by layer deposition could be more important. The identical Raman frequency of the

G-line confirms that the sample is homogeneous.

Results and discussion

In order to demonstrate the coherent and enhanced absorption in graphene multilayers, we have
built the structure schematically represented in Fig. 2 (a). A silica layer with a defined thickness on
the order of the wavelength of the incident light and permittivity €., = 2.12 is sputtered on top
of the graphene. The permittivity of the silica layer has been chosen to be very close but slightly
larger than the one of the quartz substrate (&, = 2.08). A prism made of F2 glass with a per-
mittivity €, ~ 2.59 and slightly dispersive in the visible, is used to couple the incident light into
the multilayer structure. This is the standard Attenuated Total Reflectance (ATR) configuration in
which the refractive index of the prism has to be higher than the refractive index of the substrate
in order to allow for total internal reflection of the incident light. A similar configuration has been
theoretically modeled by Bludov and coauthors to enhance the absorption of THz (far-infrared) by
graphene .3%3! In that work the authors exploit an evanescent coupling through a prism to excite
graphene surface plasmon polaritons. Note that our work focuses on the visible part of the spec-
trum where graphene exhibits a dielectric behaviour and do not support surface plasmons. The
total internal reflection prevents the light to be scattered in the transmission far-field for angles of

incidence 0 larger than the critical angle. The critical angle angle for total internal reflection at the



prism-silica interface is

6,1 = arcsin(y/€ica/ \/€p). While the critical angle for total internal reflection at the silica-substrate
interface is 6., = arcsin(y/€ys/+/Esitica)- These interfaces are labeled with 1 and 2, respectively,
in Fig. 2(a). The angle of incidence 6* on the prism-silica interface corresponding to 6., can
be evaluated applying the Snell law, i.e., \/€,- sin(0%)= \/Eijicq" SIN(6,2). If 6 < 6* the incident
wave propagates through the multilayer structure and a fraction of the amplitude is transmitted.
When 6" < 8 < 6. the incident wave is transmitted through the prism-silica layer interface and
undergoes total internal reflection at the silica-substrate interface. If 6 > 6. the wave undergoes
total internal reflection at the prism-silica interface. Therefore, the last two conditions result in a
transmittance equal to O.

Specular reflectance (R) measurements have been performed for the three samples. The mea-
surements are normalized to the specular reflection at an angle of incidence of 8 = 65.3° > 0, 1, at
which a reflectance of 1 is expected due to total internal reflection at the prism-silica interface. For
0 > 0* the absorptance is defined as A=1-R. Figure 2 (b) displays the experimental absorptance of
the 5 layers of graphene as a function of the wavelength and the angle of incidence for p-polarized
incident light at 6 > 6*. The measurements of the monolayer of graphene and the 10 layers of
graphene are shown in Fig. S1 of the supplementary information. The red and pink dashed lines
in Fig. 2 (b) represent the dispersion of 8* and 6, 1, respectively. Following the dispersion of 6*
we see a band in which the absorptance reaches values as large as 0.75. This band of enhanced
absorptance covers the whole visible spectrum from 460 nm to 800 nm. The large absorption
enhancement is independent of polarization and similar results are obtained under s-polarized il-
lumination (see Fig. S2 in supplementary). To better visualize the absorption enhancement, the
averaged absorptance over a narrow range of angles of incidence (A0 ~ 0.05 °) is plotted in Fig.
2 (c) as a function of the wavelength. The blue circles correspond to the angular window iden-
tified by the dashed vertical lines in Fig. 2 (b). The other absorptance spectra are obtained in a
similar way for different angular ranges. We see over the whole visible spectrum an experimen-

tal absorptance at certain angles of incidence larger than 60%, i.e., pronouncedly larger than the



11.5% expected for 5 layers of graphene and measured in Fig. 1 (a). The steep dispersion of the
absorption band gives rise to a broadband enhanced absorption mainly in the red and near infrared
part of the spectrum around 64.5°. The bandwidth of enhanced absorption is further improved for
the 10 graphene layers sample where an absorptance larger than 70% is measured from 525 nm
until 800 nm at 6=64.7° (see Fig. S1 (a) and S3 in the supplementary information). It is worth
noting that a thin layer of an absorbing material in a symmetric environment cannot absorb more
than 50% of the incident light.?* Therefore, the presence of the asymmetry in the permittivity of
the surrounding media is crucial to boost the absorption of the graphene.

Figure 3 (a) displays the measured absorptance as a function of the incident angle for a p-
polarized illumination wavelength of 540 nm and for the 10 graphene layers (open circles), the 5
graphene layers (open squares), and the monolayer (open triangles) of graphene, respectively. In
Fig. 3 (b) is plotted the calculated absorptance evaluated by means of the transfer matrix method
for the same layers, polarization and illumination wavelength of the measurements, i.e., for 10
(solid black curve), 5 (dashed dark-grey curve), and 1 layer (dot-dashed light-grey curve) and p-
polarized light of A =540 nm. The calculations model the layers through their thicknesses and
permittivities assuming them as perfectly flat. The thicknesses and the permittivity of the silica
layer have been determined by ellipsometry measurements. These thicknesses of the silica lay-
ers are 590 nm, 1200 nm and 1300 nm for the 10 layers, 5 layers and monolayer of graphene
samples, respectively. We model the graphene as a uniaxial material with a complex permittivity

g(A,0) =¢,(1)+ wgﬁﬂe, where €,(A) is the complex ordinary permittivity, and &,(A)

e

is the complex extraordinary permittivity, fixed to the value of 3.9 4 i0.7 as determined in Ref.?’

The complex ordinary permittivity of graphene is taken from the fits shown in Fig. 1(a). There-
fore, no fitting parameter is used in the calculations shown in Fig. 3 (b). The discrepancy between
the measurements and the calculations in the strength of the absorption can be attributed to the
presence of the aforementioned impurity particles on the surface of the graphene and to a possible
small modification of the optical constants of the graphene layers caused by the deposition of the

silica layer. Nevertheless, these calculations reproduce perfectly the shape and the angular position



of the absorption resonances of the three samples.

The enhanced absorptance observed in the measurements, and qualitatively reproduced by the
transfer matrix calculations, is associated with the excitation of a resonance in the multilayer struc-
ture. To gain physical insight, the experiment can be described as a scattering problem, i.e., as an
incident beam traveling in a medium with permittivity €, and scattered (transmitted and reflected)
by the multilayer. The scattering matrix, S, relates the asymptotic incoming and outgoing ampli-
tudes of the reflected and transmitted waves. The scattering matrix can be obtained by solving
Maxwell equations in each medium and applying the continuity of the tangential components of

the fields at each interface. This results in
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where 1l 11534, Fi301 144y, are the reflection and transmission Fresnel coefficients for p-polarization
for the 4-layer system and the subindices 1, 2, 3 and 4, label the prism, the silica layer, the graphene

(multi-) layer and the substrate, respectively. The Fresnel coefficients are given by 32

Py P e—20d; PP o= d;
rp _ }"5 + r]kle . lp _ tl]t]kle (2)
ijkl = p 2ad;’ ijkl = P 2a;d;
1+ rl.jrfkle idj 1+ rl.jr;’kle idj

Where d; is the thickness of the j —h layer, r’

i and tlpj are the Fresnel reflection and transmission

coefficients for the single interfaces, which are given by
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with &; the permittivity of the medium i, and ¢; is the component of the wavevector perpendicular

to the interfaces, i.e.,
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rfkl and tfkl in Eq. (2) are the Fresnel coefficients of the system composed of layers j, k, [, given by
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With these definitions, S»; relates the reflected amplitude, H,, with the incident amplitude, H;,
of the magnetic field. Therefore, |S, |? is the specular reflectance (R) that we measure. In particular
for 8 > 0* for which the transmittance vanishes, a minimum in |S»;|* corresponds to a maximum
in the graphene absorptance. The zeros of S»; correspond to the condition of perfect antireflection
resulting from Fabry-Pérot modes at which the phases and the amplitudes of the scattered waves at
each interface are such that R approaches 0. In order to achieve antireflection, the reflected wave
at the prism-silica interface needs to have a phase difference of 180° with the scattered wave from
the other interfaces. This condition is necessary to obtain destructive interference in reflection.
Assuming an amplitude of 1 for the incident wave, the amplitude and phase of the aforementioned
scattered wave are given by ryur = r‘1’234 — rfz. This out-of-phase condition can be controlled
by a proper choice of the thickness of the silica layer over which the scattered wave accumulates
a phase. Therefore, the optimum thickness of the silica layer can be evaluated by finding the
minimum of |S>;|? as a function of the thickness of the silica layer and of the angle of incidence.
For the sample with 10 layers of graphene and using the values for the permittivity of graphene
obtained from the fits of Fig. 1, we find djjjjcq,0pr = 1.7m, for A=540 nm and 6 = 65.6°. With

~1173" 'which is almost perfectly out-of-phase with 1, = 0.7¢"".

this thickness we find .4 = 0.9¢
It is important to note that a perfect destructive interference pattern, i.e., perfect antireflection,
is only possible if the absolute value of the amplitudes of ry.,; and r’fz are equal. The role of
the graphene (multi-) layer is to account for this amplitude condition by removing energy from
the wave scattered by the multilayer. In the optimized case the absorptance in the 10 layers of
graphene is 91%. However, it was not possible in the experiments to reach the optimum thickness
of the silica layer with the method used for the growth (see Methods). Regarding the samples with
5 layers and the monolayer of graphene, a similar analysis leads to a maximum absorptance in the

graphene of 76% and 15%, respectively. This means that the 5 graphene layers and the monolayer

do not absorb enough energy and the matching condition for the amplitudes is not satisfied in order



to achieve full absorption. At this point it is worth mentioning that another way to exploit Fabry-
Pérot resonances has been demonstrated by Blake ef al. for making graphene more easily visible
under a microscope.>?

The analysis of the optical absorption in terms of the scattering matrix has been recently ex-
ploited to describe the concept of Coherent Perfect Absorption (CPA).34-3% According to this de-
scription a proper combination of interference and dissipation in a weakly absorbing slab, giving
rise to eigenvalues of S equal to zero, lead to complete absorption of the incident light. This perfect
absorption has been interpreted as the time reversal of a lasing mode. The CPA process is associ-
ated in Ref.?> to the superposition of two Fabry-Pérot of counter propagating beams. Following
this description, the ATR configuration described here article could potentially represent a route
towards the realization of one input channel CPA.3’

Another way to increase the absorptance in graphene could be to exploit the coupling of the
incident light to guided modes supported by the multilayer structure. The scattering matrix formal-
ism can be used to obtain the dispersion relation of such modes by evaluating the poles of the 7.
The only guided modes supported by a graphene layer in the visible are the TE surface plasmon

polariton, 383

while guided modes in the silica layer are not allowed because €, > &jjcq. Con-
sequently, this approach can not be used in our system to enhance the absorption of p-polarized
light.

Figure 3 (c) displays the spatial distribution of the intensity of the total electric field |E|?,
normalized by the incident intensity, in the multilayer system formed by the 5 layers of graphene
for an incident wavelength and angle of A = 540 nm and 6 = 64.3°, i.e., for the wavelength and
angle of incidence of maximum absorptance shown in Figs. 3(a) and (b). From top to bottom, Fig.
3(c) shows the prism (semi-infinite), the silica layer (1200 nm), the graphene multilayer (solid line)
and the substrate (semi-infinite). The largest intensities are found in the silica and in the graphene
layers. In Fig. 3(c) we also plot a cut of |[E |2 (green curve), showing the different behavior of

the field in reflection and in transmission. Since the angle of incidence is such that 8% < 6 < 6,

(see Fig. 2 (b)), the electromagnetic field is evanescent in the substrate but propagating in the
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silica layer and in the prism. The large intensity enhancement in the absorbing layer of graphene
and the aforementioned destructive interference in reflection, explain why a resonance in a simple
multilayer can boost the absorption of graphene.

The interference nature of the resonance giving rise to the enhanced absorption offers the op-
portunity to modulate this absorption. By tuning the permittivity of the media embedding the
graphene layer is possible to modify the interference conditions, allowing part of the light to be
reflected, and reducing the absorption. This tunability of the absorption is illustrated in Fig. 4.
Figure 4 (a) shows the calculated absorptance for the 5 graphene layers sample. The transmittance
and specular reflectance are evaluated with the transfer matrix method using the permittivities as
in Fig 3. Figure 4(b) shows the calculated absorptance for the same set of permittivities as in Fig.
4 (a) but with &g5;., = 2.15 (instead of 2.12). The resonance shifts to larger angles and the absorp-
tance decreases. Figures 4 (¢) and (d) further illustrate how tuning the permittivities of the media
surrounding the graphene allows for the control of the fraction of absorbed light at specific angles.
These figures show the averaged absorptance obtained from Figs. 4 (a) and (b), respectively, over
the same angular ranges as in Fig. 2 (¢). The shift in the resonance as the permittivity of the silica

layer is varied leads to a strong reduction of the absorptance at fixed wavelengths (see Fig. 4 (d)).

Conclusions

In conclusion, we have experimentally demonstrated a broadband enhancement of light absorp-
tion by graphene at optical frequencies by using an attenuated total reflection configuration in a
simple multilayer structure. This broadband enhanced absorption is explained in terms of coher-
ent absorption, which arises from the interference and dissipation in a multilayer structure. The
engineered optical interference gives rise to a large electric field intensity in the proximity to the

graphene layer, which is thereby dissipated.
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METHODS

Samples fabrication

The graphene was grown by the company GrapheneSupermarket,*® by chemical vapor deposi-
tion on copper foil and deposited, through PMMA transfer, onto a silica substrate. The PMMA
was removed with acetone.*! This process was repeated as many times as layers were deposited.
The stacking of the multi-layer samples is turbostratic, which means that the layers are randomly
aligned, thus preserving the graphene properties. The silica layer grown on top of the graphene is
deposited through magnetron sputtering. The layer is grown in steps, i.e., alternating two minutes
of deposition with two minutes of cooling, in order to keep the temperature of the sample around
70°C. The deposition rate is 3.6 nm/min. The prism used for the ATR experiment is a EDP-50.0
from Melles Griot BV made of N-F2, with a refractive of 1.62 at a wavelength of 633 nm. The
prism is in optical contact with the silica layer by means of an optical grade liquid (series A from

Cargille labs), with a refractive index that matches the refractive index of the prism.

Raman Characterization
The microscope used for the Raman analysis is a Ranishaw InVia. An Ar+ laser is used as a
source operating at the wavelength of 514 nm. The estimated power on the sample is 20 mW. The
objective used has a 100x magnification and NA=0.9. The grating of the spectrometer has 2400
lines/mm.

Optical Measurements
The absorptance shown in Fig. 1 (a) are obtained from the measurements of the total reflectance
and total transmittance. These measurements were done using a Lambda 950 spectrophotometer
(PerkinElmer) consisting of a tungsten-halogen and a deuterium lamp, an integrating sphere, and a
photomultiplier tube. For the reflectance measurements, the samples were mounted at the backside
of the integrating sphere, while for the transmittance measurements the samples were mounted at
the frontside of the sphere. The measurements are normalized using a white-standard.

The angle-resolved specular reflectance measurements shown in Figs. 3 and 4 are performed in

12



a computer controlled rotation stage, which allows for the independent movement of the detector
(a fiber-coupled Ocean Optics 2000+ spectrometer) and the sample. The step of rotation of the

sample is 0.05°.
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Figure 1: (a) Measured and calculated absorptance of graphene mono- and multi-layers. The mea-
sured absorptance is displayed with open circles, squares and triangles for 10 layers, 5 layers and a
monolayer of graphene, respectively. The curves correspond to the calculations of the absorptance
using the transfer matrix method. (b) Raman spectra of a monolayer (light grey curve), 5 layers
(dark grey curve) and 10 layers (black curve) of graphene on a quartz substrate. For clarity, the
curves of the 5 and 10 layers have been vertically shifted. Red dashed lines indicate the baseline
of the measurements. (c) Raman spectra of the sample with 10 layers of graphene on a quartz
substrate taken from 4 different locations in the sample with a large separation (~ 1 nm).
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Figure 2: (a) Schematic representation of the multilayer structure formed by a quartz substrate, a
graphene layer, a silica layer and a F2 prism. (b) Measured absorptance spectra (color scale) from
the structure shown in (a) in which the graphene layer is formed by 5 monolayers randomly stacked.
The incident light is p-polarized. The absorptance, evaluated as 1-Reflectance, is displayed as a
function of the wavelength and the angle of incidence on the prism-silica interface. (c) Integrated
absorptance over the angular ranges A8 indicated in the legend. The blue dots correspond to the
absorptance evaluated in the angular range identified by the dashed white lines in (b).
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Figure 3: Measured (a) and calculated (b) absorptance spectra as a function of the angle of in-
cidence of a plane wave with a wavelength of 540 nm and for the multilayer system represented
in Fig. 2 (a). Open circles and black solid curve correspond to 10 layers of graphene, open
squares and dark-grey dotted curve correspond to 5 layers of graphene, and open triangles and
grey dash-dotted curve correspond to a monolayer of graphene. (c) Spatial distribution of the total
electric field intensity |E|?, normalized by the incident intensity, for the 5-layers graphene sample
at A = 540 nm and 6 = 64.3°. From top to bottom: prism (semiinfinite), silica layer (1200 nm),
graphene (solid line) and substrate (semiinfinite). Green curve: |E\2 as a function of z (scale on
the upper horizontal axis).
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Figure 4: (a) Calculated absorptance as a function of the wavelength and angle of incidence for
the 5-layers graphene sample described in Fig 2 (a). (b) Calculated absorptance as a function of
wavelength and angle of incidence for the same sample but with &;;., = 2.15 instead of 2.12. (c)
and (d) Integrated absorptance calculated from (a) and (b), respectively, over the angular windows
indicated in the figure legends.
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