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Near-Field Characterization of Graphene Plasmons by
Photo-Induced Force Microscopy

Jianxun Liu, Sung Park, Derek Nowak, Mengchuan Tian, Yanging Wu, Hua Long,

Kai Wang, Bing Wang,* and Peixiang Lu*

The near-field features of graphene plasmons (GPs) using a recently
developed photo-induced force microscopy (PiFM) technique are
characterized here. The GPs are excited by a mid-infrared laser beam obliquely
incident on graphene suspended over a metallic grating with a dielectric
spacer. The PiFM records the optical force yielded by the interaction between
the electric field of GPs in the normal direction and dipoles in a metallic tip.
The magnitude of the optical force is proportional to the field intensity of the
GPs. By detecting the interference pattern of GPs on the grating trenches, the
wavelength and propagation distance of GPs can be obtained. The PiFM
technique demonstrated here provides a powerful tool to precisely
characterize GPs in a deeply subwavelength scale and aid in the design of

nanoscale optical devices based on graphene.

1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic waves
that can be guided at the interface between metal and dielectric,
which tend to be highly concentrated on the metal surface and
possess remarkably strong field intensity. SPPs could find impor-
tant applications in many fields ranging from nanoscale optical
transport to near-field imaging and scattering enhancement.!'3!
With respect to the propagating SPPs on metals, the short
propagation distance may pose a major impediment to real
applications.*’] Recently, there have been considerable efforts
dedicated to investigating SPPs on graphene, which is known
as graphene plasmons (GPs).*'” Graphene is a 2D material
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that can support SPPs subject to infrared
and THz frequencies. By comparing with
SPPs on metals, GPs manifest unique
properties such as stronger field confine-
ment, more flexible tunability, and rela-
tively less propagation loss.[!'-14

Due to the large mismatch of wave vec-
tors, GPs are hard to excite by light waves
in free space. The mismatch of wave
vectors could be efficiently compensated
for by periodic tuning, such as coupling
the graphene layer to a subwavelength
grating, fabricating the graphene as ar-
rays, and setting the graphene to wavy
patterns.'>2! Characterizing GPs is chal-
lenging due to the strong confinement
on graphene. The field of GPs is concen-
trated on graphene within an extremely
short distance, orders of magnitude less than the exciting wave-
length in free space. The direct observation of GPs in experiment
was first implemented recently by using a scattering-type scan-
ning near-field optical microscopy (s-SNOM).22-24l However, the
near-field scattering signal typically contains background contri-
butions from neighboring sample locations and regions apart
from the tip apex, which requires sophisticated background sup-
pression and image deconvolution techniques.?>%

Recently, a new characterization technique named photo-
induced force microscopy (PiFM) was invented based on the op-
tical force and force gradient detection.”*-® PiFM combines an
atomic force microscopy (AFM) technique with conventional op-
tical microscope, and it can probe the interaction of light and
materials at nanoscale.’®* By comparing with s-SNOM, PiFM
detects the photo-induced force signal at the direct mode,?”! or
the force gradient signal by using the sideband mode rather than
light field directly.®!! Because the PiFM sideband mode enables to
observe only the distance-dependent force gradient which relates
to the field gradient force rather than the constant background
force at nanoscale, it is insensitive to the far-field scattering con-
tributions which is nearly constant under the tip apex. As PiFM
is purely force and force gradient based, the technique does not
require optical detectors to collect the scattered near-field light,
making the technique easier to operate and more robust against
the environmental conditions. The strong locailized field of plas-
mons is known to be more sensitive along the vertical direction,
so the field force gradient information of plasmons can be mea-
sured with a low background noise, high resolution, and bround-
band range wavelength response by PiFM. In this work, we focus
at investigating GPs on monolayer graphene covering a metallic
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Figure 1. a) Schematic of the gold grating covered by YbF3 layer and monolayer graphene. The inset shows the front view of the structure. YbFj thickness
between the grating and graphene is 70 nm. The transverse electrical field component of the incident laser is parallel to the x-axis. b) SEM image of the
gold grating. The period and the trench width of EBL fabricated grating is 330 and 180 nm, respectively. ) Raman spectrum of graphene on the top of
the structure. Inset shows an optical image of the sample by a 50x objective lens. d) Electronic mobility measurement by a field effect device, which

defines the field effect mobility of the graphene is close to 3000 cm? V=1 s~

grating with a dielectric spacer by using the PiFM technique. By
detecting the optical force gradient between the electric field of
GPs and the dipole at a metallic tip, we can characterize the gen-
eral properties of GPs including the field distribution and spec-
tral features. The study provides a new approach to characterize
GPs on the nanoscale.

2. Result and Discussion

The geometry of the structure utilized to generate GPs is shown
in Figure 1a. A grating of gold is fabricated on silicon substrate
with a period of A. The width of the trenches of the grating
is denoted by w. A metallic tip is close to the sample surface
and scatters the incident light to excite the GPs. A dielectric
spacer of YDF; is evaporated on the grating which has a relative
permittivity 4 = 2.25 around the wavelength » = 7 um. A
scanning electron microscopy (SEM) picture of the metallic
grating is shown in Figure 1b. The period of the grating is
A = 330 nm and the width of trenches is w = 180 nm. The
height of the gold ridges is given by h,, = 75 nm. The thicknesses
of YbF; layers on the ridges and trenches are both given by
ha = 70 nm. Graphene is coated on top of the grating structure.
The graphene layer adheres to YbF; on the ridges and suspends
in air on the trenches of the grating. Detailed fabrication process
of the hybrid structure is provided in Section 3. Figure 1c shows

Laser Photonics Rev. 2018, 1800040

1800040 (2 of 8)

the Raman spectrum of the transferred graphene on top of the
grating. The graphene used in this work is grown by chemical
vapor deposition (CVD) method.?*>* The G and 2D peaks
of the Raman shift are located at 1582 cm™! and 2668 cm™!,
respectively. The intensity of 2D peak is 3.84 times stronger
than that of the G (I,p/Ic) peak, indicating that the graphene is
monolayer. It should be mentioned that the D peak (1350 cm™!)
is absent in the Raman spectrum, implying that there are very
few defects in the graphene. We also scanned the uniformity of
graphene layer by Raman microscopy. The monolayer graphene
appears fairly homogeneous in a large area, as shown in Figure
S5, Supporting Information. According to the ratio of 2D and G
peaks intensities, the electron concentration can be inferred as
fe = 5 x 102 cm~2.3*3 The chemical potential of graphene is
then given by u. = hvg(wne)'/? = 0.26 eV, where vg = 10° ms™!
is the Fermi velocity. The electrical characterization of graphene
was completed by a graphene device on top of a silicon substrate
covered with 90 nm of SiO, (see Supporting Information).
As shown in Figure 1d, the mobility of electrons in graphene
is measured as a function of gate voltage applied between
graphene and the heavily doped Si substrate. The AL, 05 film is
used to eliminate scattering effect from air, which has led to an
n-doping to the measurement graphene device. The observation
of field effect mobility of graphene is 1« = 3000 cm? V=1 s71. The
momentum relaxation time is calculated by © = pu.u/(eve?) =
0.073 ps.
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Figure 2. a) Experimental setup of PiFM. The incident laser generated
by a QCL is focused on the sample/tip regime by a parabolic mirror
(NA = 0.75). The QCL is operated in pulsed mode, with the pulse fre-
quency equal to fr,. b) AFM topography image of the measured sample.
c) PiFM image at k = 1516 cm™".

In the mid-infrared range, the wave vector of GPs on the
graphene support by a dielectric can be expressed as!?

kep ~ i(1 4 ea)ko/(0gn0) (1)

where ko is the incident wavenumber in air, ny stands for the
impedance, and the surface conductivity of graphene is given
by 0, = ie*u/[rh(w + it™")] with p. being the chemical po-
tential of graphene and t the momentum relaxation time.>¢
Therefore the wavelength of GPs is arrived at Agp = 27 /Re(kcp).
An obliquely incident laser beam of transverse magnetic (TM)-
polarization is focused to the sample area near the metallic tip
by a parabolic mirror (NA = 0.75). The tip could act as an optical
antenna and scatters incident light to compensate the required
wave vector for exciting the GPs, as illustrated in Figure 1a. Con-
sequently, as the tip moves on the surface of the hybrid structure,
the GPs should be launched on the ridge and trench areas of the
grating. As the doping levels of graphene in the ridge and trench
are different and GPs are sensitive to the geometric structure,
the two regions have their respective response wavelengths.’!
The GPs are also reflected and scattered by internal boundaries,
defects, and other structural discontinuities.

In order to characterize the GPs on graphene, we employ a
recently developed technique PiFM to detect the optical force
gradient between the GPs and a metallic tip. The schematic
diagram of the PiFM is illustrated in Figure 2a. The incident
light is generated by a quantum cascade laser (QCL) with the
wavenumber adjustable in a wide range from 850 to 1850 cm ™.
For the purpose of exciting GPs and driving dipoles at the
metallic tip, the incident laser beam should be TM polarized so
that the dominating component of the electric field is normal
to graphene. As the resonance condition is satisfied, the electric
field of GPs will strongly interact with the induced dipole in the
metallic tip which is connected with a cantilever. The cantilever is
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operated in a dynamic (AC) mode with an oscillation frequency
1. To amplify the optical force and enhance the electrical field of
the excited GPs, the incident light is modulated at the sideband
frequency f;, by an acousto-optic modulator (AOM). Under the
modulation, the cantilever could be excited at the fundamental
resonance frequency fy = fi £ fi due to the mixing of the
modulated dipole—dipole signals (one modulation is due to the
laser amplitude modulation and the other is the modulation due
to the changing tip-sample distance of the AC mode AFM). By
detecting the oscillation amplitude of the cantilever at the two
frequency channels (f; and fy), the topography and optical force
can be obtained simultaneously, respectively.3”)

Figure 2b shows the topography of the sample. The alternately
bright and gray fringes clearly show the ridge and trench areas
of the grating. The ridge areas are about 21 nm higher than
the trench areas. The depth is much larger than the negli-
gible polymethyl methacrylate (PMMA) residue on the top of
graphene.’®3% The relatively darker ridge areas A and C are about
85 nm lower than the nearby trench, indicating that the graphene
layer is broken in these regions. The bright area B indicates that
the nature of graphene layer may be different compared to the
other ridge parts of the sample (see Supporting Information).
There are also several scratches along a line, which make an angle
a with the perpendicular direction of the grating. The scratches
could act as scatters and allow us to evaluate the propagation loss
of GPs. The PiFM signal for the same sample region of Figure 2b
obtained at frequency f; is shown in Figure 2c. The correspond-
ing wavenumber of incident light is given by k = 1516 cm™'. The
detected PiFM image is a superposition of the photo-induced
dipole force gradient of the intrinsic sample that is expected to be
largely dependent of the electric field intensity of GPs in the nor-
mal direction. It can be seen from Figure 2c that the GPs exhibit
an edge mode from every border of the trenches and ridges which
is due to the reflection at the edge.* The fringes demonstrate the
interference of the reflected GPs. This edge mode corresponds
to a sharp resonance peak in the PiFM spectrum as shown in
Figure 3b, which indicates that the GP excitation efficiency is
high at frequencies near to 1516 cm™'. As reported in previous
works, the wavenumbers for efficiently exciting GPs on SiC and
SiO, substrates should be around 1030 cm™! and 892 cm™!,
respectively.?>? The chemical potential of graphene is related
largely to the substrate. The YbF; substrate and the grating
structure beneath graphene results in a different wavenumber
range for exciting GPs with high efficiency. We also perform
experiments in the range 850~1250 cm ™!, where the PiFM signal
is very weak, suggesting the low excitation efficiency of GPs (see
Supporting Information). There are very poor signals detected
in the area corresponding to areas A and C in Figure 2b. It is
consistent with the topography that suggests broken graphene
layer in these areas. We also note that the GPs are enhanced at
the scratches since they experience strong local scattering.

Figure 3a displays the hyper-spectral infrared (hyPIR) image
of the sample, which is obtained by summing the PiFM signals
at each point of the measured area. From the image, one
can evaluate the overall optical force response of GPs in the
considered wavenumber range. Generally, in the hyPIR image,
the PiFM signal has a larger amplitude on the ridges (areas 1,
3, and 5) than the trenches. PiFM signals throughout the ridges
are affected by a series of dielectric roughness, which generated
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Figure3. a) hyPIR image generated by PiFM. b) PiFM spectra for the wavenumber range from 1250 cm™" to 1850 cm~". The green spectrum is generated
by averaging the PiFM signals in the trench regions as marked by 2 and 4. The black spectrum is obtained by averaging the PiFM signals in the missing
graphene region as marked by 6. The blue spectrum shows the average PiFM signal of the ridge region covered by graphene as marked by 1and 3. The red
spectrum shows the PiFM signal of the ridge region without graphene as marked by 5. c—e) PiFM images for different wavenumbers: c) k= 1380 cm™',

d) k=1496cm~",ande) k= 1591 cm™".

from the deposition process. The contaminant that is noted
by a dashed circle has a strong response at a wavenumber of
1746 cm™! as shown in Figure S4, Supporting Information.

The average PiFM spectra for the ridge, trench, and graphene-
broken areas are shown together in Figure 3b. The coincident
dips in the PiFM spectra are due to the water absorption of the
mid-IR laser since the experiment is conducted in air. The video
file (see Supporting Information) shows the GP progression as
the wavenumber is swept through the entire region. Compar-
ing the spectra from different areas of the sample, we notice
that the PiFM signal of the dielectric is higher than the signal
of the graphene at the wavenumber range from 1250 cm™! to
1430 cm™! and the range from 1520 cm™' to 1850 cm™!. The
PiFM signal of areas 1, 3, and 5 is stronger than that of the areas 2
and 4 in these wavenumbers. The reason is due to the interaction
between the induced dipoles of dielectric layer and the metallic
tip, in addition to that of GPs and the latter. We note that the sig-
nal level at the area 5 is pretty much the same as the other ridges
where graphene layer is intact. Additionally, the video file also
confirms that area 5 behaves similar to the other ridges through-
out the entire spectral range, indicating that the height difference
inarea 5 is most likely due to thicker dielectric layer and not miss-
ing graphene layer. All spectra have a strong peak with a center
wavenumber at 1276 cm™!, except for the spectrum of trenches
with graphene of areas 2 and 4 in Figure 3a. It can be explained
that the dielectric layer is polarized by the excitation light. For the
graphene missing trench (area 6), PiFM spectrum always shows
a lower intensity than other tested areas in the dielectric material
surface. The PiFM signal on the trenches with graphene (areas 2
and 4) is much stronger than that on the ridges at the wavenum-
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bers from 1430 cm™! to 1520 cm™L. This is due to the distinct
resonance of GPs on the trenches and ridges of the grating.

Figure 3c shows the PiFM signal of the sample at
k = 1380 cm™!, where the GPs are mostly concentrated on
the ridges. As the wavenumber becomes k = 1496 cm ™!, the
resonance of GPs occurs on the trenches and the optical force is
enhanced, as shown in Figure 3d. Note that there are still noisy
spots on the ridges areas, which indicate the influence of the
dielectric layer. Although the areas A and C are located on the
trench, there are no signals here due to the damaged graphene.
When the wavenumber keeps increasing to k = 1591 cm™,
the resonance occurs on the ridges again and the PiFM signal
becomes stronger, as shown in Figure 3e.

In order to characterize the GPs more precisely, we focus on
a fixed area to investigate the PiFM signals on the ridges and
trenches. Figure 4a shows the PiFM signal at k = 1380 cm™!
within an area of two grating periods. The field is mainly concen-
trated on the ridges at the given wavenumber. The lateral profile
of the PiFM signal is plotted in Figure 4b. It clearly shows that
the PiFM signals are almost uniform on the ridges, excluding the
noisy bright spots. As the graphene layer adheres to the dielectric
of YbF;, the loss of GPs is larger than that on trenches and the
signals should be associated more closely with the dipoles in the
dielectric. It is also the reason for the appearance of bright noise
on the ridges. Therefore, we concentrate on the GPs excited on
the trenches of the grating. Figure 4c shows the PiFM signal at
k = 1446 cm™!. One sees clearly the interference fringes of the
GPs. The minimum intensity lies in the center of the trenches
where the GPs experience destructive interference. The lateral
profile corresponding to the blue arrow is shown in Figure 4d.
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Figure 4. a) PiFM signals at k = 1380 cm~". The YbF3 material doped graphene which is located at the ridge area is polarized. b) Lateral profile along
the blue arrow in Figure 4a. PiFM signals at c) k = 1446 cm™" and e) 1496 cm™, respectively, show the low-frequency GP interference mode and the
high-frequency GP interference mode. d) Lateral profile along the blue arrow in Figure 4c at k = 1446 cm~'. f) Lateral profile along the blue arrow in
Figure 4e at k = 1496 cm~". All images of (a), (c), and (e) were taken at the same location on the surface of the sample. In (b), (d), and (f), the green
and orange regions represent the trench and ridge areas of the grating, respectively.

Using v = 0.073 ps and p. = 0.26 eV, we get the wavelength of
GPs Agp = 142 nm at wavenumber k = 1446 cm~! from Equa-
tion (1), which is roughly twice the width of the fringes in Fig-
ure 4c. Continuous tunable light frequency can excite the high
order GP interference mode in a high frequency. Figure 4e shows
the PiFM signal at k = 1496 cm™!. There are also several bright
fringes located away from the trench edges where the GPs are
enhanced due to constructive interference. The lateral profile as
marked by the blue arrow is shown in Figure 4f. The average
width of the fringe itself and the width between the fringes are 43
and 67 nm, respectively. Thus the wavelength of GPs is 110 nm,
which agrees well with the numerical result of 112 nm from
Equation (1) at 1496 cm™!.

We also perform numerical calculation to evaluate the field dis-
tribution of GPs in the trenches by using a rigorous coupled wave
analysis (RCWA) method, as shown in Figure 5. In the calcula-
tion, the graphene layer with t = 0.073 ps and u. = 0.26 eV is
the none-doped graphene, and the YbF; layer with a refractive in-
dex of ng = 1.5 — 0.51 is the highly doped medium. The incident
angle of the TM polarized plane wave is set as 70° in accordance
with the experiment. Figure 5a,d shows the intensity distribution
(1 E»|?) of GPs in the x—z slice with wavenumbers at 1446 cm™!
and 1496 cm™!, respectively. Electric field (E,) distribution of the
GPs for this two interference modes are shown in Figure 5b,d.
We randomly select ten sets of PiFM data from Figure 4c,e to get
the average PiFM signal as the GP amplitude distribution from
two interference modes. The calculated lateral profiles together
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with the experimental data in a single trench are plotted in Fig-
ure 5¢,f. They coincide well with each other.

The loss of the GPs has also been studied by investigating the
decay of GPs along the grating. The scratches as shown in Fig-
ure 1c will scatter the GPs along the y-direction, which will in-
terfere with the excited GPs along the x-direction. The inset of
Figure 6a shows a schematic of interference in two directions.
The field intensity of the GPs along the grating should be ap-
proximately given by

I(y) = |E.|*
= A%+ Alexp(—2yy) + 2A, Acexp(—yy) cos(k¢ py cosa)
2)

where A, and A represent the amplitudes of GPs by the trench
edges and the scratches, respectively. The decay coefficient along
the y-direction is denoted by y. Figure 6a shows the PiFM sig-
nal distribution along the y-direction at k = 1496 cm~!. The field
experiences a slow decay with oscillations. By fitting A, and A; ac-
cording to Equation (2), we can obtain the theoretically predicted
curve that agrees qualitatively well with the experimental result.
The propagation distance of the GPs is about Lgp = 173.3 nm.
As the wavenumber increases to 1510 cm™, one sees that the
propagation distance becomes smaller and the oscillation period
decreases (Figure 6b). The result means that the loss of GPs
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Figure 6. Experimental field intensity (| E|?) and fitted curve along the y-
direction. a) k= 1496 cm~', b) k= 1510 cm~". Here the experimental and
fitted data are denoted by the red solid lines and blue circles, respectively.

increases at shorter wavelength. The measured propagation
length is about Lgp = 170.2 nm.

3. Experimental Section

To fabricate sharp gold grating as resonator to excite the GPs,
gold grating was prepared in a 150 x 150 um? area at a double-
sided polished silicon substrate using the standard electron beam
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lithography (EBL) and metal lift-off process. A 49SPMMA-A-
Resists (MicroChem) layer with a thickness of 240 nm was uti-
lized as resist, which is fabricated by spin-coated and baked pro-
cesses. After defining the grating patterns with high-resolution
EBL (VISTEC EBPG 5000 PLUS), a nickel and gold film is de-
posited on the substrate by an electron beam evaporation (EBV)
system (Ebeam-500S, Alpha-Plusco. Ltd). The thicknesses of the
nickel and gold were 1 and 75 nm, respectively. Nickel layer was
used to enhance adhesion between the silicon substrate and the
gold grating. Gold grating was completed by lifting off the pho-
toresist layer in acetone at 45 °C. The YbF; layer was deposited
on the grating by thermal evaporation deposition with a thick-
ness of 70 nm. The CVD grown monolayer graphene was trans-
ferred to the top of the YbF;/grating structure with wet transfer
techniques.Y The copper foil is etched away in a 0.4 mol L™
ammonium persulfate ((NH,),S,0g) for 5 h. PMMA layer was
removed by an acetone bath at 70 °C.

Monolayer graphene samples were grown on a 25 mm thick
copper foil catalyst surface within a 4” CVD reactor. The cop-
per foil was processed in (NH,),S,0s for a few minutes first, the
deionized (DI) water clean process was utilized to wash away the
residual acid. Then the copper foil was annealed at 1035 °C for
60 min with argon in order to reduce the native copper oxide and
increase the grain size. The graphene was grown at 1035 °C for
6 h using a mixture of methane and hydrogen (1:60) with argon
as the gas carrier. After the growth stage, the CVD system was
cooled down to room temperature under a hydrogen and argon
atmosphere.

4. Conclusion

In conclusion, by using a newly developed PiFM technique, we
have characterized precisely the GPs on graphene covering a
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metallic grating. The PiFM measures the optical force between
the GP field and the dipole in a metallic tip. As the force is pro-
portional to the field intensity of GPs, it can provide high reso-
lution measurement of field distribution without the influence
of scattered field. By scanning the wavenumber of incident laser
beam, the PiFM spectrum over a wide range can be obtained at
each point on the sample, from which we find that the GPs are
mainly concentrated on the trenches of the grating in the range
from 1430 cm ™! to 1510 cm ™. It is found that the GPs experience
interference in the trenches and the wavelength of the GPs can be
obtained by measuring the interference pattern. By detecting the
scattered field along the grating, the propagation distance of GPs
can also be measured. The study indicates that PiFM technique
has a great potential in precisely characterizing GPs at the deep
subwavelength scale. It will also facilitate the design of nanoscale
optical devices based on graphene.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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