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ABSTRACT: Accessing the nonradiative near-ﬁeld electromagnetic
interactions with high in-plane momentum (q) is the key to achieve
super resolution imaging far beyond the diﬀraction limit. At far-infrared
and terahertz (THz) wavelengths (e.g., 300 μm = 1 terahertz = 4 meV), the
study of high q response and nanoscale near-ﬁeld imaging is still a nascent
research ﬁeld. In this work, we report on THz nanoimaging of exfoliated
single and multilayer graphene ﬂakes by using a state-of-the-art scatteringtype near-ﬁeld optical microscope (s-SNOM). We experimentally
demonstrated that the single layer graphene is close to a perfect nearﬁeld reﬂector at ambient environment, comparable to that of the noble
metal ﬁlms at the same frequency range. Further modeling and analysis
considering the nonlocal graphene conductivity indicate that the high nearﬁeld reﬂectivity of graphene is a rather universal behavior: graphene
operates as a perfect high-q reﬂector at room temperature. Our work uncovers the unique high-q THz response of graphene,
which is essential for future applications of graphene in nano-optics or tip-enhanced technologies.
KEYWORDS: terahertz s-SNOM, near ﬁeld imaging, nanoimaging, graphene, high momentum, nonlocal conductivity
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the near-ﬁeld, graphene carries plasmon polaritons at IR and
THz ranges,20−24 promising on-chip optoelectronic applications at the nanoscale. Previous studies have revealed that the
number of graphene layer has a dramatic impact on the nearﬁeld response in the mid-infrared regime.25 In this work, using
a THz scattering-type scanning near-ﬁeld optical microscope,
we show that, in contrast to the low THz reﬂection in the farﬁeld measurements,26 graphene can be regarded as an almost
perfect THz reﬂector down to a monolayer at suﬃciently high
in-plane momentum q (>105 cm−1). Such strong near-ﬁeld
THz reﬂection is directly associated with graphene’s large inplane conductivity probed by high q optics.
The schematic of our THz s-SNOM is shown in Figure 1a.
This setup is based on a commercial atomic force microscope
(AFM) with ample optical access from the front top
(NTEGRA-IR, NT-MDT). Ultrafast THz pulses (0.2−2

erahertz technology, the application of electromagnetic
wave ranging from 0.1 to 10 THz (∼3000 μm to ∼30
μm) has demonstrated a great potential in material
identiﬁcation,1 security screening,2 and high-speed communications.3 In particular, THz imaging promises to be a unique
and powerful technique for low energy and spatially resolved
spectroscopy of biological4−6 and solid state materials.7,8
Conventional THz “far-ﬁeld” imaging with q close to zero,
however, only reaches submillimeter resolution due to the
diﬀraction limit.7,9 Therefore, to image small objects such as
biological molecules or nanoparticles with sizes far below
micrometer sizes, a near-ﬁeld THz system is highly
demanded.10−13
Graphene has been demonstrated to possess fascinating
optical properties in the THz frequency range, primarily due to
its unique Dirac band structure, high carrier mobility, and good
electrostatic tunability.14−18 In the far-ﬁeld, graphene and
graphene devices can be used as THz modulators with a
tunable absorption ranging from below 10% to above 90%.19 In
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Figure 1. (a) Schematic of the THz s-SNOM setup. The blue (red) beam represents THz (guide) beam path. The THz PCA emitter, receiver, the
800 nm gate beam, and the delay stage are omitted from the schematic. The two visible guide lasers are used to trace the THz beam path for THztip alignment. (b) Schematic of graphene on SiO2 with various numbers of layers. The region of the bare SiO2 area is marked as 0. The number of
layers is represented by the numbers on top of the schematics. (c) Demodulated time domain THz signal on a gold ﬁlm at ﬁrst (S1), second (S2),
and third (S3) harmonics of tip-tapping frequency.

Figure 2. (a, b) AFM topography and THz near-ﬁeld (S2) mapping of graphene on SiO2, respectively. The numbers of graphene layers are marked
in (a), with bare SiO2 marked as 0. (c, d) AFM and THz near-ﬁeld (S2) images of a SLG with a gold electrode. The near-ﬁeld signal in graphene is
comparable to that on the thin gold ﬁlms. (e) Near ﬁeld THz-TDS signal of SiO2 (black) and graphene (red). (f) Normalized graphene THz nearﬁeld spectrum (to SiO2). The inset shows a Fast Fourier Transform (FFT) of (e), which is the unnormalized S2 spectra of graphene (red) and SiO2
(black).

scattered THz pulse can be mapped to yield THz Time
Domain Spectroscopy (THz-TDS).
To extract the near-ﬁeld THz signal from the PCA receiver,
the generated photocurrent is ampliﬁed with a low noise
current preampliﬁer and demodulated by a lock-in ampliﬁer at
nth harmonics of the tip tapping frequency Ω to yield diﬀerent
orders of the scattered signal Sn. As shown in Figure 1c, THzTDS signals S1, S2, and S3 from a gold ﬁlm can be obtained by
demodulating the detected signal at ﬁrst (Ω), second (2Ω),

THz) are generated from a low-temperature-grown GaAs
photoconductive antenna (PCA, TeTechS Inc.),27 utilizing 35
fs 800 nm near-IR pulses from an 80 MHz Ti-sapphire
oscillator. The collimated THz light is focused by a parabolic
mirror (reﬂected focal length of 38.1 mm) onto the sample and
AFM tip with ∼300 μm spot size. The tip-scattered THz light
is directed and focused onto another PCA detector for
coherent time-domain electric ﬁeld detection. By changing the
time delay of the 800 nm gate beam, the electric ﬁeld of the
B

DOI: 10.1021/acsphotonics.8b00190
ACS Photonics XXXX, XXX, XXX−XXX

Letter

ACS Photonics

Figure 3. (a) Graphene dispersion adopted from Hwang et al.35 Red curve denotes graphene plasmon dispersion; shaded green region indicates IR
near-ﬁeld accessible regime; shaded yellow region indicates THz near-ﬁeld accessible regime. (b, c) Calculated |rp| of graphene at the THz range at
room temperature using eqs 1−3. (b) Frequency-momentum dispersion of graphene/(300 nm) SiO2 with Ef = 0.025 eV and Ef = 0.2 eV. The tip
accessible high momentum region is indicated by the white dashed curve. FF: far-ﬁeld region. NF: near-ﬁeld region. FS: light line in free space. S:
light line in SiO2. G: light line in supported graphene. Note the x axis is in log scale. (c) Frequency-momentum dispersion of freestanding graphene
with Ef = 0.025 and 0.2 eV.

constant of 100 ms, we can achieve a signal-to-noise ratio of
more than 20 for S2. The spatial resolution is found to be
below 100 nm. Before taking the near-ﬁeld images, we
maximize the peak of the near-ﬁeld THz-TDS signal by
adjusting the phase of the lock-in ampliﬁer and the time delay.
This ensures that we are plotting the spectral integrated peak
THz electric ﬁeld.
Using the THz near-ﬁeld system, we performed nanoimaging of micrometer size graphene samples on SiO2 (300
nm)/Si substrate. The graphene was mechanically exfoliated
onto PDMS (Polydimethylsiloxane) and dry transferred onto a
prepatterned Au lead (30 nm thick). Here the Au lead is used

and third (3Ω) harmonics of the tip tapping frequency. With a
∼80 μm long platinum tip (Rocky Mountain Nanotechnology), Ω is at ∼20 kHz. We ﬁnd that S1 is approximately 3
orders of magnitude smaller than the incident far-ﬁeld THz
signal and is composed of both near-ﬁeld and background
signal that scattered from the AFM tip shank and cantilever.
To yield genuine near-ﬁeld signals with a spatial resolution
<100 nm, S2 and S3 should be used, which is a frequent
practice in the s-SNOM community.28−30 We found S2 is
usually 3 to 10 times smaller than S1 and S3 2 to 3 times
smaller than S2, using a typical 100−180 nm tip tapping
amplitude. With a scan rate of 0.03 Hz/line and a lock-in time
C
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Figure 4. Calculation of the temperature and doping eﬀects on graphene with diﬀerent substrates: (a) SiO2, (b) air, and (c) HDCS. Middle
column displays temperature-dependent |rp| at 1 THz and Ef = 0.2 eV. Right column displays doping-dependent |rp| at 1 THz and T = 0 K. Gray
dashed lines indicate where |rp| = 1 (horizontal) and the dominant in-plane momentum q = 2 × 105 cm−1 (vertical), assuming a 50 nm tip apex.

measurements using the same optics but excluding the
involvement of the AFM tip (see Supporting Information), it
is considered to be caused by the complex tip-light interactions
and can be an interesting point for further investigation.
The THz s-SNOM image of graphene is clearly diﬀerent
from those taken at IR frequencies, in which graphene shows
distinct near-ﬁeld reﬂectivity depending on the layer thickness
and stacking.25 In the theoretical studies of far-ﬁeld IR or THz
properties of graphene, it is customary to consider the
momentum-independent optical conductivity.32,33 In previous
graphene near-ﬁeld studies in the mid-infrared regime, the
momentum-dependence (nonlocal eﬀect) in the conductivity
is usually ignored as well.22,24 This can be well justiﬁed by the
ω
fact that at IR frequencies, q > vf , a local approximation

for electrostatic gating and serves as a reference for graphene
imaging. Figure 2a,b show the simultaneously collected AFM
topography and near-ﬁeld images with a size of 10 × 10 μm,
respectively. As shown in Figure 2b, there is clearly a large
optical contrast between single layer graphene (SLG, marked
as 1) and the SiO2 substrate (marked as 0). However, no
obvious contrasts between SLG and multilayer graphene can
be observed (the multilayers are marked by the number of
layers as 2, 3, 4, and 5+). Moreover, a comparison between
single-layer graphene and a 30 nm gold ﬁlm revealed
comparable THz near-ﬁeld signals (see Figure 2c,d). These
observations suggest that monolayer graphene has close-toperfect near-ﬁeld THz reﬂection.31 This near-unity THz nearﬁeld reﬂectivity is found to be independent of the carrier
density when the back-gate voltage is swept between ±30 V at
room temperature (RT).
To compare the THz near-ﬁeld spectra between SiO2 and
graphene, we plot the time domain signal in Figure 2e and the
Fourier-transformed THz spectrum in Figure 2f. The
normalized THz nanospectrum S2 (graphene)/S2 (SiO2)
reveals that the near-ﬁeld signal of graphene is 3−4× larger
than that on the bare SiO2 over the 0.2−1 THz frequency
range. In the inset of Figure 2f, the unnormalized spectra of
graphene and SiO2 are plotted. A dip at about 0.75 THz can be
observed, which was reported in previous THz near-ﬁeld
experiments.12,31 Since this dip is absent in the far-ﬁeld THz

(σ(ω,q) ≈ σ(ω,q = 0)) can be applied. Here ω is the frequency
of the incident light, vI is the Fermi velocity, and q is the inplane momentum of the scattered light, which can be on the
order of 105 − 106 cm−1. However, in the THz regime, due to
ω
the low light frequency ω, q ≤ vf , the nonlocal eﬀect is
expected to be important and, therefore, shall be carefully
addressed, as we will practice below.25,34 This “local” and
“nonlocal” consideration of graphene is schematically demonstrated in Figure 3a, which illustrates the dispersion relation of
graphene at moderate Fermi energy (∼0.1 eV). As shown, a
typical IR s-SNOM accesses an energy-momentum space
D
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incident electric ﬁeld per unit area, is given by the frequency
and momentum dependent Fresnel equation41

shaded by the green, while a typical THz s-SNOM accesses the
space shaded by the yellow, which partially covers the
intraband single particle continuum. The red solid curve
displays graphene plasmon dispersion relation which, at IR
frequencies, resides nominally in the “local”

(

ω
q

rp(q , ω) =

)

> vf regime.

To understand the high q near-ﬁeld THz reﬂectivity, we
employ the random phase approximation (RPA) approach, in
which the frequency- (ω) and momentum- (q) dependent
longitudinal optical conductivity of graphene is given by
σ(ω , q) =

kiz =

(1)

where e is electron charge, vf = 106 m/s, kF = π |n| is the
Fermi momentum, Ef = ℏvfkf is the Fermi energy, τ = 500 fs is
the phenomenological relaxation time, corresponding to a
carrier mobility of 40000 cm2/(V s) at carrier density of 1012
cm−2, which is kept as a constant for the following calculation.
Here we use a relatively high carrier mobility to emphasize the
resonant features and their substrate and temperature dependence in Figures 3 and 4. With a more realistic τ value (50 fs),
which corresponds to a carrier mobility of ∼4000 cm2/(V s)
with a carrier density of 1012 cm−2 (common for graphene on
SiO2) the main conclusion is not altered (see the Supporting
Information, Figure S3). In graphene with signiﬁcant lower
mobility (e.g., 10 fs relaxation time), we found both in theory
and in experiments that the THz near-ﬁeld reﬂection can start
to deviate from unity.
e2
4ℏ

ω + iτ −1
vf2q2 − (ω + iτ −1)2

(2)

is the intrinsic graphene conductivity and f is deﬁned as
1

f (x) = − π (x 1 − x 2 − arccos(x)). Although ﬁnite temperature eﬀect is expected to be relatively small and has no impact
on the qualitative features, for the purpose of rigorousness, we
invoke the Maldague identity34,36 and the temperaturedependent graphene conductivity at T > 0 can be written as
the integral
∞

σ (ω , q ; T , E f ) =

∫
−∞

dEf′

σ(ω , q; T = 0, Ef′)

(

4kBT cosh2

Ef′ − Ef
2kBT

)

ε2k1z

4πk1zk 2zσ
ω

+

ε1k 2z

)
)

(4)

εi

ω2
c2

− q2 is the out-of-plane momentum in air (i = 1)

or in the substrate (i = 2), and q is the in-plane momentum,
the same as deﬁned above. When the absorption is not
signiﬁcant, or, in the graphene case, when it is far away from
plasmon dispersion, rp(q, ω) has a small imaginary part.
Therefore, it is instructive and suﬃcient to look at the modulus
of rp.
Prior to the discussion of the |rp(q, ω)| calculations, we stress
that, in typical s-SNOM experiments, the accessible in-plane
momentum is centered at q ∼ 1/a, where a is the radius of
curvature of the tip apex, which is typically ∼10 to ∼100 nm.
More speciﬁcally, in a point-dipole approximation, the
accessible q in a typical s-SNOM experiments follows a weight
function given by q2e−2qzd,41 where zd is the distance between
tip apex and the sample.22,41,42 Assuming a ≈ 50 nm, the time
averaged weight function displays a “bell-shape”, which is
drawn as white dashed curve in Figure 3b. Therefore, the most
relevant q is in the order of 105 cm−1 to 106 cm−1, much larger
than the momentum of the THz light in free space, which is
about 102 cm−1.41,42 For convenience, here we deﬁne q > 105
cm−1 as the “high q” regime, and q < 102 cm−1 as the “low q”
regime.
Using eqs 1−4, |rp(q, ω)| of graphene can be calculated at
room temperature with diﬀerent Fermi levels (e.g., Ef = 0.025
eV and Ef = 0.2 eV), as shown in Figure 3b (graphene on SiO2)
and Figure 3c (suspended graphene). In graphene on SiO2, the
low q (“far-ﬁeld”) reﬂectivity R = |rp|2 is ∼20%, while the high q
(“near-ﬁeld”) reﬂection coeﬃcient |rp| ≈ 1. Interestingly, in
suspended graphene (Figure 3c), |rp| decreases dramatically at
low q regime while remains close to unity at moderately high q.
Based on Figure 3b,c, we conclude that at ambient environment (with an extrinsic random doping at level of ∼0.025 eV),
graphene can work as a near-perfect THz near-ﬁeld reﬂector
for s-SNOM.
The calculations of rp(q, ω) is also performed when
considering only the local conductivity σ(ω, q = 0), which is
a common practice in the near-ﬁeld study at infrared
frequencies. The results are shown in Figure S1 in the
Supporting Information. It is evident that the near-unity THz
near-ﬁeld reﬂection of graphene can be explained by the high-q
reﬂectivity behavior (eq 4) without invoking the nonlocal
conductivity. However, the local approximation slightly
overestimates rp(q, ω) in the high q regime. Therefore, for
quantitative purpose, THz near-ﬁeld calculations considering
the nonlocal graphene conductivity is necessary, especially at
low temperature and low doping where rp(q, ω) starts to
deviate from unity at high q values. We note that bare SiO2 has
a |rp| signiﬁcantly less than 1 even with high q (see Supporting
Information, Figure S1(c)). Consequently, SiO2 exhibits a
much lower THz near-ﬁeld signal as observed in the
experiments. Not surprisingly, gold ﬁlms shows reﬂection
coeﬃcient close to one throughout the frequency-momentum
space (Figure S1(d)). We also note that in the calculation of |
rp|, certain regions can have values above one (dark red). This

Π is the density−density response function.34,35 With RPA, the
conductivity at zero temperature and zero electron interaction
has been calculated to be

σ0(ω , q) = −i

4πk1zk 2zσ
ω

(
+(

where ε1 and ε2 are the permittivity of air and the substrate,

ie 2ω
Π(ω , q)
q2

ÄÅ
ÅÅ
ij ℏ(ω + iτ −1) + 2Ef yz
Å
zz
σ(ω , q) = σ0(ω , q)ÅÅÅ1 + f jjjj
zz
ÅÅ
ℏvf q
ÅÇ
k
{
É
ij ℏ(ω + iτ −1) − 2Ef yzÑÑÑÑ 2i e 2ωEf
zzÑÑ −
− f jjjj
zzÑÑ
ℏvf q
π (ℏvf q)2
k
{ÑÑÖ

ε2k1z − ε1k 2z +

(3)

The most common approach to interpret near-ﬁeld response is
to employ an analytical model or a numerical simulation
scheme.37−40 However, in this work it is suﬃcient to
investigate graphene’s near-ﬁeld response simply by calculating
the momentum- and frequency-dependent reﬂection coefﬁcient. In graphene, the p-polarized reﬂection coeﬃcient rp,
which is deﬁned as the ratio of the scattered electric ﬁeld to
E

DOI: 10.1021/acsphotonics.8b00190
ACS Photonics XXXX, XXX, XXX−XXX

Letter

ACS Photonics

(Neaspec) and important technical support from ITHATRON
NANO-optics, NT-MDT, and TeTechS. This work is partially
supported by the National Science Foundation under the
CMMI Division (Grant Nos. 1563422 and 1562915). H. L.
acknowledges the “Hundred-Talent” Program of Chinese
Academy of Sciences and the National Natural Science
Foundation of China (61575214).

can be understood intuitively since for evanescent wave the
out-of-plane component of light momentum is imaginary, and
light is highly conﬁned. Electric ﬁeld is therefore strongly
enhanced, leading to a local energy density that can be larger
than that of the incident beam.
Next, we demonstrate the temperature and doping dependence of the graphene THz near-ﬁeld response. In Figure 4, we
plot the |rp(q, ω = 1 THz)| as a function of q for graphene on
diﬀerent substrates: (a) SiO2, (b) air, and (c) high dielectric
constant substrate (HDCS) with a dispersionless ε = 100. On
all substrates, |rp(q, ω = 1 THz)| is very close to unity in the
high q regime from RT down to zero temperature, with a
doping level at Ef = 0.2 eV. At zero temperature, |rp(q, ω = 1
THz)| in the high q regime is only slightly below unity, with
the exception for intrinsic (undoped) graphene, where the rp is
around ∼80% at high q. Since graphene on SiO2 is known to
be randomly doped by the substrate43,44 to ∼0.1 to 0.2 eV, this
deviation from unity may be hard to observe experimentally in
high mobility graphene with gating. The temperature dependence of |rp(q, ω)| may also be smeared out in experiments,
especially if the sample has a smaller relaxation time τ (a larger
Drude peak width).
In conclusion, we have carried out THz s-SNOM measurements on graphene/SiO2 at 0.2−1 THz range with <100 nm
spatial resolution. Our results show that graphene has a high
near-ﬁeld reﬂectivity that is comparable to gold thin ﬁlms. We
also demonstrate that the doping level, substrate dielectrics,
and temperature have an insigniﬁcant eﬀect on the high q
response of graphene. The only exception for high mobility
graphene, as suggested by our calculation using nonlocal
optical conductivity, lies in extreme cryogenic condition. The
near-unity response results from the unique dielectric properties of graphene and the nature of high momentum optics.
Since graphene can be easily made, deformed or transferred
onto diﬀerent surfaces or structures, and most importantly,
unlike thick noble metals, graphene does not add edge artifact,
it can work as an ideal reference in the future for THz nearﬁeld experiments.
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Field inside a Fabry-Pérot Cavity. J. Appl. Phys. 2015, 117 (22),
223104.
(21) Gu, X.; Lin, I. T.; Liu, J. M. Extremely Confined Terahertz
Surface Plasmon-Polaritons in Graphene-Metal Structures. Appl. Phys.
Lett. 2013, 103 (7), 071103.
(22) Fei, Z.; Rodin, A. S.; Andreev, G. O.; Bao, W.; McLeod, A. S.;
Wagner, M.; Zhang, L. M.; Zhao, Z.; Thiemens, M.; Dominguez, G.;
et al. Gate-Tuning of Graphene Plasmons Revealed by Infrared NanoImaging. Nature 2012, 487 (7405), 82−85.
(23) Nikitin, A. Y.; Guinea, F.; García-Vidal, F. J.; Martín-Moreno,
L. Edge and Waveguide Terahertz Surface Plasmon Modes in
Graphene Microribbons. Phys. Rev. B: Condens. Matter Mater. Phys.
2011, 84, 161407.
(24) Chen, J.; Badioli, M.; Alonso-González, P.; Thongrattanasiri, S.;
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