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plasmons on a SiO 2 /Si substrate is smaller than 100 fs 
(corresponding to approximately two plasmon wavelengths 
of propagation distance), [ 12,21 ]  far below the theoretically pre-
dicted value. [ 4,14 ]  Substrates (e.g., hexagonal boron nitride 
( h -BN)) that can mostly maintain the superior properties of 
graphene plasmons have been demonstrated to support high 
mobility graphene [ 22 ]  with relatively long lifetime (e.g., ≈500 fs, 
corresponding to ≈9 plasmon wavelengths), [ 23 ]  and thus 
have attracted great research interest in the fi eld of graphene 
plasmonics. [ 23–26 ]  Furthermore, the 2D  h -BN van der Waals 
material, as a kind of hyperbolic material, can enable sub-
diffraction-limited, highly directional, and spatially confi ned 
hybrid polariton modes, [ 27–30 ]  preserving the characteristics of 
plasmon and phonons. 

 Here we observe a new hybridized plasmon–phonon polar-
iton (PPP) mode in graphene/ h -BN van der Waals heterostruc-
tures due to the interaction between graphene plasmon and 
the out-of-plane transverse optical ( o -TO) phonon in monolayer 
 h -BN. Such PPP mode does not exist in conventional bulk 
materials (e.g., SiO 2 ), because the effective electric potential of 
TO phonons is zero and therefore surface optical (SO) phonons 
dominate the plasmon–phonon interaction at the interface of 
the bulk substrate and graphene. [ 31,32 ]  Our observation of this 
new PPP mode is explained by the interaction between highly 
localized graphene plasmon electromagnetic fi eld and the reso-
nant polarization of the monolayer  h -BN lattice. Furthermore, 
in contrast to the previous efforts that consider phonon inter-
action as a major damping effect of graphene plasmons, [ 14 ]  we 
demonstrate that such plasmon–phonon interaction can sig-
nifi cantly facilitate the generation of hybrid graphene plasmons 
with ultralong lifetime (calculated from the linewidths of the 
resonance peaks). In this concept ( Figure    1  a), the lifetime of 
the hybrid graphene plasmons is determined by the contribu-
tions from both plasmon-like and phonon-like characters. In 
our experiment, monolayer  h -BN is selected to support weakly 
damped phonon polaritons in the midinfrared range due to 
weak phonon–phonon scattering. [ 33–35 ]  Therefore, extremely 
long hybrid plasmon lifetime (calculated up to 1.6 ps) on 
the picosecond scale has been successfully achieved near the 
energy of the  h -BN optical phonon at 820 cm −1  with the hybrid 
PPP mode method. Our results show that it is an effective 
approach to tune the plasmon behavior in the frequency, time 
and space domains.  

 In order to achieve strong plasmon–phonon hybridization 
in graphene/ h -BN heterostructure, we designed and fabri-
cated various graphene nanoribbon arrays on monolayer  h -BN 
(Figure  1 b). Graphene is fi rst transferred on top of monolayer 

  Plasmonic nanostructures can concentrate and manipulate 
electromagnetic fi elds at the subwavelength scale, enabling 
numerous, fast, compact, and effi cient optical devices, such as 
light sources, waveguides, and detectors with high spatial and 
temporal resolution, metamaterials, quantum optics, photo-
voltaic devices, and sensors. [ 1,2 ]  However, applications based 
on conventional plasmonic nanostructures seriously suffer 
from large Ohmic losses in noble metals and relatively short 
(typically ≈10 fs) [ 3,4 ]  lifetime of the localized plasmons. [ 5,6 ]  Long-
range surface plasmon polaritons have been demonstrated 
with relatively long lifetime, but typically scarifying plasmon 
confi nement performance. [ 7,8 ]  Recently, graphene has been 
demonstrated as a promising plasmonic material for manipu-
lating electromagnetic signals at the deep-subwavelength scale 
with ultrahigh speed and very low energy consumption owing 
to the unique properties of Dirac Fermions in graphene. [ 9–13 ]  
Intrinsic graphene plasmons are predicted to have a long life-
time reaching hundreds of optical cycles, [ 4,14 ]  which is of great 
interest for various applications such as single-photon non-
linearity [ 15–17 ]  and deep subwavelength metamaterials. [ 18–20 ]  
However, strong plasmon damping has been experimentally 
observed mainly due to large scattering from substrate sur-
face phonons and impurity charges, leading to very short gra-
phene plasmon lifetime. For example, the lifetime of graphene 
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 h -BN, which is placed on a SiO 2 /Si substrate (details in the 
Experimental Section). Then graphene and  h -BN are patterned 
together into electrically continuous nanoribbon arrays with a 
1:2 width-to-pitch ratio. Ti/Au electrodes (Figure  1 c) are depos-
ited to electrically tune the doping level of graphene nanorib-
bons with the heavily doped Si layer as the back-gate electrode. 
Different devices with ribbon width  W  ranging from 55 to 
220 nm are fabricated to understand plasmon–phonon inter-
action as a function of wave vector  q  ( q  = π/ W ). Devices with 
 W  = 75 and 160 nm are shown in Figure  1 d. Gate voltage ( V  g ) 
dependent resistance curve of the graphene/ h -BN heterostruc-
tures is used to calculate the graphene Fermi level ( E  F ) and 
determine the charge neutral point (CNP, i.e.,  E  F  = 0 eV). Our 
160 nm wide graphene nanoribbon device (Figure  1 e) gives the 
CNP at the  V  g  of 82 V, indicating that the graphene layer was 
hole-doped at zero gate voltage. Similar CNP value is observed 
for different  W  devices. We also fabricated various graphene 
nanoribbon arrays with different ribbon widths directly on 
SiO 2 /Si substrates for comparison. 

 After fabrication, we studied the plasmon–phonon inter-
action by a Fourier transform infrared (FTIR) spectroscopy 
(Figure  1 b). This method is unique to investigate plasmon–
phonon coupling, and has been well-known as an effective 
method to determine plasmon lifetime in various graphene 
devices, [ 18–21,24,34,36,37 ]  as such microscopic approach can 

disentangle different plasmon damping mechanisms in sam-
ples with large detection area (up to 10 mm × 10 mm), broad 
infrared spectral range (≈400–4000 cm −1 ), and high collective 
excitation effi ciency. [ 38 ]   Figure    2  a shows the extinction spectra of 
three different samples, i.e., monolayer graphene/ h -BN nanor-
ibbon/SiO 2  (G/BNR), monolayer graphene nanoribbon/ h -BN 
nanoribbon/SiO 2  (GNR/BNR), and monolayer graphene nanor-
ibbon/SiO 2  (GNR/SiO 2 ).  W  = 100 nm is chosen for all three 
devices. The extinction spectra are given by the normalized 
transmittance spectra  T  (when  E  F  = 0.35 eV) relative to the 
transmittance at the CNP ( T  CNP ) as 1− T ( E  F  = −0.35 eV)/ T  CNP . 
The extinction spectrum of the G/BNR device is fl at, showing 
that individual  h -BN nanoribbons contribute to no resonance 
peak in the measured extinction spectrum range (either from 
BNR phonon polaritons or from graphene plasmons excited by 
the BNR substrate). Identical results were also observed with all 
G/BNR devices with different  E  F  and ribbon width  W , further 
confi rming that the contribution of individual  h -BN nano-
ribbons to the extinction spectrum can be neglected in our 
experiments.  

 As shown in Figure  2 a, the extinction spectrum (purple 
solid line) of the GNR/SiO 2  device typically has three peaks 
(purple triangles), named as Peak α (at ≈786 cm −1 ) , Peak β (at 
≈900 cm −1 ), Peak γ (at ≈1332 cm −1 ). They are assigned to gra-
phene plasmons interacted with two surface optical phonons: 
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 Figure 1.    Concept, measurement setup, and device. a) Graphene plasmon and  h -BN phonon polariton can strongly couple in the mid-infrared range. 
This forms new hybridization plasmon–phonon polariton modes, combining unique properties of plasmon and phonon (e.g., strong fi eld enhancement 
of plasmon and long lifetime of phonon polariton). b) FTIR measurement scheme for electrically tunable GNR/BNR heterostructures. The monolayer 
 h -BN under GNR is also etched into nanoribbons. The mid-IR spot size is about 100 × 100 µm 2 . c) Optical image of the device. d) SEM images of 
graphene nanoribbon arrays (light gray) with different ribbon widths. Scale bars are 500 nm. e) Gate-dependent resistance of the graphene/ h -BN 
heterostructure ( W  = 160 nm).
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phonons at ≈806 cm −1  (named as SO1 phonon) and ≈1168 cm −1  
(named as SO2 phonon) of the SiO 2  substrate. [ 21 ]  In our GNR/
BNR device (red solid line), we normally observe peaks at 
809 cm −1  (Peak 1, square dot), 950 cm −1  (Peak 2, round dot), 
and 1251 cm −1  (Peak 3, diamond dot), similar to the GNR/
SiO 2  device. However, a close observation (Figure  2 b) presents 
signifi cantly new features in our GNR/BNR device, except for 
Peak 3, which has been assigned to the SO2 phonon of the 
SiO 2  substrate. [ 23 ]  The anticrossing energy center between 
Peak 1 (square dots) and Peak 2 (round dots) shifts to ≈820 cm −1  
(green dotted line in Figure  2 b) in the GNR/BNR device, with 
no energy loss at ≈806 cm −1  (black dotted line in Figure  2 b, the 
anticrossing energy center observed in the GNR/SiO 2  device, 
associated with the SO1 phonon of the SiO 2  substrate). This 
denotes that monolayer  h -BN ribbon can effectively isolate 

the infl uence of the SO1 phonon from the beneath SiO 2  sub-
strate in our GNR/BNR heterostructure. We assign the new 
anticrossing behavior at 820 cm −1  as a new PPP mode, due to 
the coupling between graphene plasmons and the out-of-plane 
transverse optical ( o -TO) phonon (typically at ≈820 cm −1 ) [ 39 ]  of 
the monolayer  h -BN substrate. Worth noting that it is the fi rst 
time that such coupling between transverse optical (i.e.,  o -TO) 
phonon and surface plasmon is observed. A new resonant 
peak at >1370 cm −1  (Peak 4, hexagon dot in Figure  2 a) is also 
observed, which has been assigned in previous study as the lon-
gitudinal optical (LO) phonon of  h -BN. [ 24 ]  Our results show that 
highly confi ned graphene plasmons enable strong interaction 
with their atomically thin local dielectric environment (i.e., the 
LO and  o -TO phonons of  h -BN), and generate distinguishing 
hybridized PPP modes in the heterostructures. 

Adv. Mater. 2016, 28, 2931–2938

 Figure 2.    Plasmonic response of graphene/ h -BN heterostructures. a) Extinction spectra of our G/BNR, GNR/BNR, and GNR/SiO 2  devices. The ribbon 
width is 100 nm with  E  F  = −0.35 eV. b) Enlarged view of the fi rst two peaks at low-energy spectral range displayed in (a). The dotted vertical lines indicate 
the SO phonon of SiO 2  at 806 cm −1  and the  h -BN phonon at 820 cm −1 . c) Extinction spectra of the GNR/BNR devices with varying ribbon widths. 
 E  F  = −0.35 eV. d) Extinction spectra of the GNR/BNR device at varied  E  F . The ribbon width is 160 nm. The colored dots and dotted lines indicate the 
change of the resonance peaks.
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measured the extinction spectra of our GNR/BNR devices 
with different graphene ribbon widths  W  (Figure  2 c) and at 
different Fermi energy levels  E  F  (Figure  2 d). All spectra are 
normalized relative to the spectra measured at the CNP (i.e., 
 E  F  = 0). We observe that the energy distribution of all hybrid-
ized plasmon resonance modes redshifts when  W  increases (or 
when | E  F | decreases). This matches well with the shift of the 
graphene intrinsic plasmon ( ω  pl ), determined by  E  F  and  W  via 

2p1
2

F
2

0 re E q / �ω π ε ε( )= , where  q  = π/ W . [ 40,41 ]  For example, 

Peak 1 shifts from 817 to 675 cm −1 , when  W  increases from 
55 to 220 nm. This further verifi es that the  h -BN monolayer 
can effectively isolate the infl uence of the SO1 phonon from 
the beneath SiO 2  substrate in our GNR/BNR heterostructures, 
as the anticrossing behavior introduced by the SO1 phonon 
in the SiO 2  substrate typically appears at ≈806 cm −1  with the 
Peak α located at less than ≈806 cm −1  (Figure S4 and S5, 

Supporting Information). We also notice that the linewidths of 
all hybridized PPP modes change with  E  F  and  W . This suggests 
that both the spatial and temporal performance of all hybrid-
ized PPP modes can be controlled by the electrical gating and 
physical dimension (e.g., the width) of graphene ribbons. 

 The electromagnetic coupling of the graphene plasmons 
with the LO phonon in van der Waals heterostructures has 
been investigated previously, [ 24,42 ]  however, the interaction 
between the graphene plasmon and the TO phonon, observed 
here, has been long considered unachievable. It is because the 
effective electric potential of the TO phonons in conventional 
bulk materials (e.g., SiO 2 ) is zero and thus the TO phonons 
have no interaction with the plasmons. [ 31,32 ]  In contrast to the 
convention bulk materials, this interaction is possible in our 
GNR/BNR heterostructure, and can be explained by a classic 
electromagnetic coupling theory: the strongly confi ned near-
fi eld electric fi eld   E   of the graphene plasmon (white arrows in 
 Figure    3  a) introduces displacement of  h -BN lattices (Figure  3 a). 

Adv. Mater. 2016, 28, 2931–2938

 Figure 3.    The coupling mechanism of graphene plasmons and the  h -BN optical phonons. a) Theoretically calculated electric-fi eld intensity |  E  | 2  distribu-
tion and electric fi eld directions (white arrows) of graphene plasmons on the cross-section of the graphene/ h -BN heterostructure ( W  = 100 nm and 
 E  F  = −0.35 eV at the extinction maximum at the plasmon resonance frequency). The  h -BN  o -TO phonon hybridizes with graphene plasmon through 
the interaction between the electric dipoles and electric fi eld of graphene plasmon in the  z  direction. The induced  o -TO phonon polariton is marked 
as red arrow. b) Plasmon frequencies as a function of wave vector for different hybridized mode peaks. The calculated dispersion relation is plotted as 
red lines and the loss function is plotted as a 2D pseudo-color background. The dashed line refers to graphene plasmon dispersion without phonon 
hybridization. The experimental results are also given (square dots, round dots, diamond dots, and hexagon dots for Peaks 1, 2, 3, and 4, respectively). 
The red crosses show the experimental results extracted from the near-fi eld measurements in (c) and (d). The frequencies of the SO phonons of SiO 2  
and the  o -TO and LO phonons of  h -BN are marked as horizontal dotted lines. The gray area is the intraband Landau damping area. c). Line profi le of 
s-SNOM optical signals at the excitation wavelength of 970 cm −1 . The results are fi tted with the method described by Woessner et al. [ 23 ]  The distance 
between two peaks corresponds to half of the plasmon wavelength  λ  p . d) s-SNOM images from 2D scan of the tip position near the graphene edge 
(dashed line) with varied excitation wavelengths. The location of the graphene edge was determined from the simultaneously measured topography. 
Scale bar is 500 nm.
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The lattice displacement strongly depends on the direction and 
intensity of   E  . It is particularly large when the lattices are close 
to the edges of graphene ribbons, where the effective near-fi eld 
of graphene plasmons has a maximum component in the  z  
direction (the case corresponding to the maximum oscilla-
tion amplitude of graphene plasmon is shown in Figure  3 a). 
Neglecting the retardation effect, the lattice displacement peri-
odically responds to the graphene plasmon resonance, forming 
phonon polariton resonance (red arrow in Figure  3 a) with iden-
tical wave vector and wavelength to the graphene plasmon. As 
a result, the hybridization between the graphene plasmon and 
the  o -TO phonon occurs. As absent in bulk substrates, this cou-
pling of the  o -TO phonon with graphene plasmon is a unique 
PPP mode, which unusually exists in monolayer van der Waals 
crystal (such as  h -BN) heterostructures.  

 In our experiments, monolayer  h -BN is particularly used in 
our heterostructure, which has only three optical phonons due 
to its simple atomic structure: LO,  o -TO and in-plane ( i -TO) 
phonons. Consequently, the local polarization electric potentials 
( Φ ) of the optical phonons can be well calculated to understand 
the abovementioned new coupling physics using a remote 
phonon scattering mechanism. [ 31 ]  In the long wavelength limit, 
the  Φ   λ   generated from the polarization fi eld of optical phonon 
 λ  at a position of = + + >rr e e e ( 0)x y z zi oL T T  is calculated as: 

 

rr RR rr RR
e r

4
exp q rB q

0
3( )

en u

r
(i ),

l

l
l

l
l l∑ πε

Φ =
⋅

⋅ = −λ
λ λ λ

  
(1)

 

 where   e    L  ,   e    It  , and   e    oT   is the atom vibration directions of LO (along  x ), 
 i -TO (along  y ) and  o -TO (along  z ), and qq RR( )en u e exp iB q l⋅λ λ λ  is 
the dynamic dipole momentum introduced by relative lat-
tice displacement. Then the summation of  Φ   λ  ( r ) over a lattice 
vector  R   l   gives the effective  Φ   λ  . Details of the calculation are 
fully described in the Supporting Information. The calcula-
tions give nonzero  Φ  for LO and  o -TO phonons (i.e.,  Φ  L  ≠ 0, 
 Φ   oT   ≠ 0), further validating the interaction between the gra-
phene plasmons and the  o -TO (and LO) phonons. Based on the 
values of obtained  Φ , the Fröhlich-like coupling strength 2Fi,λ  
( i  and  λ  represent the substrate and the phonon type, respec-
tively) between plasmons and different phonon modes is cal-
culated with a generalized random phase approximation theory 
(RPA). [ 21,43 ]  The simulation results (details in the Supporting 
Information) are shown in Figure  3 b, fi tting extremely well with 
our experimental results (dots in Figure  3 b). In our simulation, 

0, 0 44 meV, 0 08 meVSiO ,SO1
2

SiO ,SO2
2

BN, TO
2

2 2
F F . F .h o= = =− −  and 

0 42 meVBN LO
2F .h , =−  are used. The nonzero coupling strengths 

( BN, TO
2Fh o− −  and BN,LO

2Fh− ) for the  h -BN  o -TO and LO phonons 
support that both phonon modes are hybridized with gra-
phene plasmons (as observed in our experiments), but the zero 
coupling strength SiO ,SO1

2
2

F  suggests that there is no coupling 
between the SiO 2  SO1 phonon and graphene plasmon in our 
GNR/BNR heterostructure. This is because graphene plasmon 
polarization and effective potential of the  o -TO phonon in  h -BN 
destructively interfere each other, generating weak hybridi-
zation with the SO1 phonon of the SiO 2  when they are in 
resonance. [ 24 ]  

 In order to directly observe propagation of the hybridized 
PPP modes, we performed near-fi eld optical characterization 
of a graphene/ h -BN heterostructure using a scattering-type 

scanning near-fi eld optical microscopy (s-SNOM) with vari-
able excitation frequency from 900 to 1000 cm −1  (details in the 
Experimental Section). Figure  3 c,d plots line profi le and images 
of s-SNOM optical signals at the graphene edges. This clearly 
shows the hybridized PPP modes can propagate along the gra-
phene surface and refl ect at the graphene edge. The plasmon 
wavelength  λ  p  and the corresponding wave vector  q  p  can be 
calculated from the spatial variation of these images, as shown 
in Figure  3 b (magenta crosses). These near-fi eld propagation 
results coincide exactly with the far-fi eld data (blue dots) and 
the theoretical prediction (lines), validating the far-fi eld results 
obtained with the FTIR method. 

 As discussed, the  o -TO phonon and graphene plasmon 
hybridization is a novel coupling mode exceptionally appearing 
in the heterostructures of graphene and van der Waals crystals 
(in contrast to other bulk substrates (e.g., SiO 2 ) based graphene 
devices). This new coupling mode can offer extraordinary 
opportunities to manipulate the graphene plasmon behavior. 
For example, here we demonstrate to increase the lifetime 
of graphene plasmons with such hybridization, because the 
 o -TO phonon lifetime in monolayer  h -BN is signifi cantly long. 
In fact, this has already been presented when comparing the 
linewidth change of the peaks (near the anticrossing energy) 
between GNR/SiO 2  and GNR/BNR devices (Figure  2 b). To fully 
investigate this application of using the newly-observed PPP 
mode to lengthen plasmonic lifetime quantitatively, we extract 
the lifetimes and peak positions of the resonance peaks ( E  res ). 
For the far-fi eld extinction spectra of graphene devices, the 
linewidth  Γ  of resonance peaks is connected to the damping 
rate, and thus can be used to calculate the lifetime  T  by an 
equation of  T  = 2  / Γ . [ 3,44 ]  With this equation, the lifetime of all 
hybridized modes is calculated with  Γ , which is extracted by 
Fano curve fi tting (see  Figure    4  a and calculation methods in the 
Supporting Information). [ 20,45 ]  The lifetime of the PPP mode at 
≈820 cm −1 , extracted from the extinction spectra around Peak 2 
in Figure  2 c,d, is plotted as a function of  E  F  (upper panel in 
Figure  4 b) and  W  (lower panel in Figure  4 b). As shown in 
Figure  4 b, when the PPP mode location is adjusted (by  E  F  or  W ) 
closer to the  h -BN  o -TO phonon at 820 cm −1 , its lifetime become 
longer because the phonon-like character mainly defi nes the 
hybrid PPP mode behavior (including the lifetime). [ 21,46 ]  How-
ever, as the PPP mode is close to the phonon frequency, its 
intensity decreases. Therefore, the low intensity of Peak 2 (e.g., 
when | E  F | < 0.1 eV, the signal is <0.005% which is too small to be 
measured in our experiment) limits a longer lifetime measure-
ment, anticipated for smaller | E  F | and larger  W . The maximum 
observed lifetime of the PPP mode near the energy of the  h -BN 
 o -TO phonon at ≈820 cm −1  is ≈1.6 ± 0.1 ps. Worth noting that 
the size of such hybrid long-lifetime modes can be >80 times 
smaller than the incident wavelength, featuring strong spatial 
confi nement (up to ≈λ 0  2 /7000) property of graphene plasmons 
(in contrast to the small confi nement of long-range plasmons). 
The origin of such remarkably long hybrid plasmon lifetime 
on the picosecond scale in our GNR/BNR heterostructure is 
because the  o -TO phonon contributed to the mode hybridiza-
tion has a long lifetime. Worth noting that currently our meas-
ured result is about three times longer than the best plasmon 
lifetime in previously reported graphene/ h -BN devices, [ 23 ]  
but in principle much longer hybrid plasmon lifetime can 

Adv. Mater. 2016, 28, 2931–2938
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be anticipated with this concept. For example, longer hybrid 
plasmon lifetime, comparable to the long intrinsic lifetime of 
phonon, is achievable, by using monolayer  h -BN (Figure S7, 
Supporting Information) or high-quality mechanically exfoli-
ated  h -BN or improving the coupling effi ciency in heterostruc-
ture devices (e.g., using 2D materials with phonons having 
larger dynamic dipole moment).  

 The lifetimes of other three hybrid modes from our GNR/
BNR devices with different  W  and  E  F  are plotted in Figure  4 c. 
We observe similar lifetime tendency on these modes: life-
time increases dramatically when their resonance frequency 
 E  res  approaches to the corresponding optical phonon frequen-
cies of  h -BN at 820 (the  o -TO phonon) and 1370 cm −1  (the LO 
phonon). The maximum lifetime (663 fs) of the PPP mode 
hybridized with the LO phonon is around one-third of the 
maximum lifetime of the PPP mode hybridized with the  o -TO 
phonon. This is due to that the LO phonon of  h -BN typically 
has much shorter lifetime than the  o -TO phonon, because LO 
phonon can be easily scattered into  i -TO phonon due to the 
energy matching. [ 47 ]  We also fi nd that the hybrid graphene 
plasmon lifetime decreases sharply as  E  res  is close to or larger 
than the origin optical phonon of graphene at 1580 cm −1  (e.g., 
the 55 nm wide ribbon device in Figure  2 c). This is attributed to 

the decay of graphene plasmon into electron–hole pairs via the 
optical phonon emission in graphene, [ 21 ]  as expected and shown 
in Figure  3 b. As a contrast, the lifetime of our reference GNR/
SiO 2  devices is also plotted in Figure  4 c. The lifetime increases 
slowly around the SO phonon frequencies of SiO 2  at 806 and 
1168 cm −1 . The maximum hybrid graphene plasmon lifetime 
in the reference GNR/SiO 2  devices is about 240 fs, which is 
around seven times shorter than that of our GNR/BNR device. 
This underscores the advantage of using the  o -TO phonon of 
 h -BN to increase the graphene plasmon lifetime while main-
taining high mode confi nement. 

 The coupling with the  h -BN optical phonons also affects 
the group velocity  v  g  of plasmons signifi cantly, which is deter-
mined by ω∂ ∂/ q. As seen from Figure  3 b, for all modes,  v  g  
decreases drastically when the mode frequency is approaching 
the phonon energy. We plot the measured lifetime and the 
estimated group velocity of the hybrid PPP modes (for Peak 2) 
in the inset of Figure  4 c. It shows that the hybrid PPP modes 
possess an ultrasmall group velocity down to 0.001 c , where  c  
is the speed of light in vacuum. The combination of small 
group velocity and the fi eld enhancement associated with 
plasmon characteristic of the hybrid PPP modes presents new 
opportunities for various photonic applications, e.g., enhanced 

Adv. Mater. 2016, 28, 2931–2938

 Figure 4.    Hybridized plasmon lifetime of our GNR/BNR devices. a) Illustration of the curve analysis methods to extract the full width at half-maximum 
(FWHM) ( Γ ) of resonance peaks. Fano model is used to fi t the coupled peaks (red curves). Electromagnetic induced transparent (EIT) model is 
adapted when pristine plasmon frequency is close to the phonon frequency of substrate (purple curves). The plasmonic peak is fi tted by Lorentz shape 
(orange curves) whose tail is taken as the continuum background for Fano fi tting. The superposition of the Fano fi tted line shape and the background 
reconstructs the green peak. b) Hybridized plasmon lifetime of GNR/BNR (red) and GNR/SiO 2  (gray) devices (extracted from Peak 2 and Peak β 
in Figure  2 c,d) as a function of  E  F  and  W , respectively. c) The hybridized plasmon lifetimes of all peaks taken from GNR/BNR (red) and GNR/SiO 2  
(gray) devices with different  W  and at different  E  F  are plotted together as a function of plasmon resonance frequency. The dotted lines indicate the 
 o -TO phonon (at 820 cm −1 ) and LO phonon (at 1370 cm −1 ) of  h -BN monolayer. Inset: The relationship between the lifetime and the group velocity of 
hybrid PPP modes.
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nonlinear light-matter interaction for high-effi ciency frequency 
conversion in the IR and THz spectral range. 

 In conclusion, we demonstrate that the interaction between 
plasmons and phonons can signifi cantly increase the calculated 
hybrid plasmon lifetime up to ≈1.6 ps. Such extraordinarily 
long lifetime arises from the counterintuitive coupling of 
the long-lifetime out-of-plane transverse optical phonon in 
 h -BN. Our demonstration and in-depth understanding of 
the new plasmon–phonon polariton mode not only reveal a 
new plasmon–phonon coupling mechanism in van der Waals 
hetero structures, but also offer a novel approach to tune the 
plasmon behavior in the frequency, time, and space domains, 
introducing a new paradigm to enable novel plasmon–phonon 
polariton devices (such as deep-wavelength metamaterials, [ 48 ]  
ultralow-loss waveguides), [ 49,50 ]  where ultralong-lifetime and 
low-damping polaritons are needed.  

  Experimental Section 
  Fabrication of Monolayer Graphene/h-BN Heterostructures : Graphene 

and monolayer  h -BN sheets were both grown on copper foil via chemical 
vapor deposition (CVD) and then transferred to target substrates using 
a standard wet method. [ 51 ]  First,  h -BN monolayer was transferred onto 
SiO 2 /Si substrate, and then graphene sheet was transferred onto the 
 h -BN. Next, nanoribbon arrays were patterned in the graphene and 
 h -BN using 100 keV electron-beam lithography (EBL) (Vistec 5000+ES, 
Germany) on approximately 260 nm of poly(methyl methacrylate) 
(PMMA, MicroChem), followed by oxygen plasma etching at 5 Pa and 
100 W for 8 s. Two Ti (2 nm)/Au (40 nm) electrode patterns were defi ned 
using a second EBL process and electron beam evaporation. 

  Characterization of Graphene/h-BN Heterostructures : Dimensions 
of the patterned graphene nanoribbons were characterized by using 
scanning electron microscopy (SEM, Hitachi S-4800) and atomic force 
microscopy (AFM, Bruker Dimension Icon) (refer to the Supporting 
Information). Graphene quality was confi rmed by Raman spectroscopy 
(Horiba Jobin Yvon LabRAM HR800) before and after oxygen ion 
bombardment under the protection of PMMA. The electrical transport 
properties were characterized using a semiconductor parameter analyzer 
(Keithley 4200-SCS) at room temperature. 

  Fourier Transform Infrared Microscopy Measurements : Infrared 
transmission measurements were performed using a FTIR microscopy 
(Thermo Fisher Nicolet iN10). Single-beam transmittance spectra 
at the charge neutral point were used as a background to calculate 
the extinction spectra of the doped graphene nanoribbons. Each 
measurement was obtained with its own background spectrum 
and was repeated several times to confi rm the extinction spectrum. 
All measurements were performed at room temperature and in an 
atmospheric environment. 

  Near-Field Optical Microscopy Measurements : Near-fi eld results were 
measured using a scattering SNOM (Neaspec GmbH), equipped with 
wavelength-tunable lasers (between 900 and 1000 cm −1 ). The probes 
were commercially available metallized AFM probes with an apex radius 
of ≈25 nm (Nanoworld). Due to multiple refl ection of plasmon waves 
at the edges of the nanoribbons, it is challenging to measure near-fi eld 
signals in our nanoribbon graphene devices. Therefore, a mechanically 
exfoliated graphene/BN sample is used to characterize propagation 
property of PPP modes. The optical signals were obtained from the 
fourth harmonic interferometric pseudo-heterodyne signal.  

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