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ABSTRACT

We report the characterization of centimeter sized graphene field-effect transistors with ionic gating which enables active
frequency and amplitude modulation of terahertz (THz) radiation. Chemical vapour deposited graphene with different
grain sizes were studied using THz time-domain spectroscopy. We demonstrate that the plasmonic resonances intrinsic to
graphene can be tuned over a wide range of THz frequencies by engineering the grain size of the graphene. Further
frequency tuning of the resonance, up to ~65 GHz, is achieved by electrostatic doping via ionic gating. These results
present the first demonstration of tuning the intrinsic plasmonic resonances in graphene.

Keywords: Terahertz, graphene, ion-gel, surface plasmon resonance, frequency tunable, top gate.

1. INTRODUCTION

The Terahertz (THZz) region of the electromagnetic spectrum has been the subject of extensive research during the past
decade, due to the technological importance of this frequency range for various applications ranging from medical imaging
and gas sensing to astronomy?. In particular plasmonics in graphene is of special interest, due to strong light-plasmon
coupling in the graphene, which occurs at THz frequencies? (at room temperature) and can therefore be utilized in future
THz components such as active optical modulators®#. Graphene which is a two dimensional hexagonal arrangement of
carbon atoms® with a myriad of properties® has been demonstrated to be an especially useful material for optoelectronic
applications”. The unique optical properties of graphene, for instance the transmittance and absorption can be expressed

solely in terms of the fine structure constant & = €2 / ic =1/137, result from its unique band-structure where quasiparticles
obey a linear dispersion relationship®. As a result the optical conductivity of undoped graphene is given by is given by univ
=e?/4h and does not depend on any other parameter®. However doping graphene has a very strong effect on its optical
properties®. Electrolytic gating graphene has been shown to achieve high doping concentration up to 10™*® cm?and has
been used to achieve an amplitude modulation in the visible range’. Plasmonic resonances in graphene which occur in THz
frequency range? can also be tuned by electrostatic doping via ionic gating and will be an essential feature of future
photodetectors working at THz frequency range'’. In a two- dimensional system the transverse magnetic plasmon mode in

the long wavelength limit with k 0, the plasmonic frequency is given by @, (k) = /(2Dk /¢ , where D = zne? /m”is the

Drude weight, ¢ is the dielectric constant of medium surrounding graphene and n is the charge carrier concentration. In
graphene however the electrons behave as massless Dirac fermions and its Drude weight
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is given by Dygiac = 4ounivE+ /7. This results in a modified relationship for plasmonic frequency in graphene given as

wy (k) = \/(8kvf auni\,\/ﬁ)/g , where v is the fermi velocity of carriers in graphene ~ 10° m/s, hence obeyinga w,, o n*/*

relationship!!. Plasmons in graphene have been studied with various techniques such as angle-resolved photoemission
spectroscopy (ARPES) and energy-loss spectroscopy (ELS) 2. In an experiment with graphene in SiC substrate ELS
showed the intrinsic surface plasmons in graphene strongly couple to the optical phonons of the SiC substrate®3. Patterning
graphene into micro-ribbon arrays, these surface plasmonic resonances can be engineered within the terahertz range as
demonstrated by Long Ju et. al.**. Although plasmonic resonances in graphene meta-materials has been studied
extensively'*16, there are fewer reports about intrinsic plasmonic resonances resulting from scattering with domain
boundaries in graphene. In this paper we used ionic top gating to induce charge carrier concentrations of up to 102 cm
probed plasmonic resonances in THz range by using THz time domain spectroscopy. We present a study of the intrinsic
resonances which can be engineered by the growth conditions and can be further tuned using an ion gel top gate.

2. THEORETICAL BACKGROUND

Chemical Vapour Deposited (CVD) graphene is poly-crystalline in nature and the nucleation of graphene domains starts
locally on the substrate of choice. Scattering of these plasma waves form the grain boundaries introduces resonances in
the THz spectra, which could be studied with THz TDS. In a theoretical study by V. Ryzhii 1" a graphene field effect
transistor has been shown to sustain plasma oscillations between highly conducting source-drain contacts. The plasma
frequency scales linearly with the wave phase velocity, given by,

kv,
(k) = =k.s Q)
2
%)
1+ oy
where plasmon wave phase velocity s given by equation 2,
v
Y S— (2

2
1+ oy

If the phase velocity s exceeds the fermi velocity of Dirac quasiparticles in graphene then a plasma wave propagates at the
interface between graphene and the ion gate. The phase velocity of such propagating plasma wave is a function of applied
gate voltage via parameter 4 given as

o \/863(\/@ Vo)W _ \/8&3(\/thCNP) @

ghzvf Cige hzvi
In equation (3) Vy is the applied gate voltage for an ion gel top gate, Wy is the width of the dielectric surrounding graphene,
& denotes the average dielectric constant of the material surrounding the graphene, while v, ~ 1.1 x 10° m/s is the Fermi

velocity of the electrons in graphene!®. If this model is extended to account for the grains, then collective density oscilla-
tions of the electron liquid could form a standing wave after reflecting from the grain boundaries. Hence, we can substitute

wave-vector k by, (2n—1)7z/d gp,i, Where d g, is the diameter of the grains in graphene. Substituting these value in

equation 3 yields the following relationship for plasma frequency (k)

oK) = @2n-Drx @

2
ag
dgrain 1_(1_{_0@)
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For our measurements, Cy is calculated to be ~ 2.2 uFem2 (using a Debye layer thickness = 2 nm, discussed in detail in
section 4), while the top gate bias is typically Vi = 0.5 V. Substituting these value in equation 4 we get plasma phase
velocity as s = 1.96 x 10%m/s. For graphene with a grain diameter of d grain = 20 = 2 pm, the theoretical value of plasmonic
resonance is calculated to be @, (k)~ 0.55 THz. Indeed a plasmonic resonance at ~ 0.544 THz is experimentally observed

for the same grain diameter, discussed in the measurements section.

3. GROWTH AND FABRICATION

The graphene was grown using the state of art chemical vapour deposition technique at 1050°C ; by altering the relative
pressure of H, and CH4 gas in the CVD chamber, graphene samples with two different grain sizes (average diameter of
20 umand 5 pm) were grown®® and then transferred from Cu foil on to a Si/SiO; substrate.?’2* The transfer process involves
PMMA and results in p-doping of the graphene sheet, which is clearly observed during the transport measurements. Raman
spectra confirmed the presence of monolayer graphene of good quality with the G peak at 1580 cm™.and a 2D peak at 2700
cm* Standard photo-lithography techniques were used to define a square area of (4 x 5) mm? of graphene and the remaining
graphene was etched away using the oxygen plasma etching. This was followed by another photo-lithography step to define
the source, drain and gate contacts and deposited with Ti/ Au by thermal evaporation.

o 10°
lon gel top gate
2D
Graphene 1.5F
= G
5,
>
£ 1
c
o
SiO> =
Sj i E 1
[ k o~ .
| 0 ) . p
Vsp 1000 1500 2000 2500 3000
Raman Shift [cm’1]
a) b)

Figure 1 a) Schematic of CVD graphene on Si/SiO2 substrate. b) Raman spectroscopy of graphene with 2D and G peaks.

An ion gel composed of a mixture LiClO4 in a polyethylene oxide matrix (in a ratio 0.14:1) was drop-cast on top of
graphene to act as the top gate. The planar 2D geometry of the device structure allows for the gate contact to be isolated
form the graphene sheet by 300 um, hence reducing the leakage current. The sample with the ion gel on top was then
annealed at 70°C for 6 hours to remove any moisture form the sample. Using an ion gel top gate we could induce a charge
carrier concentration n ~ 103 cm by applying a small bias ~1.2 V. This is because of an increased capacitive interaction
(~2 pFcm™) between the graphene sheet and the ion gate. In a back gate scenario, this capacitance is much smaller ~ 12
nFcm? due to thicker dielectric layer of SiO, (300 nm) between graphene and Si substrate. Therefore it requires ~100 V
to induce a carrier concentration of n ~ 103 cm?, which can be induced using ion get top gate with <1V.

4. MEASUREMENTS

Electrical transport measurements were performed at room temperature and under a N, purged atmosphere, to improve the
signal to noise ratio. Data acquisition was carried out using a HP spectrum Analyser in the configuration shown in the
Fig.1 a). With an applied gate voltage V¢ as small as ~ 0.4 VV we observed the charge neutrality point for the graphene
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sample (with d g4, =20 + 2 pm) marking the neutralization of positive and negative charges in the graphene sheet [shown
in Fig.2 a)]. A plot of the source-drain current Isp as a function of Vsp at different top gate voltages Vg, is shown in the

Fig. 2 b).
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Figure 2 a) Plot showing Ve vs. Isp at a constant Vsp of 100 mV with the Vene at +0.4V b) Plot of Isp vs. Vbs, the dotted
line corresponds to the Vps at which data in fig 2a) was measured.

The top gate voltage can be converted to an equivalent doping concentration, in the following way. Consider applying a
top gate voltage of V¢ which creates a potential difference between the top gate and graphene, as well as shifts the fermi
level Eg, such that,

E
V16 =TF+¢ ®)

The term Eg /e is attributed to the chemical capacitance of graphene, while ¢ is related to the geometric capacitance

between graphene and top gate?!. The fermi energy in graphene varies with carrier concentration as Eg (n) =7v¢ /7N ,
where the fermi velocity®®, v = 1.1x10° m/s. The potential difference ¢, generated between the graphene and top gate
can be described by the following equation??

p=—_0 (6)

CTG

When a bias is applied to the gate contact (with respect to the drain electrode) the Li* ions accumulate near the negative
electrode, while the CIO™4 ions collect near the positive electrode. This sets up an electric field inside the PEO matrix,
which opposes the applied electric field from gate contact. Once an equilibrium is reached a space charge distribution is
formed around the graphene, called the Debye layer. This Debye layer which is typically 2-5 nm thick acts as a parallel
plate capacitor and we obtain a gate capacitance Crg ~2.2 x 10- F cm2. From equation 5 we get the following relationship??
between top gate voltage Ve and the charge carrier concentration n

Vig =1.16x1077+/n +0.723x107%n @)

Equation 7 above can be used to estimate doping concentration as a function of top gate applied voltage. It can be observed
that we obtain a minimum value of doping concentration n at a certain finite applied voltage. Fig. 3 a) shows a plot of
doping concentration as function of top gate voltage. The voltage positive to Vcne produce an electron doping, while
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voltage negative to Vene creates a hole doping. A minimum charge carrier concentration and hence minimum conductivity
is achieved when the fermi level is at the charge neutrality point (CNP). This is observed in the plot of sheet resistance vs.
gate voltage in Fig. 3 b) where sheet resistance peaks at Vtc = 0.4V, suggesting that the fermi level is positioned at the
CNP.

16x10% - V,s=100 mV Vo =100 mV

1.4x10" 4 50k 4

1.2x10"
40k

1.0x10"

8.0x10™ - 30k

0x10%2
6.0x10 20k 4

Carrier conc. n (cm™®)
Sheet resistance (Q)

4.0x10% A

2.0x10" A 10k

T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Vi (V) Vie V)

a) b)

Figure 3 a) Plot showing Carrier concentration n vs. V1c with the Vene at + 0.4V. n ~1.4x 10 cm is achieved at Ve
=1.0V b) Plot of Sheet resistance vs Ve, with maximum resistance at the dirac point Vcne

Broadband terahertz time domain spectroscopy (TDS) was carried out on gated graphene samples of two different grain
sizes. Absorption spectra was deduced from the Fourier transform of the primary transmitted peak (through graphene) in
the time domain and then normalized to the transmission at Vcne, to probe the effect of gate voltage on the optical properties
of graphene. From the absorption spectra plotted in the Fig. 4, we observe a prominent resonance feature at ~0.54 THz
corresponding to the grain diameter of 20 um and weaker resonant signatures at higher frequencies. The weaker features
at ~1.0 THz and ~2.0 THz could be attribute to higher order dipoles of plasmonic oscillations within the grain boundaries.

+0.5V
16%1 +0.8V
14% +1.1V
12% -
o
p4
O
= 10%
~
©
|- 8%
<
6% -
4% -
2% -
0% T T T T T T T T T T T 1
0.0 0.5 1.0 15 2.0 2.5 3.0

Frequency (THz)

Figure 4. Absorption spectra showing of graphene sample with large domain size dgrain = 20 pum, at different gate bias. The
prominent resonance features at ~0.54 THz is associated with the size of the graphene grains.
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At a gate bias of 0.8V (+0.4V above the Vcne = 0.4V) we observe that the resonant feature undergoes a blue-shift of 65
GHz, confirming the surface plasmonic origin of the observed features, in agreement with the theoretical value of ~0.55
THz calculated using equations (2-4) in section 2. Moreover with an applied gate voltage as low as 1.1 V we achieve an
amplitude modulation of approximately 14 % due to the changing density of states available for the Drude like intraband
absorption in graphene. The origin of such plasmonic features could be attributed to the polycrystalline nature of graphene
and plasmon scattering at grain boundaries at high doping, induced by top gate.® In another sample having smaller grain
sizes (Fig. 5) with the average diameter d = 5.0 um, the plasmonic resonance is observed to be at ~2.7 THz, in close
agreement with the theoretically calculated value of 2.693 THz, from equation2-4. The blue-shift in the THz frequency

spectrum with reducing grain sizes is expected from Equation 4, having @, (k) oc dgrlain, where dg,lain is the average
diameter of the graphene grain and is indeed observed clearly form Fig 4 and 5.

14% - +0.5V
+0.8V
129 4 +1.1V
10%
o
8
- 8%
~
2
[ 6%
4%
2%
T T T T T 1
0.0 0.5 1.0 15 2.0 25 3.0

Frequency (THz)

Figure 5. Transmittance of graphene sample with average grain diameter dgrain = 5.0 um, at different gate bias. The resonance features
observed at ~2.7 THz is related to the graphene grain size.
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Figure 6. Plasmonic frequency w), as a function of applied top gate voltage Vre. Data is fitted with a parabolic fit (black line)

With a grain size of 20 pm, as the top gate bias is increased beyond the Vcne ~0.4 V, the charge carrier concentration
increases form 3x10'2 cm™ to 1.4x10% cm at ~1.1 V. This causes the plasmonic frequency to vary with the applied gate

voltage as w,, (k) oc ,/VTG .

Proc. of SPIE Vol. 9747 974707-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 3/16/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



The plasmonic resonances observed in graphene are also sensitive to the defects and the plasma oscillations gets damped
during propagation. In order to improve S/N ratio and gain further understanding about the origin of these resonances, we
could use a THz pump probe setup, where a pump source will illuminate the graphene and make the conductivity negative,
due to a population inversion. In such a non-equilibrium state, the plasmonic oscillations would be amplified during
propagation and much easier to detect with the THz probe beam.?*

5. CONCLUSION

We have demonstrated the first realization of the gate tunability of intrinsic THz plasmonic signature in graphene. These
plasmonic resonances can be engineered through CVD growth conditions, across the THz frequency range. The graphene
with an average grain diameter dgrain = 20 um revealed plasmonic resonances ~ 0.54 THz while grains with d = 5.5 pm
showed a plasmonic response at ~2.7 THz. These plasmonic resonance could be further tuned by applying a top gate bias.
For the 20 um grain diameter, the plasmonic resonance at ~ 0.54 THz can be actively tuned and by modifying the charge
carrier concentration n, using a top gate and we demonstrated a frequency tuning of up to 65 GHz. These results pave the
way towards a better understanding of the origin the plasmonic resonances in graphene by relating them to the grain size
in graphene. In conclusion this work not only provides fundamental insight into the plasmonic response of graphene grain
and grain boundaries but also demonstrates a practical application of large area graphene, that is most sought after for
future THz opto-electronic components.
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