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ABSTRACT: Strong interaction of graphene with light accounts for one of its
most remarkable properties: the ability to absorb 2.3% of the incident light’s
energy within a single atomic layer. Free carrier injection via field-effect gating can
dramatically vary the optical properties of graphene, thereby enabling fast
graphene-based modulators of the light intensity. However, the very thinness of
graphene makes it difficult to modulate the other fundamental property of the
light wave: its optical phase. Here we demonstrate that considerable phase
control can be achieved by integrating a single-layer graphene (SLG) with a
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resonant plasmonic metasurface that contains nanoscale gaps. By concentrating

the light intensity inside of the nanogaps, the metasurface dramatically increases

the coupling of light to the SLG and enables control of the phase of the reflected mid-infrared light by as much as 55° via field-
effect gating. We experimentally demonstrate graphene-based phase modulators that maintain the amplitude of the reflected light
essentially constant over most of the phase tuning range. Rapid nonmechanical phase modulation enables a new experimental
technique, graphene-based laser interferometry, which we use to demonstrate motion detection with nanoscale precision. We
also demonstrate that by the judicious choice of a strongly anisotropic metasurface the graphene-controlled phase shift of light
can be rendered polarization-dependent. Using the experimentally measured phases for the two orthogonal polarizations, we
demonstrate that the polarization state of the reflected light can be by modulated by carrier injection into the SLG. These results
pave the way for novel high-speed graphene-based optical devices and sensors such as polarimeters, ellipsometers, and frequency

modulators.
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G raphene’s remarkable electric properties' ~* and their
potential for technological breakthroughs in electronics
provided the original impetus to investigating this fascinating
two-dimensional atomic crystal. More recently, it has been
realized that graphene’s optical and plasmonic properties®® can
be equally attractive for the development of novel optoelec-
tronic devices. The mid-infrared (mid-IR, 4 &~ 3—30 pm) part
of the optical spectrum is particularly interesting in the context
of graphene-light interactions because graphene has been
shown to be a low-loss plasmonic material”® in mid-IR. The
main challenge to the integration of graphene into future large-
area optoelectronic devices is fundamental: its optical response
in mid-IR is weak even in comparison with that in the visible/
near-IR and terahertz (Thz) parts of the spectrum.’

To overcome this limitation, graphene-integrated plasmonic
metasurfaces have been recently suggested”'°™'* as a possible
solution. The appeal of plasmonic metasurfaces arises from
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their ability to enhance light-matter interaction. The flexibility
in the design of these surfaces have already advanced
biochemical sensing,m’14 wavefront engineering,15 and
imaging.'” Metasurface-based ultrathin devices can change the
amplitude, polarization, and phase of the light, which are the
basic requirements for wavefront engineering and other
applications. Conventional optical elements exploit propagation
effect to gradually modify the light beam; similarly,
metamaterials with spatially varying indices can steer and
control light beams resulting in applications such as optical
cloaking'®"® and superlensing.”® In contrast, metasurfaces can
introduce an abrupt change in optical wavefront that originates
from the interaction of light with the subwavelength antenna
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Figure 1. (a) Schematic for graphene-induced phase modulation of the reflected light waves. The plasmonic metasurface is fabricated on top of an
SLG. Source (S) and drain (D) contacts are attached to SLG for its electrical characterization. The phase modulation A® is a function of the gate
voltage V, applied across the insulating SiO, spacer. (b) Experimental setup for the phase measurement: a Michelson interferometer with a beam
splitter (BS) and two polarizers P, and P, used to adjust the power and set the polarization of the infrared beam. The active GIM placed in the test
arm (Arm 2) induces a voltage-tunable phase shift QZ(Vg), and the moveable mirror on a motorized stage placed in the reference arm (Arm 1)
induces a displacement-tunable phase shift @, (x).
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Figure 2. (a) The structure of the unit cell of the metasurface, with geometric parameters definitions (left). Top right: current profile in the metal
nanoantenna at z = 5 nm above the bottom of the metasurface. Bottom right: near-field enhancement 7 = |EZ/Ef, | at z = 0. Currents and fields are
simulated at the reflectivity minimum (no underlying graphene). (b) Simulated reflection amplitude and (c) phase for the normally incident y-
polarized light as a function of the wavelength A for different values of graphene’s Fermi energy Eg. The arrow and the dashed line in the panels (b,c),
respectively, mark the wavelength corresponding to the reflectivity minimum where the phase measurements are performed. (d) Electrical
characterization of graphene under the metasurface: drain-source resistance Rpg as a function of the gate voltage V,, (markers: experimental data).
Vertical dashed line: the gate voltage Vonp = 40 V at the charge-neutrality point. Inset: an SEM image of the device showing the metasurface
(middle) and drain/source contacts on a graphene sheet. Red curve: analytic fit of RDS(Vg). (e) The measured reflection amplitude R)(,;"P)(/l) plotted
for several values of V, and color-coded according to their correspondent Eg in (b). (f) An SEM image of a segment of the fabricated metasurface.

8
The width of all nanowires are W = 250 nm. Other dimensions: g = 120 nm, Ly = 1.8 ym, L, = 600 nm, and P, = P, = 2.1 ym.
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arrays. Such arrays could potentially have spatially varying
optical response that provide a greater flexibility in molding the
wavefront with applications in holograms,”' ~** beam steering™
and ogtical devices such as lenses,” axicons,”’ and wave-
plates.”® The main drawback of conventional metasurfaces is
that they are passive, that is, their optical properties cannot be
changed after their fabrication. Therefore, the synergy between
plasmonic metasurface and graphene follows from their
complementarity: graphene’s properties can be reconfigured
by applying electric field" while metasurfaces can strongly
enhance light interaction with graphene. In this Letter, we
exploit this synergy and provide the first direct experimental
demonstration of phase modulation in mid-IR using graphene-
integrated plasmonic metasurfaces.

The technological rationale for using graphene as an electro-
optic material comes from the subnanosecond electric response
of its optical conductivity to field-effect gating.”® Graphene-
based phase modulators have been demonstrated for tele-
communication” ™' and terahertz wavelengths,‘)’l_34 where
graphene’s response is strong and primarily resistive. In the
more challen§in% mid-IR part of the spectrum, amplitude
modulation®'”'>*7** by as much as an order of magni-
tude'””” has been demonstrated. However, phase modulation
remains a challenge despite numerous recent theoretical
proposals'>*”*? and the importance of rapid phase shifting
for a broad range of mid-IR applications, including polarimetry,
ellipsometry, and frequency modulation. Notably few alter-
natives to fast graphene-based phase modulation exist in mid-
IR. One common platform for phase modulation, liquid
crystals,** have a millisecond response time and are a challenge
to operate in mid-IR range due to liquid crystal light
absorption; metamaterial-based solid-state modulators utilizing
voltage-controlled carrier depletion in semiconductors have
demonstrated megahertz-rate switching speed but only at THz
frequencies.”'

Below we demonstrate that a single-layer graphene (SLG)
can significantly shift the phase of the reflected mid-IR light
through field-effect gating. The weak optical response of
graphene is overcome by integrating it with a Fano-resonant
metasurface” containing nanoscale gaps where light-graphene
interaction is dramatically enhanced. We performed direct
measurement of the actively controlled optical phase of the
reflected beam by placing our graphene-integrated metasurface
(GIM) into one of the arms of a free-space Michelson
interferometer as shown in Figure 1. We further demonstrate
that the active GIM can be utilized for electrical phase
calibration of the remaining arm of the interferometer, thereby
providing a potentially rapid motion detection with nanometer-
scale accuracy. Finally, we demonstrate that GIMs can be used
for active control of light’s polarization state (ellipticity), thus
paving the way for numerous mid-IR applications to polar-
ization-division multiplexing, active waveplates, fast Stokes
polarimetry, and time-resolved ellipsometry.

Our metasurface is designed to exhibit Fano interference and
electromagnetically induced transparency® (EIT). Plasmonic
metasurfaces exhibiting Fano resonances have been shown to
exhibit higher near-field concentration of optical energy y”'*
than the standard antenna arrays. The schematic of the
metasurface with gating electrodes is shown in Figure la and
the unit cell details are provided in Figure 2a. The plasmonic
nanoantennas are fabricated on top of the SLG grown by the
chemical vapor deposition (CVD) and transferred on the SiO,
insulating spacer on a doped Si substrate (see Methods for

fabrication details). The unit cell consists of a continuous
nanowire and a dipole antenna with the same metal stripes
width W placed in close proximity of each other (see the
caption to Figure 2 for all physical dimensions). The
continuous nanowire emulates a dilute electron plasma and
provides a broadband reflectivity from the metasurface for
optical waves polarized along the wire, that is, in the y-direction.
Destructive interference between antiparallel currents in the
nanowire and in the dipole antenna (Figure 2a, top right panel)
that takes place near antenna’s plasmonic resonance at 4 = Ap
causes a dip in reflection (Figure 2b) and the electromagneti-
cally induced transparency (EIT) peak in transmission (not
shown). The small gap of the width g between the antenna and
the wire serves two purposes. First, it provides strong capacitive
coupling between the two, thereby reducing the natural
frequency wp = 2ac/Ap of the resonant dipole excitation and
making the antenna strongly subwavelength: Ly < Ap/2ng0,

where ngo, is the refractive index of the substrate. Second, it

concentrates optical energy inside a nanoscale area of the size
Agp = § X W~ 0.03 ym”.

The nanoscale field concentration in the antenna gap greatly
enhances the strength of light-graphene interaction, which is
proportional to 7 = |E?/E%,"> where E, is tangential electric
field at the graphene’s surface, and E; is the incident y-
polarized electric field. The spatial distribution of the field
enhancement 7 numerically calculated at A = Ap & 7.7 ym and
shown in Figure 2a (bottom left panel) reveals # > 1000 inside
the nanogap. All numerical simulations were carried out using a
commercial COMSOL Multiphysics finite-elements frequency-
domain package (see Methods for details). To demonstrate the
effect of graphene’s doping on the position of the Fano
resonance of a GIM, we numerically calculated the reflectivity
R,(4) of normally incident light and plotted the results in
Figure 2b for different values of graphene’s Fermi energy
Ep = hvpJ7n (where n is the areal free carrier density and vy =
1 x 10° cm/s is the Fermi velocity®). The EF(Vg), in turn,
determines the wavelen%th-dependent optical conductivity
05.6(A, Ep) of graphene®™ that was used in our simulations.
Significant 2.6% blue-shifting from A = 7.8 ym (at E = 0.08 €V,
orn=47xX11cm™2) to A= 7.6 um (at Ez = 023 eV, or n = 4.0
X 12 cm™?) is predicted by the simulations.

The physics of blue shifting in the Pauli-blocking regime of
2E; > hw is as follows:”'" as more carriers are injected into
graphene (thereby increasing Ep), the imaginary part of
graphene’s conductivity increases, thereby making graphene
more conductive. This has an effect of effectively reducing the
inductance of the GIM, thereby increasing its natural resonant
frequency. Just as it is the case for any externally driven
resonant excitation (the dipole nanoantenna in this case), the
amplitude change is followed by the phase change as the natural
resonant frequency of the metasurface is swept across the
frequency of the incident light. This effect is shown in Figure
2c. Simulations indicate that a phase shift of A®, ~ —60° of
the reflected light at 4 ~ 7.7 um (dashed line in Figure 2c)
should accompany the sweep of the SLG’s Fermi energy, which
is responsible for sweeping the resonant frequency of the GIM.

Before experimentally measuring the reflectivity spectra
Rﬁ;"P)(/l), graphene was electrically characterized in order to
make the connection between Ej (used in the simulations) and
the experimental values of the applied gate voltage V,. The
drain-source resistivity RDS(Vg) measured as a function of the
gate voltage is plotted Figure 2d, where the inset shows an
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scanning electron microscopy (SEM) image of the fabricated
sample. The maximum resistance corresponds to the charge
neutrality point (CNP) voltage Vyp & 40 V.” The gate voltage
applied across the SiO, spacer between the silicon substrate and
the SLG controls the carrier concentration n &~ C,AV/¢, where
AV =V, — Venp, and C, = €/d is the gate capacitance per unit
area, d and ¢ are the thickness and electrostatic permittivity of
the SiO, (see Methods for the description of the analytic fit of
RDS(Vg) shown as the red line in Figure 2d and a more accurate
method of calculating n that accounts for the residual charge
density at the CNP) and the related Fermi energy Eg(n). A list
of the experimentally applied gate voltages and the correspond-
ing graphene’s Fermi energies is listed in Table 1.

Table 1. Fermi Energies Eg in the SLG and the
Corresponding Electric Fields E = V,/d Inside the Silicon
Oxide Spacer of Thickness d = 1 pum Separating the SLG
from the Back Gate Are Tabulated as a Function of the
Applied Gate Voltage V,

V, (V) E (MV/cm) Eg (eV)
—40 -0.4 0.08
-20 -0.2 0.09
0 0 0.10
30 0.3 0.12
80 0.8 0.15
150 1.5 0.18
280 2.8 0.23

The numerically obtained reflectivity spectra shown in Figure
2b were found to be in good agreement with the experimentally
measured spectra R§;xP )(2) that were collected using the optical

setup shown in Figure 1b, where the reference arm (Arm 1) of
the interferometer is blocked (see Methods for the details of
the measurement). For these measurements, y-polarized
normally incident light produced by a continuously tunable
quantum cascade laser (QCL) was used. The gate voltages
shown in Figure 2e correspond to the Fermi energies depicted
in Figure 2c. Having experimentally confirmed the existence of
the EIT-like reflectivity dip and its tuning by electric gating, we
now move to the primary objective of this Letter: the
measurement of the graphene induced optical phase shift.

A Michelson interferometer configuration was used to
measure the phase shift of the IR light that was reflected
from the electrically gated GIM placed in the test arm (Arm 2
in Figure 1b) of the interferometer. The laser light is split into
two arms by a CaF, beam splitter (BS). In Arm 1, the beam is
reflected from a mirror mounted on a motorized stage whose
motion is controlled by a closed-loop actuator with optical
encoding capability. The reflected waves (marked by red arrows
in Figure 1b) combined on a mercury—cadmium—telluride
(MCT) detector produce the interference electric field that can
be expressed as the function of the mirror’s position x and the
gate voltage:

C(x, Ver t) = A sin[wt + O,(x)] + B(Vg)

sin[wt + (I)Z(Vg)] (1)
where @ = 27c/A is the angular frequency of light, A and @, (x)
= 4mx/A + @,(0) are the light’s amplitude and phase,
respectively, after the passage through Arm 1, and ®,(0) is a
constant phase shift due to the path lengths difference between
the two arms. Similarly, B(Vg) and QZ(Vg) are, respectively, the
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Figure 3. (a) Normalized interference signal Iy(x = sN,, Vg) forV,=0 (Ep = 0.1 eV; green dots, dashed fitted line) and Ve=—150V (Eg=0.19 eV;
blue dots, solid fitted line). (b) Fitted interference patterns as (a), but plotted for three values of Eg. (black, Eg = 0.08 eV; red, Eg = 0.15 eV; blue, E
=0.23 eV) over one oscillation period for the interferometer mirror position shift in the 0 < sN, < A¢/2 range. (c) Phase change A® as a function of
the Fermi energy for three independent experiments (Trials 1—3). (d) Reflectivity-phase diagram using the data from the Trial 1 as a function of
color-coded Fermi energy. All measurements are performed at Ay = 7.69 ym.
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amplitude and phase of the light reflected from the graphene-
integrated metasurface, both voltage-dependent.

From eq 1, the time-averaged detected intensity is given by

([C(x,V)T?) = Io(V,) + M(V)Iy(x,V,). Here the background
1nten51ty is I(Vy) = (A + B(V,))/2, the depth of the
interference s1gna1 is M(V,) = ABEV ), and the normalized
oscillatory portion of the 1nterference pattern is Iy(x, V,) =
cos[®,(x) — (1)2(V )]. The last x-dependent term is utlhzed for
experimental extraction of the gate-dependent phase shift
®,(V,). Briefly, the measurement procedure of ®, for any
given gate voltage V, = V is as follows. First, the value of the
gate voltage is reset to V, = 0 to establish the baseline phase
shift, and the mirror in the reference arm is advanced from its
original x = 0 position through a sequence of N,,,, steps while
measuring the intensity after each of the 0 < N, < N,,,, steps.
An example of the interference pattern at V, = 0 is shown in
Figure 3a, where only the normalized quantity Iy(x,V, = 0)
(green markers) are plotted for several oscillation as a functlon
of N, at 4y = 7.69 um. The least-squares fit of the experimental
data to Iy(x,V, = 0) = cos[BN, + ¢(0)] is shown as a dashed
line in Figure 3a, where B = 4ms/A, is treated as a fitted
parameter that depends on the experimentally determined
(with better than 0.5% relative accuracy) step size s & 68 nm.
The same procedure of advancing the mirror from x = 0 to x =
SN is repeated for V, = V; as shown in Figure 3a. The blue
markers represent the experimental data, and the solid line
represents the fitted curve for IN(x,V = V,) = cos[BN, +
¢(V1)]), which is clearly displaced by ACD(VI,O) = ®,(V) -

®@,(0) = [¢(V}) = ¢(0)] with respect to the Iy(x,V, = 0) curve.
To our knowledge, the data presented in Figure 3a represents
the first direct experimental observation of graphene-induced
phase shift of infrared light.

The phase advance AD(V, 0) = C(V ) — ¢(0) is calculated for
a set of gate voltages (mcludmg the CNP voltage V, = Viyp)
using the same procedure outlined above. The gate Voltage was
reset to V, = 0 before each measurement in order to avoid the
potential hysteretlc interfacial effects** (e.g, charge trapping
and redox reaction) that takes place at high gate voltages. For
convenience, in the rest of this Letter we reference all phase
shifts to that measured at the CNP voltage. Using the definition
of ¢(V,) = @,(0) — @,(V,), the phase shifts due to free carrier
injection into graphene are calculated as

A(D(‘/g) = [q)z(Vg) = @, (Venp)] = c(Vonp) — C(Vg)

)

The results of the interferometric experiments (all performed
at 4 = 4, indicated by an arrow in Figure 2e and with V; < Vnp
corresponding to the injection of holes into graphene) are
shown in Figure 3b—d, where the gate voltages have been
converted to Fermi energies according to Table 1. As an
example, three fitted Iy(x,V,) for the selected Fermi energies
are shown in Figure 3b. The negative phase shift of A@(V =
280V) ~ — 55°(corresponding to Ep = 0.23 €V) observed from
Figure 3b is a direct manifestation of the blue shift of the
resonance observed in both simulations (Figure 2b) and
experiments (Figure 2e). The measured shift is in good
agreement with the results of the numerical simulations shown
in Figure 2c.

The robustness and repeatability of the phase shift is
confirmed by repeating the experiments three times and
plotting the measured phase shifts for the three trials in Figure
3c. We speculate that the repeatability can be further improved
by graphene’s passivation that can be achieved by, for example,

depositing an insulating layer of ALO;**** or boron nitride
(BN)* over the SLG and fabricating the metasurface on top of
it. Adding a metallic backplane to a GIM may be another
attractive option for increasing the phase shift as has been
recently theoretically suggested.””*’

In Figure 3d, the phase shifts measured during the Trial 1 are
replotted in the power reflectivity-reflection phase plane in
order to examine the possibility of pure phase modulation with
minimal amplitude modulation. The plotted data is color-coded
based on the values the Fermi energy of the SLG (see Table 1
for the Ep versus V, conversion), and the phase modulation
(PM) region corresponding to 10% variation of the reflectivity
R, is shaded. The phase shift of the reflected light changes by
ADpy; &~ —28° within the PM region. The property of the pure
phase shift at a constant reflectivity is promising for realizing
fast phase modulators, as well as in other optical applications.
Below, we briefly describe two such applications: interfero-
metric motion detection and polarization conversion.

The concept of interferometric motion detection using an
active GIM illustrated in Figure 4a is explained by observing
that the test and reference arms of the Michelson
interferometer can, in principle, be exchanged. That means
that instead of using the known @, (x) to measure the unknown
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Figure 4. (a) Schematic of the interferometric motion detection using
a GIM. The motion of the reflecting object (mirror on a moving stage)
is detected by varying the phase of the reflected light from the GIM via
field-effect gating. (b) Normalized interferograms Iy(x;V,) plotted for
three mirror positions x; = xy + jAx (Ax = 540 nm corresponds to 8
steps of the moving stage, j = 0, 1, 2 for black, red, and blue symbols,
respectively) and seven voltages from Table 1. Horizontal axis:
ACI)(V) from Figure 3c (Trial 1). (c) The extracted relative
dlsplacements (%, — %) and (x, — x,) are plotted as a function of
the actual mirror displacements. The error bar is estimated using six
independent sets of position triplets x;. Blue dashed line is drawn at
45° to compare the extracted and actual mirror positions. All

measurements are performed at 4 = 4.
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®,(V,), we can now use the tabulated ®,(V,) to measure the
unknown @;. If an arbitrary reflecting object moving along the
X = Xu(t) trajectory is used instead of the mirror, then
extracting ®;(x,,;) would enable tracking its motion. Such
tracking requires that the phase shift ®,(V,) in Arm 2 (which
becomes the new reference arm) be changed on the time scale
which is much shorter that the object's movement. The
experimentally obtained plot of A ®(V,) presented in Figure
3c serves as a look-up table for measuring the movement of the
reflecting object (e.g,, a moving mirror). The key advantage of
the nonmechanical change of @, is the speed (tens of GHz) at
which such change can be accomplished.

However, there is a significant difference between measuring
®,(V,) using a sequence of @,(x;) spanning several periods
(where 0 < x; < sN,,,,) as it was done in Figure 3a, and
extracting @, (x,) using a sequence of ®,(V, = V) spanning a
fraction of a radian. The accuracy of the latter simulation may
be potentially limited because of the smaller phase change in
the reference arm. To investigate the spatial resolution of a
graphene-based distance measurement interferometer, we have
selected six mirror position triplets x; = x, + jAx (where j = 0,
1,2, Ax = 0.54 um, and x, is different for different triplets) and
plotted the normalized interferograms IN(x]-, V,) as a function
of for the seven voltages listed in Table 1. The experimental
results for one such triplet is shown in Figure 4a, where the
black, red, and blue symbols correspond to x, x;, and x,
members of the triplet, respectively. The data was fitted to
Ly(x, Vi) = cos[P; — AD,(V,)] (solid lines), where ¥, = 47x;/
+ @,(0) — ®,(Vpp) follows from the definition of IN(x,Vg).
Using ¥; — W, = 47(x; — x)/4, the relative distances (x; — x,)
and (x, — x,) were measured and plotted in Figure 4c, and the
accuracy (the size of the error bar) was estimated from the
results for six independently chosen position triplets (xq, x;, x,).
Note that this technique does not attempt to extract the
absolute distances.

Next, we demonstrated that the accuracy of the displacement
measurement is high although the phase change in the
reference arm of the interferometer is less than one radian
according to Figure 4b. Figure 4c illustrates the accuracy of the
measurement by plotting the extracted positions of x; and x,
(referenced to x,) for the six position triplets. The dashed blue
line is drawn at 45° to illustrate the agreement between the
actual displacements of the mirror (horizontal axis) and the
displacement measured using the graphene-based interferom-
eter. The spread between multiple measurements shown in the
insets to Figure 4c and the prediction (dashed line) indicate
that displacement as small as Ax = 540 nm can be measured
with +40 nm accuracy. In addition, no assumption of constant
(distance-independent) reflectivity from the moving object is
needed for the application of this technique. The distance
measurement technique based on active GIMs demonstrated
above is a potential alternative to the more conventional chirp-
based techniques®” because it is carried out in mid-IR, where
atmospheric light scattering is considerably reduced”® and
passive chirping outside of the laser is challenging, and at
potentially high (multi-GHz) speeds.

The second application enabled by voltage-controllable
GIMs is the development of electrically tunable wave plates
that can control the polarization state of the reflected mid-IR
light in real time. Because the utilized metasurface (see Figure
2a) is strongly anisotropic, its response to x-polarized light is
very different from the resonant response to y-polarized light
considered so far. Specifically, while strong Fano resonance at 4

= Ao occurs for the latter, no such resonance exists for the
former. In the absence of resonance, no significant phase
variation is expected for reflected x- polarized light as the gate
voltage is varied. This is confirmed by our interferometric
measurement, the results of which are described in Figure Sa,
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Figure 5. (a) Measured phase shifts A®, and A®, of the linearly
polarized light reflected at normal incidence from the voltage-
controlled GIM. Red line, x-polarized; black line, y-polarized light;
horizontal axis, graphene’s Fermi energy. (b) Measured reflectivity for
x-polarized incident light corresponding to three Fermi energies. (c)
Simulated phase shifts A®, and A®, plotted as a function of the
Fermi energy. (d) Normalized polarization ellipses of the reflected
light calculated using eq 3 and the experimentally obtained A®, and
A®, from panel (a). The constant acyp = 107° was extracted from
COMSOL simulations. Incident light’s polarization at 45° with respect
to the principal axes of the metasurface was assumed. The colors
correspond to the Fermi energies from panel (b). All measurements
and simulations correspond to the wavelength of light (1 = 4,) that
corresponds to the minimum of Ryy(i) at Ep = 0.15 eV. In simulations
A =772 um was used.

where the experimentally obtained phase changes at 1 = A, for
both x- and y-polarized light at normal incidence are plotted as
functions of graphene’s Fermi energies Ep(V,) taken from
Table 1. Both experimentally measured ACDx(Vj and ACI)y(V)
are in good agreement with numerical simulations (Figure 55.
Note that the theoretically and experimentally obtained
reflection phases are referenced to those at the CNP point of
graphene. The absence of the metasurface’s resonant response
to x-polarized light is also experimentally confirmed by
featureless reflectivity R,,(4) that does not appreciably change
with Eg as shown in Figure Sb. Note that the x- and y-axes are
the principal axes of the metasurface (i, R,, = 0) due to the
mirror reflection symmetry of the structure with respect to the
x-axis.

The action of an active phase plate is easily captured by
examining the polarization state of the reflected light that is
polarized at 45° with respect to the principal axes of the GIM at
incidence. The resulting (un-normalized) polarization ellipse is
given by the following parametric formula
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E (V) = \/Rimcos[(lxy(%) —owt], E(V)= \/R7w cos[wt]

(©)

where 0 < wt < 27 is a parameter, the two polarized
reflectivities (R,, and R,,) may be voltage-dependent, and the
reflected phase shift @, = AD(V,) — A®(V,) + acxp
between the two polarizations is also controlled by the gate
voltage. Here, dcnp = AD,(Venp) — Aq)y(Vch) is the phase
shift at the Viyp. Here we focus on the case where R, and R,
are nearly voltage-independent as can be observed from the
experimental data presented in Figures 2e and 5b. However, the
significant (by almost a full radian) voltage-induced A®,
translates into an equal magnitude shift of @,, and therefore a
significant rotation of the polarization ellipse. Three such
normalized polarization ellipses are presented in Figure 5d for
the corresponding gate voltages and graphene’s Fermi energies
extracted from Table 1. These results indicate that both the
ellipticity and the orientation of the polarization ellipse can be
significantly altered by applying a gate voltage.

For example, we observe from Figure 5d that the direction of
the major axis can be moved from the second quadrant (at E; =
0.08 eV) to the first quadrant (at E; = 0.23 €V). Note that such
orientation of the polarization ellipse is enabled by the voltage-
induced phase shift and cannot be accomplished by pure
amplitude modulation of either R, (V) or R,,(V,). This implies
that only a limited subspace of Stokes parameters of the
reflected light can be accessed by pure amplitude modulation.
For example, if the major axis of the polarization ellipse is
restricted to stay in the first quadrant, then only the positive
values of the second Stokes parameter S, = I(+45°) —
I(—45°), defined as the intensity difference of light passing
through the analyzers oriented at +45° and —45° with respect
to the principal polarization axes, can be accessed. In contrast,
phase modulation demonstrated here does not suffer from such
restrictions. Therefore, one may envision using phase-shifting
graphene-integrated metasurfaces for real-time ellipsometric
applications*® that require high time resolution.

In summary, we have experimentally demonstrated that
when a plasmonic metasurface with nanoscale gap features is
integrated with single-layer graphene, field-effect gating of the
latter can produce large phase changes of the reflected light. By
concentrating light’s intensity in the nanogaps, the metasurface
dramatically induces graphene’s coupling to infrared light and
enables bias-voltage-control of the reflected waves’ phase by
over 50°. Such phase shifts were found to be sufficient for two
applications: nonmechanical motion sensing with nanometer-
scale resolution, and voltage-control of polarization state of
reflected mid-IR light. The promise of these and similar
applications (such as, for example, real-time ellipsometry using
graphene-based polarization state generators) lies in their
potential for fast time response. Experimental demonstrations
of nanosecond-scale response of graphene-based phase-control
metasurfaces will be a subject of future work.

Methods. Sample Fabrication. First, the SLG was grown
on polycrystalline Cu foil using a CVD technique’ and
subsequently transferred®’ from the Cu foil onto a
commercially purchased substrate (University Wafer) with 1
pum thick insulating (SiO,) layer grown on a lightly doped
silicon. Second, the high-quality graphene regions were isolated
by e-beam patterning followed by an oxygen plasma cleaning
step. Third, a 100 ym X 100 pm metasurface sample was
fabricated on top of the SLG with unit cell dimensions given in
Figure 2c using electron beam lithography (EBL). The

thickness of the metasurface was 30 nm (S nm of Cr and 2§
nm of Au). The scanning electron micrograph (SEM) of the
fabricated GIM is shown in Figure 2f. Fourth, source and drain
contacts (15 nm Cr + 85 nm Au) were deposited on top of
graphene on either side of the metasurface samples using a
second EBL step. Lastly, a gold contact (15 nm Ni + 85 nm
Au) was deposited on the back of the silicon wafer for gating.
The fabrication was completed by wire-bonding the sample to a
chip carrier. A dc voltage was applied between the source
contact and the silicon backgate to modulate graphene’s carrier
density as shown in Figure 1.

Electrical Characterization of Graphene. We used a
parametric analyzer (Keithley 2450) for the current—voltage
(I-V) measurement to characterize the SLG. In Figure 2d the
resistance between drain and source contacts Rpg is shown as a
function of gate voltage. This resistance can be written as"

RDS(Vé) =R+ R, where N

=R_+ qu/e,uh\/ng + [cg(Vg - VCNP)]2

= L,/W, with L, and W, being the length and the width of
graphene channel. y;, and n, represent the graphene hole
mobility at room temperature and residual charge of graphene
at the CNP point, respectively, and ¢, is the gate capacitance.
By fitting the experimentally measured resistance RDS(Vg)
plotted in Figure 2d to the above expression, the following
values for graphene and circuit parameters were extracted: R, =
170 Q, ny = 4.7 X 10" em™ and p;, = 3600 cm?/(V s).

The CNP V, = Vcyp = 40 V corresponding to n = n, is
identified by the maximum value of Rpg(Vy). The slight p-
doping of the SLG by the SiO, substrate can be inferred from
Venp > 0. Because of the breakdown voltage of silicon dioxide
at 0.5 GV/m, we varied the back gate voltage in the —280 V <
Vg < 40 V range using “Heathkit 500 V PS-3” power supply.
The holes’ areal concentration can reach the maximum values
of m™ ~ 4.0 X 10" cm™ for the peak gate voltage. The red
curve in Figure 2d demonstrates the fit in the holes’ injection
regime that is used to extract the graphene’s electrical
properties. The carrier collisional time is then calculated from
(rhhz
2ezEF
the holes is given by o}, = nyepy,.

Reflectivity Measurements. The setup shown in Figure 1b
was used to measure the optical reflectivity of the sample where
the light path in arm 1 was blocked and only the signal from the
graphene metasurface was detected. The laser source was a
quantum cascade laser (Daylight solution, MIRcat-1400). The
laser was operated in pulsed mode with the pulse repetitions
rate of 250 kHz and the pulse duration of 100 ns. A high
numerical aperture ZnSe lens (NA = 0.5) was used as an
objective to focus the laser light onto the metasurface. A liquid-
nitrogen-cooled MCT detector was utilized for the measure-
ments of signal intensity. The signal from the MCT detector
was amplified and measured by the lock-in amplifier (Stanford
research systems SR844) with the integration time of 3 ms.

Interferometric Measurements. A Michelson interferomet-
ric setup, as shown in Figure 2a, was used to measure the phase
modulation. The mirror was mounted on a closed-loop actuator
(Newport model 8310) equipped with an optical encoder that
provided an accurate and repeatable mirror position measure-
ment. The entire interferogram shown in Figure 3a consisted of
25 points, each separated by 8 actuator steps (the actuators step
size: s & 68 nm). For measurements, the mirror was stopped

mobility using 7 = ~ 13 fs, where the conductivity due to
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for 200 ms every 8 actuator steps and the MCT detector signal
was recorded by the lock-in amplifier with the integration time
of 100 ms.

Numerical Simulations. A commercial finite elements solver
COMSOL Multiphysics version 4.3b was used for simulating
the optical reflectivity of the sample. The SLG was modeled
using a surface current’ Jg g = 05 GE, where E, is the tangential
electric field on the graphene plane and oy ¢ is the optical
conductivity of graphene which was calculated from random-
phase approximation in the local limit**

2
1 1 _yfhw-2E
(@) = —| = + = tan™| T —F
4n|2 & 2y T

n 2 2
2n (hw — 2Ep)" + (2kgT)

i (hw + 2E;)? ]

> 8ikgT E
Cpira(®) = e—liB_lln 2 cosh| ——
4h wh(w + it™) 2ky T

For the carrier collisional time, the transport measurement
estimation of 7 = 13 fs was used and the temperature was
assumed to be T = 300 K.
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