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ABSTRACT
Plasmon-enhanced coherent Raman scattering microscopy has reached single-molecule detection sensitivity. Due to the different driven
fields, there are significant differences between a coherent Raman scattering process and its plasmon-enhanced derivative. The com-
monly accepted line shapes for coherent anti-Stokes Raman scattering and stimulated Raman scattering do not hold for the plasmon-
enhanced condition. Here, we present a theoretical model that describes the spectral line shapes in plasmon-enhanced coherent anti-
Stokes Raman scattering (PECARS). Experimentally, we measured PECARS and plasmon-enhanced stimulated Raman scattering (PESRS)
spectra of 4-mercaptopyridine adsorbed on the self-assembled Au nanoparticle (NP) substrate and aggregated Au NP colloids. The
PECARS spectra show a nondispersive line shape, while the PESRS spectra exhibit a dispersive line shape. PECARS shows a higher
signal to noise ratio and a larger enhancement factor than PESRS from the same specimen. It is verified that the nonresonant back-
ground in PECARS originates from the photoluminescence of nanostructures. The decoupling of background and the vibrational reso-
nance component results in the nondispersive line shape in PECARS. More local electric field enhancements are involved in the PECARS
process than in PESRS, which results in a higher enhancement factor in PECARS. The current work provides new insight into the
mechanism of plasmon-enhanced coherent Raman scattering and helps to optimize the experimental design for ultrasensitive chemical
imaging.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0035163., s

I. INTRODUCTION

Coherent Raman scattering (CRS) microscopy, including
coherent anti-Stokes Raman scattering (CARS) and stimulated
Raman scattering (SRS), has enabled high-speed vibrational imag-
ing in both the high-wavenumber region and the fingerprint region
and allowed for mapping of biomolecules in living systems at a video

rate.1–10 CARS microscopy and SRS microscopy have been both
extensively developed for various biological applications from single
cells to large area tissues.11–20

Physically, the CARS signal contains a nonresonant back-
ground due to nonlinear optical responses mediated through molec-
ular electronic states.5 The mixing between the nonresonant and
resonant contributions creates a dispersive feature in a CARS
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spectrum, which makes it a challenge in assignment of Raman peaks.
The nonresonant contribution of bulk mediums also introduces
a background offset in CARS images that could even overwhelm
the vibrational peaks of low-concentration analytes. Compared to
CARS, SRS microscopy is free of the nonresonant background. Thus,
the SRS spectrum is identical to the spontaneous Raman spectrum
and provides high contrast for target chemical components. SRS is
also affected by non-Raman processes including cross-phase modu-
lation, transient adsorption, or photothermal effect that could mini-
mize with an optimized setup.21 In addition, unlike the CARS signal
that shows a quadratic relationship with the concentration of ana-
lytes, the heterodyne-detected SRS signal has a linear concentration
dependence.

Notwithstanding the advantages and attributions, the sensi-
tivity of CRS imaging is on the level of millimolar of inherent
biomolecules. It is challenging to achieve single-molecule level
measurement via CRS microscopy without additional enhance-
ment mechanisms. Plasmonic nanostructures are known to effec-
tively enhance local electromagnetic fields at the nanometer
scale. Through such plasmonic enhancement, CARS and SRS
both achieved single-molecule detection sensitivity recently.22–25

Plasmon-enhanced CRS (PECRS) microscopy, including plasmon-
enhanced CARS (PECARS) and plasmon-enhanced SRS (PESRS),
offers a novel platform for ultrasensitive and ultrafast vibrational
spectroscopic imaging.

In standard CRS imaging experiments, the vibrational coher-
ence is generated by the incoming light field, while, in a PECRS
experiment, the molecule is driven by the near field around the
plasmonic nanostructures.26 Thus, there are significant differences
between a CRS process and its plasmon-enhanced derivative. For
example, unlike the Lorentzian line shape in standard SRS spec-
tra, the PESRS spectra from SiO2-coated Au nanodumbbell colloids
and from the aggregated Au nanoparticle (Au NP) substrate both
showed dispersive line shapes.25,27–29 The asymmetric spectral fea-
tures of PESRS result from the interference between the Raman
signal and the plasmon field or the plasmon light emission.29–31

Meanwhile, the PECARS spectra by Scully et al. showed a dis-
persive line shape, caused by the interference between the CARS
signal and a four-wave mixing background from the nanostruc-
ture.32,33 In contrast, the PECARS spectra recorded by Potma et al.
showed a low background without a dispersive line shape, similar
to those seen in surface-enhanced Raman spectroscopy.34 However,
the origin of the nondispersive feature of PECARS spectra has not
been fully investigated. These observations are different from the
line shapes of conventional SRS and CARS spectra obtained in the
absence of a plasmonic antenna. The Van Duyne group and Potma
group have independently studied the same commercial plasmonic
nanostructure (SiO2-coated Au nanodumbbell) via PESRS27,28,35 and
PECARS,23,34 respectively, while the laser sources, the measurement
systems, and the status of nanoparticles in their experiments are
totally different. Recently, Potma’s group simultaneously recorded
PECARS and PESRS on an ensemble of nano-antennas. Yet, no
vibrational information in the PESRS channel was recorded.36 Thus,
it is valuable to record and compare PECARS and PESRS using
the same plasmonic nanostructure and the same measurement
setup.

Here, we present a theoretical model that describes the
observed nondispersive PECARS spectra in our experiment and the

dispersive PECARS spectra in previous papers. Then, we recorded
PECARS and PESRS spectra from the same molecules on the
same plasmonic nanostructure under the same experimental condi-
tion. Specifically, we compared the PECARS and PESRS spectra of
4-mercaptopyridine (Mpy) obtained from two kinds of common
plasmonic nanostructures: self-assembled Au NP substrate and
aggregated Au NP colloids. Additionally, we analyzed the origin of
the nonresonant background in the PECARS spectra. Our experi-
mental results match the theoretical prediction well.

II. THEORY
A. PECARS line shape

We used the classic light–matter interaction mode to describe
line shapes of PECARS spectra. With a pump field (EP) at the fre-
quency of ωP and a Stokes field (ES) at the frequency of ωP, a
molecule generates an anti-Stokes signal at ωaS. For CARS in the
absence of the plasmonic field, the CARS intensity can be written
as

ICARS = ∣Pas∣2 = ∣iχ(3)E2
PE
∗

S ∣
2
= E4

PE
2
S∣χ
(3)
R + χ(3)NR ∣

2

= ∣EP∣4∣ES∣2(∣χ(3)R ∣
2 + ∣χ(3)NR ∣

2 + 2χ(3)NR Re(χ(3)R )), (1)

where

χ(3) = χ(3)NR + χ(3)R = χ(3)NR +
α

Ωv − (ωP − ωS) − iΓ
. (2)

Here, χ(3) is the third order susceptibility. Ων is the Raman vibra-
tional frequency. Γ is the half width at height maximum (HWHM).
α is the oscillator strength of the molecular vibration. χ(3)R is the res-
onant contribution that contains vibrational spectral information,
and χ(3)NR is the nonresonant contribution that originates from the
instantaneous electronic response of the medium. In conventional
CARS, χ(3)NR originates from the bulk medium and cannot be ignored.
The mixed term in Eq. (1) between χ(3)NR and the real part of χ(3)R
creates the dispersive feature of a CARS spectrum.

In the case of PECARS, the anti-Stokes signal field is gener-
ated by the local enhanced pump and Stokes laser fields, and then
the emission of the anti-Stokes signal is amplified by the plasmonic
nanostructure. Here, we assume that the phase between the reso-
nant and nonresonant contributions is not affected by the coupling
of the molecule to the surface plasmon. Thus, the PECARS intensity
is rewritten as

IPECARS = ∣FaSPPE
aS ∣

2
= ∣iχ(3)F2

PE
2
PFSE

∗

S ∣
2
∣FaS∣2

= ∣FP∣4∣FS∣2∣FaS∣2∣EP∣4∣ES∣2(∣χ(3)R ∣
2 + ∣χ(3)NR ∣

2 + 2χ(3)NR Re(χ(3)R )).

(3)
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Here, the plasmon-enhanced fields are described as EPFP and ESFS.
FP, FS, and FaS are the corresponding plasmon enhancement coeffi-
cients, which are given by32

Fω = 1 +
AΔ

ΩR − ω − iΔ
, (4)

where ΩR is the local surface plasmon resonance frequency, Δ is the
HWHM of the plasmon peak with the Lorentzian shape, and A is the
local field enhancement factor (EF).

Unlike conventional CARS, the nonresonant background of
PECARS is mainly contributed by either the incoherent process or
the coherent process of nanostructures.26 If the nonresonant back-
ground is an incoherent process, e.g., photoluminescence, the non-
resonant background is decoupled from the molecular susceptibility
and χ(3)NR can be considered zero. In this case, the PECARS spectrum
displays a nondispersive line shape. On the other hand, if the non-
resonant background is a coherent process such as four-wave mixing
(FWM), χ(3)NR cannot be ignored. The interference term in Eq. (3)
generates a dispersive line shape. We note that Scully et al. have pro-
posed a theory model in which the interference between PECARS
signals and FWM background leads to the dispersive line shape in
their observed PECARS results.32,33 Our model is qualitatively simi-
lar to Scully’s model when the FWM background is dominant. Our
model further indicates that PECARS spectra could show a nondis-
persive line shape, as observed in our experiment and previous work
where the incoherent background is dominant.34

B. PESRS line shape
Followed our previous paper,29 the intensity of PESRS under

the plasmon resonance condition is given by

IPESRS = −2 Re(E∗PE
PE
SRS)

∝ −[Im(FP)Re(χ(3)) + Re(FP)Im(χ(3))]. (5)

Details of formula derivation can be found in our previous paper.29

Equation (5) indicates a dispersive line shape in PESRS due to the
interference between the molecular susceptibility and the plasmon
enhancement coefficient.

C. Simulations
Based on Eqs. (3) and (4), we performed the simulation of

PECARS spectra as a function of the ratio of the nonresonant com-
ponent χ(3)NR to the resonant component α, as shown in Fig. 1(a).
Employing a previously described protocol,29 we also simulated the
PESRS spectrum, as shown in Fig. 1(b). The Raman peak is cen-
tered at 1270 cm−1 with a 7 cm−1 HWHM. The pump and Stokes
beam wavelengths are centered at 921 nm and 1040 nm, respec-
tively. The plasmon peak is kept at 800 nm, and the local field
enhancement factor is 100. The HWHM of the plasmonic peak is
set as 5000 cm−1. As expected, when the nonresonant background is
zero or small, the PECARS spectra [black and red lines in Fig. 1(a)]
show symmetric line shapes. When χ(3)NR is comparable with the res-
onant contribution, the PECARS spectra [blue and green lines in
Fig. 1(a)] exhibit dispersive line shapes. Our theoretical model and
simulation results indicate that the relative magnitudes of the non-
resonant part can be responsible for the appearance of dispersive
and nondispersive line shapes in reported PECARS measurements.
Figure 1(b) confirms that the PESRS spectrum displays a dispersive
line shape.

III. EXPERIMENT
A. Preparation of gold nanostructures

The solid nanostructure substrate and colloid sols are the most
common nanostructures in plasmon-enhanced spectroscopy. Here,
we prepared two different NP substrates to demonstrate the univer-
sality of our theory. To prepare uniform Au NP substrates, we used

FIG. 1. (a) Simulated PECARS spectra as a function of the ratio of the nonresonant component (χ(3)
NR ) and resonant component α. (b) Simulated PESRS spectra.
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the two-step seed-mediated growing method for the fabrication of
homogeneous spherical Au NPs with a diameter of 60 nm in a highly
controllable way.37 In brief, 1.2 ml of 1% (w/v) sodium citrate aque-
ous solution was added quickly into 100 ml of 0.01% (w/v) HAuCl4
solutions that were refluxed to boiling under vigorous stirring. The
mixture was kept boiling for 30 min and then cooled down to room
temperature. The product was used as seeds in the following step.
Then, 5.8 ml of 25 mM hydroxylamine hydrochloride was slowly
added into 7 ml of 30 nm Au seeds. Then, 5.8 ml of 2.5 mM HAuCl4
aqueous solution was added dropwise under vigorous shaking. The
uniform 60 nm Au NPs were prepared after the mixture kept shak-
ing for 30 min. To disperse the Au NPs uniformly on the substrate, a
cover glass was thoroughly cleaned and activated by a piranha solu-
tion (a mixture of concentrated sulfuric acid and hydrogen peroxide,
usually in a ratio of 3:1). After drying the cover glass by airflow, the
cover glass was then treated with a 10% (v/v) of (3-aminopropyl)-
trimethoxysilane ethanol solution for 24 h to silanize the surface and
then baked at 110 ○C for about 2 h with water vapor. Finally, the
cover glass was immersed in the above 60 nm Au NP colloids for
20 h to assemble Au NPs. The morphology of the self-assembled Au
NP substrate was characterized by the scanning electron microscope
(SEM). As shown in Fig. 2, the SEM image of Au NP substrates indi-
cates high density of monolayer Au NPs on the cover glass. Only a
very small number of aggregates can be found on the substrate. For
the PECRS test, 10 μl of 57 μM Mpy solution was dropped on the as-
prepared Au NP substrate and dried in a vacuum before the PECRS
measurement.

We also prepared 60 nm Au NP colloids using a citrated reduc-
tion method. In brief, 0.7 ml of 1% sodium citrate aqueous solution
was added quickly into 100 ml of 0.01% (w/v) HAuCl4 solutions
that are refluxed to boiling under vigorous stirring. The mixture was
kept boiling for 30 min and then cooled down to room temperature.
The as-prepared 10 ml Au NPs were subsequently functionalized
with Mpy by adding 100 μl of 57 μM Mpy aqueous solution under
vigorous shaking. To increase the stability of Mpy-functionalized Au

FIG. 2. SEM image of a self-assembled Au NP substrate.

NP colloids, 100 μl of 2% bovine serum albumin aqueous solution
was added dropwise under vigorous stirring and was kept shaking
for 15 min.38

B. Hyperspectral CRS microscope
PECARS imaging and PESRS imaging were implemented on

the same spectral focusing CRS microscope with some modifica-
tions. Figure 3 presents the scheme of the hyperspectral CRS micro-
scope. In our scheme, a femtosecond laser (InSight DS+, Spectra-
Physics) operating at 80 MHz provides the pump and Stokes laser
source. To cover the desired vibrational region, the pump beam
was tuned to 921 nm and the Stokes beam to 1040 nm. The pump
and Stokes pulses were equally stretched to the picosecond level,
by five glass rods (SF57, 15 cm per rod) in a common path and
one rod in a Stokes beam, for the spectral focusing purpose. Then,
both beams were sent to a lab-built laser-scanning microscope. A
60× water immersion objective (NA = 1.2, Olympus) was used to
focus the light on the sample, and an oil condenser (NA = 1.4,
Olympus) was used to collect the signal. A flipper mirror after
the condenser was used to select different detection paths for the
PECARS and PESRS measurements. The laser powers (e.g., pump
∼100 μW and Stokes ∼100 μW on the sample) were sufficiently
low to avoid the photodamage of molecules and nanostructures. To
obtain the SRS signal, the Stokes beam was modulated at 2.3 MHz
by an acousto-optic modulator (AOM). Two 1000 nm short-pass fil-
ters (Thorlabs) blocked the Stokes laser before a photodiode with
a lab-built resonant amplifier. A lock-in amplifier demodulated the

FIG. 3. Scheme of a spectral focusing hyperspectral coherent Raman scat-
tering microscope with CARS and SRS detection channels. AOM: acousto-
optic modulator; PMT: photomultiplier tube; PD: photodiode; DM: dichromatic
mirror.
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SRS signal. To obtain the CARS signal, the AOM on the Stokes
beam was turned off. A photomultiplier tube (H7422-50, Hama-
matsu Photonics) with an 830 nm/40 nm filter was used to collect
the CARS signal. The hyperspectral PECRS data cube contained
200 × 200 pixels2 with 80 Raman channels. The PESRS imaging
speed was about 1 min per data cube with a 10 μs dwell time per
pixel. The image area (50 × 50 μm2) and pixel size (250 nm) were
the same in all experiments.

IV. RESULTS AND DISCUSSION
A. PECARS and PESRS measurements
on self-assembled Au NP substrate

We randomly measured three locations on a self-assembled Au
NP substrate. Both PECARS and PESRS signals were recorded in
each location. The PECARS and PESRS spectra of each location were
obtained by averaging the image area. Figures 4(a) and 4(b) present
raw PECARS and PESRS spectra in three locations, respectively. The
resulting PECARS and PESRS spectra all consist of a narrower fea-
ture at 1275 cm−1 on the top of a strong and broad background. To
extract the vibrational resonance component, we used a penalized
least squares (PLS) approach to remove this broad spectral back-
ground.39 The fitting backgrounds are shown in Figs. 4(a) and 4(b) as
the same color dashed lines for corresponding PECARS and PESRS
spectra. Figures 4(c) and 4(d) show the vibrational resonant compo-
nent of the PECARS and PESRS spectra obtained by the subtraction
of the fitted background from the observed corresponding PECARS
and PESRS signals. The average signal to noise ratio (SNR) of the
PECARS spectrum is around 18.6, while the average SNR of the
PESRS spectrum is around 5.6. This result indicates that PECARS
provides a better SNR than PESRS. The main reason for this SNR
difference is that the overall PECARS intensity enhancement is pro-
portional to the eighth power of local electric field enhancement
(g8)40 and the PESRS signal shows the fourth power of local electric
field enhancement (g4).26

To estimate the enhancement factor (EF) of PESRS and
PECARS, we calculated the power-averaged and molecule-averaged
intensity between PECRS and CRS as follows:

EFPECARS =
IPECARS/(P2

PECARSSPECARSN
2
PECARS)

ICARS/(P2
CARSSCARSN

2
CARS)

,

EFPESRS =
IPESRS/(PPESRSSPESRSNPESRS)

ISRS/(PSRSSSRSNSRS)
,

(6)

where I is the intensity, N is the number of molecules, P is the pump
power, and S is the Stokes power. The PECARS and PESRS of Mpy
were measured on self-assembled Au NP substrates. The CARS and
SRS were measured on the Mpy solid sample. We assumed the size
of the laser spot is 1 μm and the size of Mpy is 0.5 nm2 per molecule.
Based on the SEM image (Fig. 2), about 80 Au NPs were under the
laser spot and a monolayer Mpy adsorbed on the Au NP surface.
Thus, the number of molecules on the surface can be estimated as
about 1.8 × 106. The density of Mpy is 1.161 g/ml. The number of
molecules in detection volume [∼π × (0.5 μm)2

× 1 μm = 0.785 μm3]
is about 4.9 × 109 for the solid sample. The experimental condi-
tions and measurement results are shown in Table I. Following
Eq. (6), the estimated EF of PECARS and PESRS is 1.2 × 1010 and
3.2 × 105, respectively. The EF of PECARS is close to the square
of the EF of PESRS, which matched the theory. Considering the
larger difference in EFs between PECARS and PESRS, the smaller
difference in the SNR may result from that different detector and
detection schemes to measure PECARS (a photomultiplier tube) and
PESRS (a photodiode and lock-in amplification scheme).

In addition, the PECARS spectra of Mpy show a Lorentzian
line shape and PESRS spectra of Mpy show a dispersive line
shape. The dispersive line shape of PESRS spectra, consistent with
our theory model, results from the local enhanced electromag-
netic field induced by the plasmonic nanostructures, which inter-
fere with the molecular dipole-induced field.29,30 The mechanism of

FIG. 4. PECARS and PESRS spectra obtained from Mpy adsorbed on the Au NP substrate. (a) and (b) Three raw PECARS (a) and PESRS (b) spectra obtained from different
locations. Corresponding fitting backgrounds are displayed as dashed lines. (c) and (d) Corresponding background-corrected PECARS (c) and PESRS (d) spectra.
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TABLE I. Experimental conditions and estimated enhancement factor.

Signal Pump Stokes Number
intensity power (mW) power (mW) of molecules EF

PECARS 0.089 0.1 0.1 1.8 × 106 1.2 × 1010

CARS 6.94 5 5 4.9 × 109

PESRS 0.021 0.1 0.1 1.8 × 106 3.2 × 105

SRS 4.45 10 25 4.9 × 109

the nondispersive feature of PECARS spectra is to be explained in
Subsection IV C.

B. PECARS and PESRS measurements on Au NP
colloids

To demonstrate the universality of our observation, we studied
another commonly used plasmon-enhanced nanostructure: Au NP
colloids. The 1 ml Mpy-functionalized Au NP colloids were concen-
trated by centrifugation and then re-dispersed into 10 μl phosphate
buffer solution (PBS). The Au NP colloids were dropped on a cover
glass with a double-side tape spacer and then sealed by another cover
glass.

We also recorded PECARS and PESRS signals of the Mpy-
functionalized Au NP colloids in randomly three locations. Due
to the large aggregation of Au NPs induced by Mpy molecules
and PBS, the movement of aggregated Au NP clusters could be
ignored. In addition, to further decrease the intensity variation, the
imaging area-averaged PECARS and PESRS spectra are present in
Figs. 5(a) and 5(b). PECARS and PESRS spectra from Au NP colloids
both exhibit broad backgrounds. Both are weaker than the PECARS

and PESRS spectra obtained from the self-assembled substrate,
which is due to the relative low density of nanostructures. The PLS
algorism was employed to remove backgrounds from PECARS and
PESRS spectra. The corresponding background-removal PECARS
and PESRS spectra are shown in Figs. 5(c) and 5(d). Similar to the
above PECARS spectra obtained from the self-assembled substrate,
the peak at 1270 cm−1 is clearly observed in the spectra obtained
from Mpy-modified Au NP colloids. The weak peak at 1215 cm−1

is also observed. The difference in Mpy spectra obtained from the
self-assembled nanostructure and the colloids could be attributed
to the different pH in a dry and aqueous environment or differ-
ent molecular adsorbed orientation on the nanostructure substrate
and the colloidal solution. Even so, the PECARS spectra from Au
NP colloids also show a nondispersive line shape similar to those
obtained on the self-assembled substrate. On the other hand, the
background-corrected PESRS spectra carry no vibrational spectral
information.

As far as our experiment condition is concerned, we notice
that when plasmonic enhancement is involved, PESRS measure-
ments are not necessarily favored over PECARS. Unlike the CARS
spectra with a dispersive line shape, the PECARS spectrum shows

FIG. 5. PECARS and PESRS spectra obtained from Mpy-functionalized aggregated Au NP colloids. (a) and (b) Three raw PECARS (a) and PESRS (b) spectra obtained from
different locations. Corresponding background fittings are displayed as dashed lines. (c) and (d) Corresponding background-corrected PECARS (c) and PESRS (d) spectra
of Mpy.
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a relatively undistorted line shape as we expected. On the other
hand, the PESRS spectrum shows a dispersive line shape. In addition,
the total enhancement of PECARS overwhelms the enhancement of
PESRS because more local electric field enhancements are involved
in the PECARS process than those of PESRS. These advantages make
PECARS favorable for PECRS imaging.

C. Origin of background in PECARS spectra
To verify the above theoretical description of PECARS line

shapes, we studied the origin of the background observed in our
PECARS spectra. We induced the aggregation of Au NP colloids
by adding 2 mM MgSO4 without Mpy molecules. Generally, the
background of PECARS could be contributed by the photolumi-
nescence (an incoherent process) and FWM (a coherent process)
from metals.26 To investigate the nature of the observed back-
ground, we measured its power dependence from the aggregated
Au NP colloids without Mpy, as shown in Figs. 6(a) and 6(b). The
same 830 nm/40 nm filter was used for the background detection.
The broad backgrounds without any sharp feature are observed.
Figure 6(c) shows that the signal scales linearly with the pump
and Stokes powers. Figure 6(d) shows the image of aggregated Au
NPs without Mpy when illuminated with pump and Stokes beams.
The bright spots present the location of aggregated Au NPs. The
bulk solution does not provide any detectable signals. The imaging
intensity of Fig. 6(d) is much stronger than that of the two-photon
fluorescence images illuminated by Stokes beams [Fig. 6(e)] or

pump beams [Fig. 6(f)] only. Our results indicate that the back-
ground of the PECARS spectrum originates from the two-photon
two-wavelength photoluminescence process of nanoparticles. This
result falls into line with our theoretical model that the nondis-
persive PECARS spectrum always companies with an incoherent
background. In our PECARS results, the nonresonant background
originates from the photoluminescence of nanoparticles. This inco-
herent process is decoupled from the resonant part. In addition,
as shown in Fig. 6(d), the FWM background from the solvent
without plasmon-enhanced effect is negligible. Thus, the observed
PECARS spectra show a nondispersive feature due to the negligi-
ble mixed term in Eq. (3). On the other hand, PECARS spectra
with a femtosecond laser were reported by Scully et al. to contain
a large FWM background.32,33 The FWM nonresonant background
can interfere with the resonant part and generate a dispersive line
shape. Collectively, our results indicate the origin of backgrounds
might be the key difference for determining the appearance of dis-
persive and nondispersive line shapes in different reported PECARS
measurements.

We attribute the absence of the FWM signal to the laser exci-
tation conditions. Our previous work found that the FWM of Au
nanostructures could be effectively excited by femtosecond pulses
but not by picosecond pulses, while the two-photon photolumines-
cence signals contribute most of optical responses of Au nanos-
tructures to picosecond lasers.41 The different nonlinear optical
response of Au nanostructures might be due to the discrepancy
between the laser pulse duration and the plasma dephasing time of

FIG. 6. Origin of non-resonant background in PECARS. (a) Pump power dependent signal obtained from aggregated Au NP colloids without Mpy. The Stokes power was
kept at 50 μW. (b) Stokes power dependent signal obtained from aggregated Au NP colloids without Mpy. The pump power was kept at 50 μW. (c) Log scale of signals vs
laser power. (d)–(f) Images of aggregated Au NPs without Mpy with different laser illumination statuses.
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nanostructures that is usually on the femtosecond timescale.42–44 In
this work, the femtosecond lasers were chirped to the picosecond
timescale for hyperspectral PECARS measurement. Thus, we only
observed an incoherent two-photon photoluminescence from metal
nanostructures. In contrast, Scully and co-workers employed fem-
tosecond lasers for PECARS detection and observed a strong FWM
signal. Thus, a preferable PECARS spectrum with a nondispersive
line shape could be obtained by optimizing the laser pulse duration
and/or the dephasing time of nanostructures.

V. CONCLUSIONS
In summary, we presented a theoretical model that explains

the dispersive and nondispersive line shapes observed in differ-
ent PECARS experiments. In this model, the relative magnitudes
of the nonresonant part determine the appearance of dispersive
and nondispersive line shapes of PECARS spectra. Under the same
experimental condition, we measured the PECARS and PESRS spec-
tra of Mpy from two common plasmonic nanostructures: self-
assembled Au NP substrates and aggregated Au NP colloids. For
the same plasmonic nanostructures, the PECARS spectra show a
nondispersive line shape, whereas the PESRS spectra exhibit a dis-
persive line shape, which is the opposite of the features of the CARS
and SRS spectra without plasmonic fields. PECARS also has been
shown to have a higher SNR than PESRS due to a much larger
enhancement factor. The nonresonant background in PECARS
measurement mainly originates from the photoluminescence of
nanoparticles. The decoupling of the incoherent background and
the vibrational resonance accounts for the undistorted line shapes in
PECARS spectra. Together, the current work provides new insight
into the fundamental mechanism of PECRS and helps to opti-
mize experimental design for ultrasensitive and ultrafast chemical
imaging.
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