Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 12

Nanoscale

Predictive of the Quantum Capacitance Effect on the Excitation

of Plasma Waves in Graphene Transistors with Scaling Limit

Lin Wang, Xiaoshuang Chen’, Yibin Hu, Shaowei Wang and Wei Lu

National Laboratory for Infrared Physics, Shanghai Institute of Technical Physics,
Chinese Academy of Sciences, 500 Yu Tian Road, Shanghai, Shanghai 200083, China
Synergetic Innovation Center of Quantum Information & Quantum Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China

*Address correspondence to wanglin @ mail.sitp.ac.cn; xschen @mail.sitp.ac.cn;

Plasma waves in graphene field-effect transistors (FETs) and nano-patterned graphene sheets have
emerged to be very promising candidate for potential terahertz and infrared applications in myriad
areas including remote sensing, biomedical science, military, and many other fields with ability of
electrical tunable and strong interaction with light. In our work, we study the excitations and
propagation properties of plasma wave in nanometric graphene-FET down to the scaling limit.
Due to the quantum-capacitance effect, the plasma wave exhibits strong correlation with the
distribution of density of state (DOS). It is indicated that the electrical tunable plasma resonance
has the power-dependent Vic"® relation on the gate voltage, which is originated from the linear
dependence of density of states (DOS) on the energy in pristine graphene, in striking different
from those dominated by the classical capacitance with only Vi’ dependence. The results of
different transistor-sizes indicate the potential application of nanometric graphene FETs in
highly-efficient electro-optic modulation or detection of terahertz or infrared radiation. In addition,
we highlight the perspectives of plasma resonance excitation in probing the many-body interaction
and quantum matter state in strong correlation electron system. This study reveals the key feature
of plasma wave in decorated/nanometric graphene FETs, and paves the way to tailor the plasma
band-engineering and expand its application in both terahertz and mid-infrared regions.

KEYWORDS: quantum capacitance- plasma waves- many-body effect- Boltzman theory - strong
correlation

Quantum capacitance has been found to have an important role in the quantum behavior of
electron gas systems, such as strong correlated interaction', resonance impuritiesz, electron-hole
asymmetry3, in particular the electron density of state (DOS) distributions which are affected both
by single-particle and many-body interactions®. It is especially instructive for two-dimensional
electron system with the global electron density reversibly tuned by the electrostatic gating. The
quantum capacitance has originally been suggested to explain the extra capacitance observed in
III-V high electron mobility transistors (HEMTs) with discrete energy levels under strong
inversion regimes. Recently, the rise of semiconducting 2D crystals has given much more
opportunity for effectively exploring the unexpected physical behavior, such as conductivity
anomaly, fractional quantum-Hall phase transition, and Fermi-velocity renormalization" 7.
Among them, graphene, a single-layer carbon atom with 2D honeycomb lattice, has stimulated
most extensive experimental and theoretical investigations due to its intrinsic high carrier mobility
and clear relevance for technological application in photonics, electronics and plasmonics”.
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However, the understanding of mesoscopic-physical behavior in graphene is still far from
completed and the quantum capacitance becomes nontrivial when the vertical scaling down of the
graphene FETs is continued.
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Fig. 1. Experimental and theoretical results of quantum-capacitance in graphene FETs. (a)
Schematic of graphene FET with 4nm and 6nm Y,O; top-gate dielectric layers (seeing Methods
section) investigated in this work, respectively. The channel area covered by the top gate is with
width W=5um, length L,=7um, the separation from source/drain to the top-gate is 1um. Inset
displays the AFM topography of Y,03/Graphene. (b) The equivalent circuit of capacitance bridge
technique for quantum capacitance measurements of graphene FET, G, S, and D stand for gate,
source and drain ends, respectively. (c) Comparison of top-gated capacitances under different gate
voltages between experiments (symbols) and theories with different oxide capacitances Cox
(dashed and solid lines), the results are in well agreement above the Dirac point. (d) Sheet carrier
density versus gate voltage Vrg after integration of Crg-Vrg results in (c), solid lines are the
theoretical results based on the parallel-plate capacitor model with only the oxide capacitance C.
Dashed lines are the theoretical results with quantum-capacitance correction, in well consistent
with the experimental results in almost all bias range.

Unlike conventional 2D electron systems, the density of state of graphene depends linearly
on the energy, subsequently resulting in the sensitive change of capacitance due to absence of

DOS near the Dirac point even with the oxide-layer thicker than 50nm” "*

. While at higher carrier
density, the occupation of split-off band leads to parallel transport channel, which is crucial for
future applications in visible/near-infrared technologies. Therefore, sufficient gate control on the
conduction channel is important to improve performance of graphene-FETs-based photodetectors

and circuits'>. To enable efficient coupling between gate electrode and transistor channel, the

so-called ionic-liquid gates and high-k dielectric layers down to several ~nm are implemented 1314

Especially, the ionic-liquid gating structures have been reported to continuously tune the carrier
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density exceeding 10"em™. Meanwhile, the ionic gating of graphene-nanodisks has already
exhibited inspiring plasmon-induced strong absorption at mid-infrared frequency with Fermi level
tuned from 0.2eV up to 0.8ev'" P
2.3% of incident light in the visible and near-infrared range, the realization of both direct optical

. Since a single sheet of homogeneous graphene absorbs only

excitation and facile electrical tunability of plasmons in graphene nanostructures is greatly desired
for improving device applicability. While due to small ion radius (over ~tens pF/cm?) in liquid
gate and thin-dielectric layer used'®, the quantum capacitance effect in nano-structured device
would inevitably dominates the electrostatic doping efficiency of electron gas during the
gate-voltage sweeping. Also it is not much clear about the role of such effect on the properties (e.
g. electrical tunability) of plasma wave. Even though the presence of quantum capacitance will
deteriorate the electrostatic doping, in this Letter, we find improved voltage-dependence of plasma
waves in graphene FET through thinning the dielectric layer. With further analysis, it is indicated
that the excitation of plasma wave is in strong correlation with the DOS distribution of graphene.
In addition, the redistribution of DOS caused by the many-body interaction is detectable through
observing the shift of plasma wave resonance or in other words, the dispersion of plasma wave
can be tuned by changing electronic states.

The device considered in this work consists of a monolayer graphene on top of a SiO,
(300nm)/Si substrate (Methods section). Fig. 1 depicts the geometry of top-gated graphene FETs
with Y,0; film serves as the gate dielectric stack grown on graphene via depositing a thin layer
>'7 The total

gate capacitance is measured between electrode and channel with the setup of capacitance bridge

yttrium (Y) film by using electron-beam evaporation followed by thermal oxidation

technique17 (Fig. 1b). Also, the RF technique can be applied for capacitance measurement but with
1'®. Both of these two methods are affected by the
parasitic capacitance, i. €. Cy=Crg+Cgst+CoatCrg, Cym is the measured capacitance, Cys (Coq) and

less accurate and depends on selected mode

Cy; is the parasitic capacitance between the gate and source (drain), backgate, the total
contribution of which is estimated by measurement without graphene and is around 3nF/pum’.
Differential capacitance Ctg can be described in the series of geometrical capacitance C,y and

¢ z(hv,)? a

quantum capacitancecwzezksT ln{z[l +cosh'uﬂ (u is chemical potential, kg is Boltzman

constant and T is temperature) (Fig. 1(b)). All the curves in Fig. 1(c) display unusually minimum
and peculiar “V-shape” near the Dirac point, where the quantum capacitance is especially
important due to the absence of DOS in pristine graphene. The theoretical modeling results based
on the assumption of graphene with linear DOS are shown in Fig. lc in together with the
experimental results (squares and circles). The best fitting is obtained when the oxide capacitances
Cox are 1.7 uF/cm2 and 2.3 uF/cmz, respectively. Therefore, the actual thickness of Y,0Oj; film in Fig.
Ic is estimated around 6nm/ 4nm with deviation less than 1nm after considering the instability of
oxidation process, in consistent with the atomic force microscopy results™'’. As referring to the
quantum capacitance, the Fermi velocity vg is assumed to be a constant~1.0x10*cm/s with weakly
dependence on density. The assumption is reasonable since the value of Fermi velocity has been
tested numerously in optics and electronics, and it is found that the many-body contribution is
negligible in Fig. 1a. Besides, near the Dirac point, the many-body effect is overwhelmed by the
substrate disorder, which has been confirmed recently by magnetic transport measurement'.
Therefore, the potential fluctuations caused by the residues near the interface between graphene
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and substrate will give rise to the additional microscopic capacitance at the Dirac point. From Fig.

1d, it can be seen the low-DOS leads to the poor electrostatic doping and strong quantum

capacitance in all bias-voltage ranges.

051 —0— E,=0.3¢V]

mode b_._EF= 0.1eV|

o 04
Qﬁ) L
< 0.3
=
2 02
,iCD L — —_—
0.1 Graphene
3 4 5 6 7 8 9 WYY -
Frequency (THz)

Fig. 2. Spectral characteristic of plasma wave in graphene FETs and its equivalent circuit model.
(a)Sketch of one-dimensional periodic array of graphene plasma wave FETs under excitation by
the THz/IR radiation. The plasma wave oscillations are depicted in the channel schematically.
(b)The dynamical intra and inter-band conductivity of graphene based on the Kubo theory, inset
indicates the energy loss ratio between intra-band and inter-band process at room temperature near
the Dirac point, the imaginary part of conductivity is not shown in the figure, as it is dominated by
the intraband conductivity, and thus the frequency of plasma waves in graphene FETs is mainly
determined by the intraband part. (c) The spectral characteristic of plasma resonance in
grating-gated graphene FET at Fermi level Ep~0.1eV (solid symbols) and Ep~0.3eV (open
symbols) obtained by solving the Maxwell equations embedded with Kubo conductivity theory
(seeing Supporting Informations). The gate length L, is 0.2um, and oxide layer thickness doy is
4nm. (d)Mode profiles of resonances a and b in (c), and the equivalent R-L-C model for plasma
wave oscillation in the gated channel. It should be noted that the sheet conductance in local
approximation is given by cW/L,, L, is the gate length and W is the gate width, the capacitance is
give by the CWL,, the kinetic inductance is given by Im(1/c)L,/W, which leads to the similar
expression for plasma wave frequency as the Boltzman and RPA approximation theories in the

Supporting Informations.

Based upon above discussed results, it is questionable on whether the electrical tunability of
plasma resonances in graphene FETs can be improved when vertically scaling-down of dielectric
layer continues. To this regard, we explore in details the effect of quantum capacitance on the
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plasma resonance by employing rigorously plasmonic modeling technique (see Methods section
and Supporting Informations), and try to pave an alternative way to investigate the mesoscopic
physical behavior of 2DEG (two-dimensional electron gas). The prototype of graphene FETs is
shown in Fig. 2a schematically, where multiple graphene transistors are connected in series. Under
the THz radiation excitation, adjacent unit cells of FETs oscillate collectively in-phase, shrinking
the THz field into the grating-gaps. Most part of the zeroth diffraction-order transmits into the
substrate, and the plasma wave is excited by the higher-order evanescent field close to the
gratings.

To investigate the properties of plasma wave in pristine-graphene FET, we solved
self-consistently the Maxwell equations based on the FDTD methods (seeing Methods sections),
during which the optical conductivity of graphene sheet is obtained by the both Kubo and RPA
theories (seeing Supporting Information)™. In a pristine graphene, the change of optical
transmission is mainly caused by the intraband (Giy.(@)) or interband (Gine(®)) dynamical
conductivity depending on the threshold condition'’. The distributions of intraband and interband
conductivities at terahertz region are plotted schematically in Fig. 2b, from where it can be seen
that the intra-band Drude term can be orders of magnitude larger than the interband one, especially
when the Fermi level is far from Dirac point. In different from the surface plasmon in graphene
disks, array or graphene sheet, the plasma waves in FET interact strongly with the electrodes, and
the image charges induced at the electrode screen the plasma oscillation in the graphene sheet.
Because of this, the frequency of plasma wave follows the linear rather than square-root
dispersion of its wavevector 2 22(seeing Supporting Informations).

Figs. 2c and 2d display the absorption and field-profile induced by the plasma-wave
oscillation in a periodic array of Y,Oj/graphene transistor with 0.2um gate length and 4nm
dielectric layer under the illumination of THz radiation. In such thin-film graphene FET, the
plasma wave oscillation in channel can be strongly suppressed due to the large damping constant
Tre (Tre~RenCox) caused by the large shunt capacitance (Fig. 2d). Following the scheme of
hydrodynamic theory developed by Dyakonov and Shur®, the propagation constant of plasma
wave is given by aX1+i/ wr)'?/s. Therefore the effective propagation length Ly of plasma waves
along the channel of graphene is determined only by sz, where s=(ne’/mcCoy)"” is plasma wave
velocity, s>10%cm/s (for more details, seeing Supporting Information). The length can be further
rewritten as Lg(r/rRC)“2 (c. f. Fig. 2d, fRC~1x10’13s). Due to the capacitive coupling between
electrode and graphene-channel (Fig. 2d), the unit cell of graphene FET acts as a R-L-C oscillator
(see Fig. 2d), compressing the THz radiation down to sub-micrometer dimensions. In addition, it
is no doubt that the propagation length of plasma waves in graphene decreases when the thickness
of Y,0;5 is reduced.

To indicate more clearly the vertical scaling-limits of dielectric layer for efficient correlation
between quantum capacitance and plasma oscillation, the sensitive changes of plasma resonance
with the change of the device structure parameters are displayed in Fig. 3 by applying FDTD
simulations. It is discernable that the frequency of plasma resonance (which is
corresponding to 0.2um gate length and open circles in Fig. 3a) is inversely proportional to
the gate-length L, and in agreement with the hydrodynamic results (dashed line in Fig. 3a)
as shown in the Supporting Informations and those discussed above. However, when the film
of Y,0; is thinner than 4nm, the plasma wave decays rapidly along the channel before a round trip
is completed, which results in a weak dependence on the gate length L, (solid squares in Fig. 3a).
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By the way, the Y,O; layer with 4nm thickness is sufficient for efficient gate-controlling even
when the gate length shrinks down to 20nm. Actually in Fig. 3b, the plasma wave is overdamped
along the channel of graphene FET with only 400nm gate-length if the dielectric layer is thinner
than 8nm due to the enhanced screening of electrodes. As we discussed above, the ratio between
gate length and dielectric thickness should not be too large, and the standing plasma oscillation
prefers to be established along the 200nm channel (Fig. 3b). To indicate more clearly the effect of
quantum capacitance, we mainly focus on the graphene FET with 200nm gate length and 4nm
dielectric layer. Here, the contribution of quantum capacitance is taken into account under
different voltages following the discussed results of Fig. 1, from where the chemical potential
g is determined with the linear DoS distribution of pristine graphene. Therefore, the
quantum correction is naturally included in n~Crg(Cox, Co(t))Vrg. Due to the quantum
capacitance effect, one can see the significant deviation of plasma resonances (open symbols in
Fig. 3c) from those considering only the geometrical capacitance (in this case the quantum
capacitance is neglected, i. e. CQ~0;LF/cm2 which is corresponding to the solid symbols in Fig.
3c). Besides, under the same gate voltage, the frequency of plasma resonance exhibits deviation
over 1THz from the one without quantum correction. Following this trend, it can be expected
that the voltage dependence of plasma resonance will depend more evidently on the quantum
capacitance in mid-infrared nano-devices. The frequency of plasma resonance versus gate voltage
V1 can be modeled by a power law of the following type f ©Vig”. By fitting the data (dashed
lines) of Fig. 3c, we extract a~0.5 in the device dominated by the geometrical capacitance (solid
squares). With the quantum correction (open squares), it is found that the plasma resonances can
be tuned in wider spectral region following the relationship f 9V . In view of this relation, it is
inspiring to scale down the graphene FET with the aim to realize plasma-wave device with

wide-tunability since most of graphene devices available now (e. g. disk, sheet arraysM) can be
0.25

tuned approximately following V, ~ relation.
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Fig. 3. The dependence of plasma resonance in quantum-capacitance dominated graphene FETs on
the gate length L,, dielectric-oxide (Y,0;) thickness d, and gate voltage V. (a) The dependence
of fundamental plasma resonance a on the gate length with dielectric Y,Oj3 thickness, dyx =11nm
(open circles) and 4nm (solid squares), respectively. The dashed line is the theoretical estimation
based on the hydrodynamic model (seeing Supporting Informations), in agreement with the
numerical results of FDTD (open symbols) based on the Kubo theorem. However, the FDTD data
(solid squared symbols) exhibits significant deviation from Lg'l rule due to the overdamping of
plasma wave along the channel with only 4nm oxide. The oxide thickness d,x dependence
(symbols with FDTD solution) of plasma wave is shown in (b), where the predicted results of
hydrodynamic theory are shown in dashed line with gate length L,~0.4um (blue line) and 0.2pum
(red line). It can be found clearly that the vertical scaling behavior of plasma resonance continues
when the relationship trc<7 holds, implying that the discharging time should be much shorter
than the electron relaxation during the propagation of plasma wave. Thus, the plasma wave is
almost overdamped in 0.4um device when oxide layer is thinner than 8nm. (c) The frequency
dependence of plasma resonance on the gate bias voltage Vrg, solid symbols are the frequency
shift based on the classical capacitance, where the frequency is approximately proportional to
Vrg'”. But, the quantum capacitance effect causes significant shift of plasma resonance to higher
gate-voltage, and instead of the Vi relation, the frequency of plasma resonance follows

approximately Vi relation.

To further analysis the effect of quantum capacitance, the comparisons on the voltage Vg
dependence of plasma resonance between 0.4um (open symbols) and 0.2um (solid symbols) gate
length are made in Fig. 4a. It can be visualized clearly that the frequency of plasma resonance
departures from VTGO‘S-dependence (dashed lines in Fig. 4a) especially when the Fermi-level is
close to the Dirac point (depicted by green dashed-circles). At this point, the quantum capacitance
dominates over the geometrical capacitance due to its low DOS in graphene *. The shift of plasma
resonance over 3THz in 0.2um gate length is larger than the intrinsic resonant broadening
1/7 (seeing Fig. 2c), which ensures the observability of the predicted effects since the plasma
resonance is more sensitive to the distribution of DOS if the device is scaling down for higher
frequency application like mid-infrared or visible-light. In addition, in this Letter, we report that
the quantum capacitance can also be obtained based on the plasma resonance except the
electrostatic method described above. Following the dispersion relationship of plasma resonance
(seeing Supporting Information), the Fermi-level Er under different gate voltage Vrg can be
deduced, and the capacitance-voltage (Crg-Vrg) relationship can also be obtained supposing the
linear dependence of DOS on Ef. It can be found in Fig. 4b that there is well consistent between
theoretical (dashed lines) and experimental (symbols) results above the Dirac point.

So far, we mainly focus on the plasma resonance in pristine graphene sheet with linear DOS
distribution near Dirac point. However, the many-body effects due to Coulomb interaction or
resonant impurities can have profound impact on the quantum behavior of electron gas near Dirac
point, which may results in the change of dynamical screening and plasma dispersion%. In this
work, we consider only the case that the graphene sheet is adsorbed with low Ag-atom
concentration, as shown in Fig. 4c. It has been known that the transport properties of graphene are
not deteriorated when the concentration of adsorbed Ag atoms is sufficient low”’. The results of
density functional theory (Fig. 4e) also confirms that Ag-adatoms are resonant impurities rather
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than long-rang Coulomb impurity with the dispersionless energy-level near Dirac point due to the
repulsion caused by the adsorbate-host coupling, in well consistent with those predicted
previously27. Because of this, a resonance maximum of Crg-Vrg at Dirac point appears confirming
again the modification of the DOS distribution due to Ag adatoms (Fig. 4d). In a strongly
correlated electron system under strong magnetic field', a negative quantum capacitance emerges
near the Dirac point of pristine graphene due to fractional quantum hall state. Even though the
results in Fig. 4d do not exhibit the “negative compressibility”, it is still reasonable to mimic the
behavior in related to the strongly correlated system, as shown in Ref. 27. In Figs. 4d and 4e,
above the Dirac point, the linear slope of DOS is almost unchanged, even when the concentration
of Ag atoms increases up to 0.5% (the inset of Fig. 4d). Besides, both the total capacitance and
DOS of the experimental results can be fitted well with that of pristine graphene above the Dirac

point (seeing Figs. 4d and 4e).
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Fig. 4. The top-gate voltage Vrg-dependence of plasma resonance in grating-gated graphene FETs
after considering the quantum-correction in pristine and Ag-adsorbed graphene sheets, and
comparisons between experiments and relevant theories. (a) Voltage dependence of the
fundamental plasma-resonance a as shown in Fig. 2 with gate length L,~0.2um (open symbols),
0.4um (solid symbols) considering the contribution of quantum capacitance effect (solid and open
squares) and only the geometrical capacitance (solid and open circles). The dashed lines follow the
power law with f ocV1g* , and a~0.5 for the classical model. The dielectric layer thickness doy is
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6nm. (b) Comparisons between Crg-Vrg results measured by the capacitance bridge technique
(open squares) and deduced from plasma dispersion in combination with FDTD results (blue
dashed lines). The result based on the electrostatic model (red dashed line) is also shown for
comparison. To indicate more clearly the effects of DOS distribution on the tunable plasma
resonance, an Ag-adatom graphene FET is also considered (Fig. 4c). The experimental details can
be found elsewhere’. The average DOS (ADOS) of the Ag-adsorbed graphene sheet is shown
along with that of the pristine graphene (solid line) in Fig. 4e by the DFT calculation. In the
meantime, C-V characteristic (open symbols) of Fig. 4d indicates the local maximum near the
Dirac point, and converges to that of pristine graphene (red line) away from the Dirac point even
though the Ag-adatom density is increased up to 0.5% in the inset. Following the Boltzman
transport theory (seeing Supporting Informations), the frequency of plasma resonance is obtained

in the Fermi-liquid regime, and the feature of resonance DOS is clearly visible in Fig. 4f.

Based upon above analysis, the high-frequency dynamics of Ag-adsorbed graphene is studied
with the quasi-classical Boltzman transport theory in relaxation-time approximation® (seeing Sec.
S3 in Supporting Informations). The frequency of plasma waves with 10nm Y,O; dielectric layer
under different gate voltages are shown in Fig. 4f, schematically. From the figure, it can be clearly
seen the non-monotonously increasing of plasma wave frequency away from the Dirac point,
where the resonant electronic state exists. The predicted phenomenon is counterintuitive since the
free-electron absorption is usually thought to be proportional to the charge density in conventional
plasmonic materials. It also reminds us the observation that plasma frequency of monolayer
graphene is actually higher than that of bilayer one when the Fermi level is close to the Dirac point
despite of higher DOS in bilayer graphene30. Therefore, even though the charge density is
increasing continuously by tuning the Fermi level away from the Dirac point, the Drude weight is
reduced when the fictions mass of charge grows faster than the charge density’'. In other words,
the Coulomb oscillation is weakening due to the inertia of plasma wave, which leads to the
non-montonous plasma resonance near the Dirac point. The most interesting finding in Fig. 4f is
that the frequency of plasma wave changes from sublinear to approximately linear dependence on
the gate voltage. The results also indicate that the quantum capacitance has an important role in
improving the tunability of plasma resonance in nanometer-sized graphene FETs. Furthermore, the
total capacitance in the inset of Fig. 4d under different gate voltages can be reproduced well by
following the dispersion relationship of plasma waves (seeing Supporting Informations).

In this Letter, another viewpoint for probing the quantum capacitance of graphene FETs is
demonstrated in combination with the electromagnetic properties of plasma resonance. Through
vertical scaling of graphene FETs, the tunability of plasma resonance can be improved due to the
contribution of the quantum capacitance. The results presented are also applicable to the
mid-infrared graphene plasmonics with various nano-patternings such as disk/nanoribbon arrays
with the ionic-liquid gating, where the quantum capacitance also dominates. In the pristine
graphene sheet, various quantum phases or non-Fermi-liquid behavior are observed at Dirac
point32. And the renormalization of local DOS and energy band near the Dirac point or above
provides insight into the features of different many-body excitations such as electron-plasmon and

. L 33,34
electron-phonon interactions

. To those regards, the studying of plasma properties could turn
out to be a very useful route to understanding the nature of electronic behavior at Dirac point. For

example, our results are based on the usual Fermi-liquid state, where the Boltzman transport
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theory or RPA approximation is applicable, and the emergence of new ground state may cause the
departure of voltage dependence from that above Dirac point, as depicted in Fig. 4. On the other
hand, the long wavelength limit of plasma resoance (see Supporting Informations) is applicable to
the ground state of Wigner crystallization in low-density two dimensional Coulomb gas35' %
which possesses stability with respect to the small fluctuations about equilibrium position. And the
compressibility of electronic-fluid like factional charged quasielectrons or quasiholes can
sustained during the Coulomb interaction caused by the plasma resonance. In view of this,
many-body interaction in strong correlated system may brings us a potential guideline to tailor the
plasma effect of nano-metric graphene FETs for a wide spectrum of applications such as medical

diagnostics, bionics and many other wide fields.

Methods

(i) Decorated-graphene device for C-V measurement: Top gated graphene FETs can be
fabricated by graphene exfoliated from Kish graphite or CVD grown and placed on silicon
substrate which is covered with a 300nm-thick SiO, layer”'’. A single-layer graphene can be
identified by Raman spectroscopy measurements''. The devices can be defined by using
electron-beam lithography and reactive ion or oxygen plasma etchingls. As for the insulating Y,0;
film, a 3~6nm yttrium layer can be deposited firstly by using electron-beam evaporation followed
by oxidation in air at ~180C for 30min to 60min. The thickness of Y,O3 film can be confirmed
further by atomic force microscopy.

(ii) Plasmonic modeling technique: The Maxwell equations are solved by commercial-available
software package EMW from Sentaurus-TCAD written in the FDTD algebra with the Kubo
conductivity (seeing Supporting Information) embedded in the parameter file. The snap-shots of
field-profile and time-domain signal are recorded to obtain the absorption/transmission spectra
and plasma mode characteristics in Fig. 2. We carry density functional theory (DFT) calculation
by using Vienna Ab initio Simulation Package (VASP) with the projector augmented wave basis
sets, the relaxed geometry of Ag-adsorbed graphene and DOS distribution are calculated in Fig. 4.
We construct 4x4x1 supercell with sixteen carbon atoms and one Ag atom adsorbed on to
one carbon atom as shown in the inset of Fig. 4e. The ground-state wave functions and
eigenvalues are calculated by DFT/PBE functional of generalized-gradient approximation
(GGA)Y with a K-point grid of 4x4x1.
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