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Abstract: Using Surface Enhanced Raman Scattering (SERS), we report on intensity-

dependent broadening in graphene-deposited broad-band antennas.  The antenna gain 

curve includes both the incident frequency and some of the scattered mode 

frequencies.  By comparing antennas with various gaps and types (bow-tie vs diamond-

shape antennas) we make the case that the line broadening did not originate from 

strain, thermal or surface potential.  Strain, if present, further shifts and broadens those 

Raman lines that are included within the antenna gain curve. 
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I. Introduction 

Surface enhanced Raman scattering (SERS) [1] is a major spectroscopic tool for 

efficient molecular identification down to the level of a few molecules [2-3].  In many 

SERS-based sensors, the molecules are adsorbed on a mesoscopic thin metal film [4-6] 

and the resultant optical scattering is detected far away from the film (far-field).  

Optimizing the scatterer's shape requires well-defined antenna structures [7-8].  The 

bandwidth of most SERS antennas is narrowly centered at the laser frequency; either 

because of particular antenna design, or, fabrication limitations.  Narrow band antennas 

often provide gain to only the laser line and little or no gain to the Raman lines outside 

the antenna resonance curve.  On the other hand, if the gain curve of narrow band 

antennas covers only the scattered Raman modes, then broadening and line red-shift 

are observed [9].  In near-field studies, antennas in a form of a tip are brought within a 

close proximity to the sample (tip enhanced Raman scattering, TERS [10-11]).  Tip 

antennas are not broad band because they lack directivity, form travelling waves 

between substrate and antenna and allow multi local modes within the gap between the 

tip and the sample.   

We concentrate on the electromagnetic effect [12].  In general, at low intensity, 

spontaneously scattered Raman signals linearly depend on the pump laser intensity 

with minimal line broadening, or peak shift [13].  A recent SERS study indicated that the 

intensity dependent Stokes signal for a test film at electronic resonance remains linear 

while the signal is within the electronic resonance and becomes nonlinear for 

frequencies outside that resonance range [14].  One may postulate that graphene, 
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which exhibits broadband loss [15] will also exhibit a linear response with respect to the 

laser intensity.  

Raman signal amplification was attributed to the formation of surface 

plasmon/polariton modes in SERS antennas.  This implies that high-order restoring 

fields may affect the Raman line's shape and width [16].  In addition, if both the pump 

and the scattered frequencies are plasmonic/polaritonic modes of a metallic resonator, 

then the transition rate between the two modes depends on their density of states 

(DOS); the DOS is substantially modified near metallic surfaces [17].  The modes' life-

time and, thereby our interpretation of the Raman line position and width depends on 

the DOS and loss of these resonator modes.  

When experimental configurations are performed in the far-field, the SERS 

antenna has two roles: (a) maximizing absorption of the incident radiation laser mode 

for optimal incident-to-plasmon/polariton coupling and (b) enhancing the detection 

process by the geometrical antenna gain factor.  This latter gain is the result of 

concentrating the otherwise uniformly emitted radiation into a well-defined solid angle.  

From such a point of view, one needs to maximize the overlapping integral of pump and 

probe signals [18].  Yet, a priori, it is not clear whether maximizing the overlap integral 

will lead to Raman line broadening.   

 

II. The model  

The transition probability for Stokes scatterings has two contributions: absorption and 

emission [19].  We use Fermi’s Golden Rule: the rate of transition is Wfi=(2π/ћ2)│Hfi│2ρf 

where Hfi is the transition matrix element between the pump and scattered modes and ρf 
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is the convoluted density of the final states (of both the phonons and scattered 

photons).  For emission, Wfi=B(νS)ρ(νS)(NL+1)NS and for absorption 

Wfi=B(νL)ρ(νL)(NL+1)NS.  NS,L are the number of photons in the resonator modes: S for 

Scatter and L for Laser.  We can assume that B(νL)=B(νS)=B.  The spontaneous cross-

section is defined as σ=(λ2/8π)∗P∗Bg(ν)ρ(ν) where P is the occupation number of the 

phonon and g(ν) is the probability of finding a photon at frequency ν (g(ν) is also known 

as the gain curve distribution).  We write:   

 ���

��
= ���	

(�)
��(�
 + 1) − ����

(�)
�
(�� + 1) − �	/�	 (1a) 

 ���

��
= −���	

(�)
��(�
 + 1) + ����

(�)
�
(�� + 1) − ��/��. (1b) 

Here σ(0,1)S,L are the scattering cross sections with the superscript denoting the initial 

vibration state: either ground (v=0), or first excite (v=1) states.  N0,1 are the number of 

say, graphene atoms coating the resonator in either vibration state, N1/N0~exp(-ћΩ/kBT) 

and Ω≈ωL-ωS (the approximate equality is due to line-widths; in any event, Ω<<ωL,ωS).  

The last terms are losses suffered by the resonator modes and play a major role in 

mesoscopic films because of edge scatterings.  Similar equations may be derived using 

an electromagnetic approach [20-22].  

Thermal effects have two consequences: at high temperatures, the stimulated 

emission term, which is proportional to NLNS(N0-N1)=NLNSN0(1-exp(-ћΩ/kBT)) 

decreases. High enough temperatures increase the phonon population at higher-order 

states leading to red-shifted peaks (unharmonicity effect – see below).   

If the scattered mode is coupled to a resonator mode instead of free-space 

modes, then the Raman scattering rate increases by a factor of Q - the resonator quality 
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factor [17] - the density of states in free space, which is proportional to νS
2/cn

3 is now 

replaced by ~1 mode/(V∗∆ν), with V the mode volume and ∆ν=ν/Q (this points to the 

attractiveness of nano-antennas for some applications).  For cubic resonators the mode 

volume is V~(λn/2)3.  The mode volume for planar antennas made of gold is, a2
∗(δd+δm).  

The area of the antenna is, a2~(λn/2)2 where, λn is the effective wavelength of the 

antenna's plasmonic modes (for dipole antennas, a~λn/2).  The other dimensions are, 

δd,m – the 1/e decay-length in the dielectric and gold, respectively.  For common 

dielectrics, δd~λd/2>>δm and the density of states also scales as Q.  Three additional 

factors add to the effectiveness of the process: (1) the increase in coupling efficiency 

between the incident laser radiation and the resonating antenna at νL effectively 

increasing the antenna's cross section; (2) the increase in the coupling between the 

scattered wavelength and the resonating antenna at νS and (3) the increase in detection 

efficiency: the radiated scattered modes at frequency νS are directed more towards the 

normal to the antenna’s axis (confocal arrangement) than isotopic.  The latter is referred 

to as the antenna gain by the microwave community and it has a purely geometrical 

origin.  For brevity, we refer to the entire amplification process by the antenna as gain. 

Intensity-Dependent Line Broadening.  When NL>>NS, all terms proportional to 

NS can be ignored and dNS/dt=−dNL/dt.  One can assume exponential growth (or, 

exponential decay) and we write it as, NS/τspont=−NL/τspont with the same time constant - 

they differ by their initial conditions (NS(t=0)=0, NL(t=0)=NL0=const>>1).  The time 

constant for spontaneous Raman scattering is 1/τspont=p0Bg(ν)ρ(ν).  When we include 

the stimulated terms in 1b, the time constant of the plasmonic mode is modified by the 

gain coefficient γS∼NL: 1/τS
eff→1/τspont(1+γS) and from 1a, 1/τL

eff→1/τspont(1+γL) with 
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γL∼NS.  The overall Raman line width is the sum, ∆ν~1/τS
eff+1/τL

eff.  These modifications 

to the transition life-time may be explained by the induced emission and the induced 

absorption of the scattered plasmonic modes, respectively.  The number of photons NL 

is related to the laser mode intensity within the resonator by NL/V=IL/cn(ν)hν with cn(νS) – 

the light phase velocity at νS.  The effective life-time of the optical modes are related to 

their line width as 1/τ~∆ν.  The measurement of the natural vibration frequency width is 

thus impacted by the lifetime of the cavity plasmonic/polaritonic optical modes and the 

laser intensity.  Discussion on the life-time of the vibration (phonon) mode is provided at 

the end of this paper. 

 

III. Results 

Diamond-shape antennas (D-ant) [23,24] exhibit a large bandwidth.  The antenna 

exhibits a linear phase throughout its wide band resonance, as well [24].  From the 

discussion above, one would expect that the inclusion of scattered modes in the gain 

curve adds a higher degree of nonlinearity to the scattering process.   

We chose graphene [25] as our test film.  Current technology enables a uniform 

deposition of graphene, thus eliminating much of the uncertainty in its location and its 

concentration.  Since it is thought that only a few local antenna regions contribute to the 

Raman amplification process, depositing graphene over the entire antenna should have 

a minimal impact on the overall detected signal at the far-field.  Comparing scattering 

data from the antenna to scattering data from areas between the antennas provided us 

with a simple way to assess the amplification factor.  Finally, graphene exhibits several 

Raman lines that can ‘map’ the gain region of the antenna.  
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Bow tie antennas [7] have been studied extensively for SERS applications, 

mainly because they exhibit a large ‘hot spot’ between the antennas' elements (Fig. 1b).  

Since a diamond antenna is just an inverted bow-tie structure, we used the acquired 

bow-tie data for comparison purposes.  Figure 1a,b show typical near-field simulations 

of gain distribution for diamond shape (D-ant) at resonance and bow-tie antennas (BT-

ant) at the D-ant's resonance.  The gain (in dB) was defined as, -

10log10(│Elocal│/│Eincident│).  Accepted dispersion relations for suspended graphene, 

graphene on a substrate (alumina) and gold [26,27] were used.  The conductivity of 

graphene, σ0, at high frequencies is constant and real, so one may write, 

ε(ω)=εb+iσ0/ωd.  We used εb=5.8ε0 as the effective dielectric for graphene with a 

background material [28] and d=3.38 Angstroms for the effective graphene thickness.  

The scanning laser spot is much larger than the antenna and covers areas where 

graphene is partially situated on alumina - a separating layer between the gold antenna 

and the graphene - and partially suspended in air (due to the height of the antenna).  

We, therefore, write εb
(eff)=a1εb

(alumina)+a2εb
(air) with a1=0.1 and a2=0.9, the respective 

areas of antenna and air.  The peak electric field intensity in the gap of the BT-ant is by 

far larger than the value for the D-ant (by more than 30 dB) and one may naively 

conclude that the BT-ant would be a superior amplifier (which is not the case here).  

The dominant factor for the far-field reflection spectra is the antenna shape (Figure 1c 

for rounded tip antennas with a gap of 12.4 nm).  The spectral bandwidth of the D-ant is 

ca 50% wider than the BT-ant (see also white-light experiments in the SI section).  The 

peak scattering wavelength shifts up as the antenna’s height increases and shifts down 

as the gap becomes larger.  Unlike BT-ant, ‘hot spots’ appear here at the antenna’s 
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extremities.  While the nominal dimensions of the D-ant and BT-ant were the same, the 

fabrication process could have unintentionally increased the gap of BT-ant by rounding 

their apices.  If so, rounding of an antenna’s tip increases the gap from ca 12 nm (for 

sharp tips) to 22 nm (with round tips) and therefore down-shifts its peak-resonance 

wavelength.  The effect of lithographic rounding is less pronounced for the gap of D-ant: 

a gap increase by 2 nm may be expected.  The results for BT-ant are consistent with 

previous results.  Test films (or molecules in the antenna gap) may be viewed as 

providing coupling between the antenna’s elements [29] and our finite-element 

simulations indicated that the graphene and alumina up-shift the antenna resonance 

wavelength by 10 nm.  It also adds a small broadband absorption loss.   

Figure 2a is a scanning electron microscope (SEM) image of our layout.  Each 

antenna was surrounded by fiduciary marks, 2 µm away from the antenna.  The 

rectangular patterns, oriented perpendicularly to one another, were used to examine the 

effect of two linearly orthogonal incident polarizations states.  As shown by Figure 2c, 

the entire metal layout ‘glowed’ at scattering wavelengths when illuminated by a 633 nm 

HeNe laser, polarized along the antenna axis.  Mostly the antennas were accentuated 

when pumped with a polarized 785 nm (Figure 2d).  In this way, one can optically 

identify the antennas and marks at the scattered frequencies.   

The spectral scattering background was substantially elevated at the antennas 

and necessitated correction.  The spectra were fitted by a polynomial and subtracted 

from the data using two different routines to achieve similar results.  A 800 cm-1 line may 

be observed ‘riding’ on that spectral background, as well (see also Fig. S7a in the SI 

section).  We believe that amplification and broadening of the small 800 cm-1 line 
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(attributed to pure amorphous carbon [30], or graphitic edge [31]) overwhelmed the 500-

1000 cm-1 spectral region.  (The origin of the peak at 800 cm-1 is not quite settled.  On 

one hand our data in the SI section clearly indicate a peak.  At the same time, several 

authors [32,33] report on a broad band in that region.  In principle, this extended band 

could overwhelm the data obtained with the antenna, yet did not quite appear in spectra 

obtained in-between them).  

Images are shown in Figure 3 (see also the SI section) whose spectral 

background has been corrected.  When the polarization of the pump 785 nm laser was 

made perpendicular to the antenna’s axis, scatterings from one subset of the fiduciary 

marks became more pronounced (Figure 3c).  The narrow side of the fiduciary marks 

(ca 100 nm) and disks (diameter 100 nm) are near scattering resonances and exhibited 

Raman data similar to the BT-ant.   

The spatial profile of each Raman peak was fitted by a Gaussian distribution.  

The average spatial width at Raman frequencies (full width at half maximum, FWHM) 

was assessed as 1.06±0.02 µm for the D-ant, which is 1.4 times larger than the FWHM 

of the laser spot-size (assessed at 0.715 µm by a Gaussian beam approximation).  This 

is also larger than the diffraction-limited scattered spot-size (assessed at 0.815 µm for 

the scattered wavelength of 895 nm).  At scattered wavelengths, the cross section of 

the antenna became larger than the diffraction limited spot-size, which is typical of 

resonance conditions.  Care was taken that the laser beam was in focus before and 

after scans; this conclusion was also based on observation from several scans over 

various regions).  By comparison, the scan over the (rated) 10-nm gap BT-ant exhibited 

an antenna width of approximately 0.8 micron at the Raman G-line, only slightly larger 
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than the laser spot size but in accordance to the diffraction limited scattered mode.  The 

scan of D-ant with perpendicular polarization exhibited effective antenna width of 

0.9±0.02 microns, alluding to its only partial resonance.  The fact that BT-ant, situated 

on the same wafer not far from the D-ant, exhibited a near diffraction limited spot-size is 

in further proof that our system was well-aligned. 

In Figure 4a,b we present as-is maps for the integrated graphene's 2D-line on 

10-nm gap antennas.  The D-ants are clearly visible (only two rows have been scanned) 

whereas the signals from fiduciary marks are much dimmer.  Figure 4c shows 

uncorrected spectra for graphene on each antenna; the uncorrected curves include an 

elevated spectral background.  After fitting, a large peak enhancement on the order of 

ca 100 times and a 5-fold peak broadening of the D-line were noted.  Enhancement and 

broadening of the G-line was typically smaller: ca 10-fold enhancement and 3-fold 

broadening.  The 2D-line was broadened by a factor of ca 1.5 with little enhancement.  

The largest identifiable enhancement and line broadening was observed for the D 

graphene line - closer to the resonance peak.  The smaller enhancement and 

broadening was detected for the 2D graphene line – furthest from the resonance peak.  

This was as if the antenna gain curve was superimposed on the Raman scattering 

spectra.  Furthermore, 30-nm gap antennas exhibited a large line broadening to only the 

D-line and no broadening and little amplification to all other Raman lines.  As the 

antenna's gap increases, its center resonance wavelength is shifted towards the shorter 

wavelengths hence covering fewer Raman lines.   

Fig. 4d shows 2D-lines for the D- and BT-ant.  The G- and D-lines of the D-ant 

were further down-shifted with respect to the corresponding BT-ant: the G-line was 
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down-shifted by 21 cm-1 and the D-line was down-shifted by 10 cm-1.  There is a notable 

broadening of these lines for graphene on the D-ant.  If built-in strain has equally 

affected the 2D-line of both the D- and BT-ant, then the difference between the two 

spectra ought to be attributed to the difference in their related antenna gain (peak 

resonance wavelength and bandwidth).  

Besides an obvious enhancement and substantial broadening of the D and the 

2D lines, the D-ants exhibited bandpass characteristics between the cut-off filter and ca 

1700 cm-1.  In contrast, the BT-ant exhibited a monotonic tail away from the laser line.  

The height of this tail varied, yet, an increased tail height did not lend itself to larger 

Raman signals and sometimes to the contrary.  The monotonous tail was also 

characteristic of fiduciary marks and could be used to distinguish resonating and partly 

resonating structures.  The monotonous tail on the fiduciary marks for the 633 nm laser 

is a bit puzzling.  A HeNe laser has a very narrow line width, which may be eliminated 

rather effectively by a cut-off filter, placed in front of the detector array.  This could 

suggest the existence of a broader line, perhaps due to photoluminescence of our 17 

nm thick gold layer [34].   

Figure 5 shows a spatial scan over the graphene coated antenna in 200 nm 

steps.  The intensity profile of the 785 nm laser spot is Gaussian (as judged by the 

interference pattern of the spot through a pin-hole – not shown); therefore, the spatial 

scan may be translated into an intensity scan.  The evolution of the spectra is shown in 

Figure 5a.  Three of these spectra are shown in Figure 5b.  Specifically, the spectra 

were taken at the beginning, middle and at the end of the spatial scan.  The start and 

end points were separated by 1.8 microns with an estimated 10% of the maximal laser 
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intensity on each.  Figure 5b was normalized to the peak D-line amplitude because the 

scan points were not symmetrically dispersed about the antenna’s position.  The 

broadening and narrowing of the G-line is significant because the line is less likely to be 

sensitive to the presence of defects as the D-line.  Since the measured Raman signal is 

sum of contributions from the area around and on the antenna, damaged graphene if 

exists, will affect the linewidth at the end of the spatial scan.  

 

IV. Discussions 

Accumulated data are provided in Table 1.  Strained samples exhibited shifts to both the 

2D and G-lines.  Un-strained samples were identified by little shift to their 2D-line and, 

yet, a shift to their G-line.  Overall, there is a sizeable amplification and broadening to 

the D line, little amplification and broadening to the 2D-line and an apparent 

amplification and broadening to the G-line.  The case for intensity-dependent 

broadening is made below.   

Intensity-dependent line broadening could be attributed to several factors and we 

will comment on each one. 

(a) Amorphous carbon.  The argument for it goes as follows: amorphous 

carbon was formed at the antenna’s tips through photo- or thermal-carbonation [35,36] 

due to extremely large electric fields [37].  Accordingly, its Raman lines overwhelmed 

the scattering signals.  To counter this argument we first point that the ‘hot spot’ model 

predicts that only a few graphene atoms are involved in SERS.  If so, the line shift and 

broadening allude to temperatures in the hundreds of degrees range [38].  At those 

temperatures, the spots ought to be long burnt out since the experiments were 
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conducted in open atmosphere.  As a result, the measured signal should have been 

attributed to only plain graphene surrounding the burnt spots and the antenna gain 

should have been dropped to unity, which is not the case here (see Figures 6,7).  The 

persistent scans over the antennas and the single scan of Figure 5 should resulted in a 

‘damaged’ spectra, which did not happen.  Secondly, line broadening and peak shift 

occurred for the G and 2D lines as well.  This means that the effect cannot be simply 

attributed to developing defects (which mostly affect the D-line and indirectly, decreases 

the intensity of the 2D line).   

(b) Thermal effects.  Obvious concerns are thermal effects.  An apparent peak 

shift of ca 2% observed for some of the D-ant may be consistent with anharmonicity 

[38].  Anhamonicity results from volumetric change of the vibration oscillator.  Yet, a 2% 

down peak-shift is equivalent of thermal heating by a few hundreds of degrees.  This 

conclusion may also be derived if we assume that the line width is proportional to kBT: 

broadening by a factor of 5 or even 3 translates to a temperature change of several 

hundreds of degrees, as well.  Our experience with graphene at those temperatures in 

open air is that the graphene oxidizes and burns, which did not happen to our films.  

(c) Laser post-annealing.  While creating damage, the laser annealed the 

graphene thereby giving the appearance of broad peaks.  For one, the effect we 

measured was repetitive (namely, reversible).  Secondly, laser annealing should have 

blue-shifted the graphene Raman lines [39], contrary to our present data. 

(d) Stress and strain.  Compressive stress results in blue shifted peaks.  Strain, 

or tensile stress will red-shift the peaks to lower wavenumbers [40].  Built-in strain, such 

as arising from fabrication methods, should shift all Raman lines [41] and ought to show 
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up with both the 633 nm, 532 and 785 nm lasers regardless of resonance conditions 

[42-46].  Strain splits both the G- and 2D-lines and one could argue that broadening 

could be the result of poor line resolution.  Moreover, the strain could be larger on the 

antenna due to its height.  Unresolved G-line peak on the antennas means that the 

strain was less than 0.3% with an averaged peak-shift of less than -7 cm-1 [45].  At the 

same time, since the ratio of peak shifts is, ∆w2D
(ε)/∆wG

(ε)~2.2 [44] unresolved peak split 

will be exhibited as a broadened 2D-line, which would also be shifted by more than 15 

cm-1.  These arguments are not supported by data in Table 1 (e.g., D_10_03 where the 

G-line is much broader than the 2D-line). 

In Figs S9 in the SI section we present the 2D line of two antennas under various 

excitation conditions.  One antenna clearly exhibited a red-shifted 2D line, which may 

attributed to strain in addition to intensity-dependent line broadening.  The other 

antenna did not exhibit any intensity dependent shift or line-broadening to its 2D line, 

similarly to Fig. 7 below.  The line-width of the shifted 2D-line was more sensitive to the 

laser intensity than the un-shifted one (Fig. S9a).  Overall, strain alone cannot explain 

the intensity-dependent line broadening of the D and G lines.   

In addition, Fig. S4c for perpendicular polarization clearly exhibits no shift and no 

broadening to the 2D-line.  This could mean that a uniaxial strain acts along the 

antenna's axis (and therefore un-detected for perpendicularly polarized beam).  At the 

same time, the D and G-exhibited small shift and large broadening, which is not 

consistent with the effect of uniaxial strain.  Therefore, for those antennas that did not 

exhibit strain, line shift and broadening should be attributed to frequency pulling and 

gain of the resonator.  
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(e) Substrate effects and built-in surface potential.  Substrates and surface 

potential at the interface between substrate and layer may affect the Raman peak 

position, which in principle, could lead to Raman line broadening [46-51].  The 

combined effects of strain and doping may result in a line, which is partially red-shifted 

and partially blue-shifted [46].  In the SI section we argue that a larger shift to the G-line 

with respect to the 2D-line (Table 1) is not consistent with this scenario.  Specifically, 

the stress will always overwhelm the doping effect and the net result would be a larger 

shift to the 2D-line than the G-line.  Shifts to the Fermi energy below, say ±100 meV, 

little affect the 2D-line but it will blue-shift it nonetheless.  This is not what we observed 

here.   

Our gold antennas are separated from the graphene by an insulator layer 

(alumina), minimizing a direct electronic doping of the graphene (also known as the 

chemical effect [12]).  Yet, some of the photo-induced carriers in the gold may tunnel or 

be trapped with time-constants on the order of ps.  In the Si section we make the case 

that optical doping would shift the Fermi energy by only 3 meV.  The relatively small 

value is due to the small area of the antenna with respect to the laser spot size and the 

relatively low metal loss at that wavelength range.   

(f) The case for Intensity-dependent line broadening.  We selected antennas 

that did not exhibit a 2D-line shift.  The data are shown in Figure 6 and 7 upon ramping-

up and down the laser intensity through IL=5.14, 16.1 and 28.4 mW.  The 2D-line 

suffered from low detector responsivity; nevertheless, its scattering signal depended on 

the pump laser intensity.  We define the amplitude gain, g, as, Iant/Iref≡ILg, where Iant - the 

signal on the antenna (including its surroundings) and Iref – the signal measured in-
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between antennas.  The total scattered signal when the laser spot resides on the 

antenna is Iant=aIL+rIL because the antenna occupies only a small fraction of the entire 

laser spot.  For spontaneous Raman scattering, the coefficients a (for antenna) and r 

(for the reference) are constant of the laser intensity, IL.  If the reference signal in-

between the antennas is available (Figure 6a), then Iant/Iref=IL(1+r/a)≡ILg.  The gain 

coefficient g is constant of intensity for spontaneous Raman scattering as may be 

implied by Figure 6b for the G- and 2D lines.  If signal for the antenna’s surroundings is 

not available, either because it is too weak, or suffers from too much noise, one may 

plot the peak amplitude and its integrated peak value as a function of the laser intensity 

(Figure 6c,d).  If both plots are linear, then the coefficient g(IL) is constant, again as may 

be implied for the G- and D-lines.  If the graphene on the antenna apices was 

progressively damaged upon an increase of the laser intensity, then the curve for the D 

line (mostly affected by the damage) would have the largest gain value at the lowest 

incident laser power.  At the largest laser power, the signal would mostly come from the 

remaining non-damaged areas and would approach unity; in contrast to Figure 6b.    

In Figure 7 we show spectral curves for an area which was first scanned at the 

highest intensity, IL=28.4 mW.  As the laser intensity was reduced by a factor of ~3 

(16.1 mW/5.14 mW) the integrated D-line signal has reduced by a factor of 5.7 

indicating that both the amplitude and the line width have been affected.  Similarly, the 

G-line and the 2D lines exhibited reduction of almost 3 and 5 in their respective 

integrated signals.  Due to the relatively large laser spot size and a small step size, 

each antenna was scanned at least four times with parallel and perpendicular 

polarization states (with respect to the antenna axis).  The order of the scans varied with 
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no obvious lingering effect.  If the graphene was damaged during previous scans, the 

scattering amplitude would decrease but not its line width.  A scan with a 532 nm laser 

at 1 mW (Fig S1b in the SI section) was made after completing the intensity scans.  No 

apparent damage was noted as judged by a small D-line.  

Intensity-dependent gain implies coherent effects.  It is interesting to note that the 

dimension of our antennas are well within the dimension of the equivalent 

plasmonic/polaritonic wavelength for the graphene, which is in the IR region [50-55].  

While spontaneous Raman scattering for graphene is not expected to couple to a 

propagating surface modes, it has been shown that higher-order nonlinear effects could 

provide such coupling [56].  Detailed analysis of this process is beyond the scope of this 

paper.   

Finally, an equation for the excited phonon state, N1 may be written as, 

 ���

��
= ���	

(�)
��(�
 + 1) − ����

(�)
�
(�� + 1) − ��/��. (1c) 

Here, the life-time of the phonon at the excited state τ1 includes all processes, such as 

electron-phonon and phonon-phonon interactions [57].  Indirectly, the cavity gain affects 

the time-constant of the excited phonon too: 1/τ1
eff→1/τ1(1+γ1(pn)) with γ1(pn)

∼NsNL.  

 

V. Conclusions 

We demonstrated frequency selective Raman signal enhancement and line broadening 

with graphene-coated diamond-shape nano-antennas.  Selective line broadening was 

also correlated with the antenna gap (which dictates the antenna resonance wavelength 

and hence the coverage of Raman lines by the antenna gain curve).  Intensity 
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dependent gain, line broadening and peak-shift were attributed to plasmonic/polaritonic 

modes in these nano-optical amplifiers.  
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Table 1: accumulated data 

Sample line-shift/line-
width/amplitude 

line-width/ 
amplitude 

line-shift/line-
width/amplitude 

line-width/ 
amplitude 

strained D_10_03(1) Reference_10(1) D_30_09(3) Reference_30(3) 
     D-line -13/203/274 55/6 +13/170/34 26/11 
     G-line -30/90/171 35/21 -2/35/56 30/41 
     2D-line -23/56/19 34/7 -11/57/20 52/20 
un-strained D_10_07(2) Reference_10(2) D_10_03(4) Reference_10(4) 
     D-line NA/141/58 NA +12/179/120 124/6 
     G-line -8/21/161 12/32 -20/73/98 35/35 
     2D-line +4/36/26 31/20 -2/44/19 42/15 
 

Shifts and line-width are denoted in cm-1.  Line shifts are noted with respect to data in-

between antennas (Reference).  Amplitudes are provided in counts.  Errors varies but 

were ca ±4 cm-1.  For 785 nm laser, the 2D line for the reference appeared mostly at 

2601 cm-1(and with some exceptions at 2607 cm-1), the G-line mostly at 1587 cm-1, and 

the D line at 1298 cm-1 (and with some exceptions at 1304 cm-1).  The laser polarization 

was parallel to the antenna axis except in (4).  The position of the D-line is subjected to 

a larger error due to its larger width.  

(1)  Figure 4 D-ant with a 10 nm gap at 28.4 mW; the laser polarization was parallel to 

the antennas' axis 

(2)  Figure 7a D-ant with 10 nm gap at 16.1 mW; the laser polarization was parallel to 

the antennas' axis 

(3)  Figure S6b D-ant with a 30 nm gap at 28.4 mW; 

(4)  Figure S4c D-ant with a 10 nm gap at 28.4 mw with the laser polarization 

perpendicular to the antenna axis.  
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Figure Captions 

Figure 1: Near-field and far-field patterns. Near-field and far-field patterns. Near-

field gain distribution in decibels (dB) for (a) diamond antenna (D-ant) at 

resonance and, (b) bow-tie antenna (BT-ant) evaluated at the resonance 

frequency of the D-ant.  The gain is defined as, -

10log10(│Elocal│/Eincident).  The simulations were conducted with the 

full structure as described in the Method section (namely, including the 

alumina and graphene layers). (c) Normalized far-field reflection 

distribution.  The two solid lines are for rounded tips at a 12.4 nm gap.  

Simulations for rounded BT-ant with a 22 nm gap are shown by the dash 

curve. 

Figure 2: Electronic and optical scattering images. (a) SEM image of the layout: 

the yellow arrows point to the position of antennas; the light blue arrows 

point to the position of marks. (b) Diamond-shape optical antenna (D-ant). 

(c) As-is image for the integrated G-line when the sample was illuminated 

by a polarized 633 nm HeNe laser. Laser polarization was along the 

antenna axis (the x-axis). (d) As-is image for the integrated G-line when 

the sample was illuminated with a 785 nm laser.  The laser polarization 

was along the antenna axis. 

Figure 3: Spatial maps with spectral background corrected. (a) Integrated 

graphene D-line. (b) Integrated graphene G-line. Both a, and b, were 

taken with laser polarization parallel to the antenna’s axis. (c) Integrated 

graphene D-line taken with laser polarization perpendicular to the 
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antenna’s axis. A slight shift of the stage is noted. The antenna’s gap of D-

ant was nominally 10 nm and the layout was illuminated by a λ=785 nm 

laser. 

Figure 4:  Spatial maps and Raman spectra. (a) As-is spatial maps of graphene 

2D line taken with (a) BT-ant and (b) with D-ant. The laser wavelength 

was 785 nm polarized along the antenna's axis and the antenna’s gap was 

nominally 10 nm.  Yellow arrows point to the antennas; light blue arrows 

point to the fiduciary marks.  An optical filter cuts the laser line near zero 

for both antennas.  (c) As-is Raman spectra of both antenna types. (d) 

Raman spectra. The spectral background was subtracted.  The inset 

shows a typical spectrum of graphene between the D-ant; the relative 

small amplitude of the 2D-line is due to the limited sensitivity of the Si 

detector array in this spectral range (~980 nm; see also data for 633 nm 

laser in the SI section) 

Figure 5.  Spatial scans and Raman spectra.  (a) Spectral data while the focused 

laser spot of ca 715 nm was scanning the ca 150 nm D-ant in steps of 200 

nm.  The spectral range was 1000-3000 cm-1. The laser intensity was 

maximal, 28.4 mW.  The inset exhibits the same data in reverse order.  (b) 

Three raw spectral data of graphene on D-ant: scans 5 (green solid 

circles), 8 (red solid circles) and 14 (blue open circles).  Scan 8 was at 

maximal power.  Scans 5 and 14 were separated by 1.8 µm at 10% of 

maximal laser power.  The signals were normalized to the peak amplitude 

of the D-line.   
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Figure 6.  Amplitude and integrated gain. (a) The signal in-between antennas 

exhibits a linear dependence on the laser intensity (spontaneous Raman 

scattering).  The largest signal comes from the G-line; the largest 

intensity-dependent effect was obtained for the D-line.  (b) Amplitude 

Gain, defined as the ratio between the signal on the antenna and the 

signal obtained for area between the antennas, as a function of laser 

intensity.  Alternatively, one may plot the peak amplitude (c) and the 

integrated peak amplitude (d) as a function of the laser intensity.  The set 

of antennas is different than the one shown in (a), (b). 

Figure 7.  Intensity-dependent spectra. Fitted spectra of D-ant taken at (a) IL=16.1 

mW and followed by (b) IL=5.14 mW.  The widths of the D-, G- and 2D-

lines were, respectively: (a) 140±3, 21±1, 36±3 cm-1 on the antennas and 

12±2, 31±3.5 cm-1 for the area between them (there was no observable D-

line). (b) 74±4, 17±1, 37±4.5 cm-1 on the antennas and 11±2, 25±2.5 cm-1 

for the area between them.  Upon a decrease of the laser intensity by 

approximately a factor of 3, the decrease in the integrated peak count 

was, 5.7, 3 and 5 for the D-, G- and 2D-lines, respectively. The slightly 

lower 2D line in (b) compared to (a) might be the result of a smaller signal 

to noise ratio. 
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Figure 1: Near-field and far-field patterns. Near-field gain distribution in decibels (dB) 
for (a) diamond antenna (D-ant) at resonance and, (b) bow-tie antenna (BT-ant) 
evaluated at the resonance frequency of the D-ant.  The gain is defined as, -
10log10(│Elocal│/Eincident).  The simulations were conducted with the full structure as 
described in the Method section (namely, including the alumina and graphene layers). 
(c) Normalized far-field reflection distribution.  The two solid lines are for rounded tips at 
a 12.4 nm gap.  Simulations for rounded BT-ant with a 22 nm gap are shown by the 
dash curve.  
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Figure 2: Electronic and optical scattering images. (a) SEM image of the layout: the 
yellow arrows point to the position of antennas; the light blue arrows point to the position 
of marks. (b) Diamond-shape optical antenna (D-ant). (c) As-is image for the integrated 
G-line when the sample was illuminated by a polarized 633 nm HeNe laser. Laser 
polarization was along the antenna axis (the x-axis). (d) As-is image for the integrated 
G-line when the sample was illuminated with a 785 nm laser.  The laser polarization 
was along the antenna axis. 
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Figure 3: Spatial maps with spectral background corrected. (a) Integrated graphene 
D-line. (b) Integrated graphene G-line. Both a, and b, were taken with laser polarization 
parallel to the antenna’s axis. (c) Integrated graphene D-line taken with laser 
polarization perpendicular to the antenna’s axis. A slight shift of the stage is noted. The 
antenna’s gap of D-ant was nominally 10 nm and the layout was illuminated by a λ=785 
nm laser.   
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Figure 4: Spatial maps and Raman spectra. (a) As-is spatial maps of graphene 2D 
line taken with (a) BT-ant and (b) with D-ant. The laser wavelength was 785 nm 
polarized along the antenna's axis and the antenna’s gap was nominally 10 nm.  Yellow 
arrows point to the antennas; light blue arrows point to the fiduciary marks.  An optical 
filter cuts the laser line near zero for both antennas.  (c) As-is Raman spectra of both 
antenna types. (d) Raman spectra. The spectral background was subtracted.  The inset 
shows a typical spectrum of graphene between the D-ant; the relative small amplitude 
of the 2D-line is due to the limited sensitivity of the Si detector array in this spectral 
range (~980 nm; see also data for 633 nm laser in the SI section)  
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Figure 5. Spatial scans and Raman spectra.  (a) Spectral data while the focused 
laser spot of ca 715 nm was scanning the ca 150 nm D-ant in steps of 200 nm.  The 
spectral range was 1000-3000 cm-1. The laser intensity was maximal, 28.4 mW.  The 
inset exhibits the same data in reverse order.  (b) Three raw spectral data of graphene 
on D-ant: scans 5 (green solid circles), 8 (red solid circles) and 14 (blue open circles).  
Scan 8 was at maximal power.  Scans 5 and 14 were separated by 1.8 µm at 10% of 
maximal laser power.  The signals were normalized to the peak amplitude of the D-line.   
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Figure 6. Amplitude and integrated gain. (a) The signal in-between antennas 
exhibited a linear dependence on the laser intensity (spontaneous Raman scattering).  
The largest signal comes from the G-line; the largest intensity-dependent effect was 
obtained for the D-line.  (b) Amplitude Gain, defined as the ratio between the signal on 
the antenna and the signal obtained for area between the antennas, as a function of 
laser intensity.  Alternatively, one may plot the peak amplitude (c) and the integrated 
peak amplitude (d) as a function of the laser intensity.  The set of antennas is different 
than the one shown in (a), (b). 
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Figure 7.  Intensity-dependent spectra. Fitted spectra of D-ant taken at (a) IL=16.1 
mW and followed by (b) IL=5.14 mW.  The widths of the D-, G- and 2D-lines were, 
respectively: (a) 140±3, 21±1, 36±3 cm-1 on the antennas and 12±2, 31±3.5 cm-1 for the 
area between them (there was no observable D-line). (b) 74±4, 17±1, 37±4.5 cm-1 on 
the antennas and 11±2, 25±2.5 cm-1 for the area between them.  Upon a decrease of 
the laser intensity by approximately a factor of 3, the decrease in the integrated peak 
count was, 5.7, 3 and 5 for the D-, G- and 2D-lines, respectively. The slightly lower 2D 
line in (b) compared to (a) might be the result of a smaller signal to noise ratio. 
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