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The scope of this work is to provide you with an overview of the chemical physics of resonance Raman 
spectroscopy, present and discuss some examples of resonance Raman spectra, and discuss those 
things to be alert to in recognizing resonance enhancement in your Raman spectra. How does reso-
nance Raman spectroscopy differ from so-called normal Raman spectroscopy? The primary difference 
is that the scattering strength of those Raman active vibrational modes associated with the electronic 
transition are greatly enhanced, up to 106 times the signal strength observed when performing normal 
Raman spectroscopy. The presence of bands attributable to second-order overtone and combination 
modes in resonance Raman spectra is explained.

Exploring Resonance  
Raman Spectroscopy

Molecular Spectroscopy Workbench

R aman spectroscopists are aware of the fact that 
they have a choice of excitation wavelengths. A fre-
quent question that new users have when acquiring 

a Raman spectrometer is “What excitation wavelengths 
will I need to perform Raman spectroscopy?” Usually, 
the choice of excitation wavelength is dictated by a de-
sire to avoid absorption and subsequent f luorescence 
from the sample that can overwhelm the Raman signal. 
However, in those instances where f luorescence does not 
obscure the Raman spectrum, there can be real benefits 
to choosing an excitation wavelength that couples to an 
electronic transition or photon absorption of the mate-
rial. When that is done, we say that the excitation wave-
length is in resonance with an electronic transition, and 
the result can be resonance enhanced Raman spectra.

Resonance Raman spectroscopy cannot be described 
properly without invoking quantum mechanics and some 
mathematically complicated concepts in chemical phys-
ics. A detailed explanation of resonance Raman spectros-
copy is beyond the scope of this installment. We encour-
age you to consult these good references should you want 

that level of detail (1–7). How does resonance Raman 
spectroscopy differ from so-called normal Raman spec-
troscopy? The primary difference is that the scattering 
strengths of those Raman active vibrational modes as-
sociated with the electronic transition are greatly en-
hanced, up to 106 times the signal strength observed 
when performing normal Raman spectroscopy. One im-
mediate consequence of that phenomenon is that a reso-
nance Raman spectrum can appear quite different from 
a normal or nonresonant Raman spectrum, because of 
the differences in relative intensities of the Raman bands.

Most users of Raman instrumentation are aware of the 
fact that the Raman spectrum of a material will appear 
the same even if different excitation wavelengths are used. 
The band positions and their relative intensities do not 
change as a function of the excitation wavelength if one 
incorporates a correction for the wavelength dependent 
instrument response function of the spectrometer. The 
wavelength independence of the Raman spectrum is true 
insofar as no absorption occurs for any of the laser excita-
tion wavelengths. The absence of absorption is the condi-



www.spec t roscopyonl ine .com December 2018   Spectroscopy 33(12)  13

tion associated with normal Raman 
spectroscopy. However, if the excita-
tion wavelength is in resonance with 
an electronic transition of the sam-
ple, then enhancement of the signal 
strength of some Raman bands can 
occur. Consequently, the resonance 
Raman spectrum can appear quite 
different from the normal Raman 
spectrum because of the sometimes 
very significant differences in rela-
tive intensities. The band positions 
in molecular resonance Raman spec-
troscopy do not in general vary with 
excitation wavelength because local 
vibrational modes are the origin of 
Raman scattering. However, the situ-
ation is different for phonons in solid 
state materials. The coupling of pho-
nons of different energies throughout 
the Brillouin zone to the electronic 
transit ion can lead to excitat ion 
wavelength dispersion, that is the 
dependence of the Raman band po-
sition on excitation wavelength.

The purpose of this installment 
of “Molecular Spectroscopy Work-
bench” is to provide you with an 
overview of the chemical physics 
of resonance Raman spectroscopy, 
present and discuss some examples 
of resonance Raman spectra, and 
discuss those things to be alert to in 
recognizing resonance enhancement 
in your Raman spectra. The f irst 
distinction that we want to make is 
between absorption and a scattering 
phenomenon. An electronic transi-
tion from the ground to a real ex-
cited state takes place on the order 
of 10-13 s or less. Once the electron 
is in the excited state, the molecule 
has time to rearrange or adjust its 
nuclear configuration to stabilize the 
energy before losing it through emis-
sion (f luorescence) or inter-nuclear 
collisions. Vibrational transitions 
occur on a time scale of approxi-
mately 10-9 s, and so we might say 
that a lot of time will pass follow-
ing the initial absorption and tran-
sitions to various vibrational states 
within the excited electronic state, 
also known as vibronic states. After 
vibrational relaxation to the ground 
vibrational state of the excited elec-
tronic state has occurred, a photon 

can be emitted through f luorescence 
or the molecule can return to the 
ground state through radiationless 
decay. Light scattering, including 
Raman scattering, is a fast process 
taking place on a time scale of 10-12 
to 10-13 s. That difference in time 
sca les between Raman scattering 
and f luorescence (10-9 s or greater) 
is the basis for being able to acquire 
Raman spectra without interfering 
f luorescence through time-resolved 
Raman spectroscopy.

Further to our discussion of time 
scales, we note that in resonance 
Raman spectroscopy the atoms don’t 
have time to adjust to new equilib-
rium positions of their excited state 
as they do fol lowing absorption. 
Normal and resonance Raman scat-
tering processes are fast and occur 

from a distorted structure formed 
by the mixing of the ground and ex-
cited states. In those relatively few 
(one in 106 to 108 incident photons) 
instances where a Raman photon 
is scattered the vibrational motion 
couples to the distorted excited state. 
In normal Raman spectroscopy the 
intermediate state is described as a 
virtual state, whereas in the case of 
resonance Raman spectroscopy that 
intermediate and distorted excited 
state corresponds to a real state of 
an electronic transition.

To understand the origins of the 
strengths of the various bands that 
constitute a Raman spectrum we 
consider the Kramers Heisenberg 
Dirac (KHD) equation.
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Figure 1: Molecular structures of pentacene and rubrene.

Figure 2: Raman spectrum obtained from a grain of pentacene using 633 nm excitation.
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The Raman polarizability is given 
by the term (αρσ)GF where ρ and σ 
are the polarizations of incident and 
Raman scattered light and the terms 
G and F correspond to the ground 
and final vibronic states of the mol-
ecule. The excited state is indicated 
by E, which will be virtual or real de-
pending upon whether the frequency 
of the exciting radiation matches 
that of an electronic transition of 
the molecule. The polarization de-
pendent dipole operator is given by 
either rρ or rσ. The summation sym-
bol indicates that the Raman polar-
izability is given by the sum of all of 
the vibronic states of the molecule. 
Planck’s constant is given by h, and 
νGE, νEF, and νL are the frequencies 
of the ground to excited state transi-

tion, excited state to final state tran-
sition, and laser, respectively. The 
term iΓE is a damping constant and is 
related to the lifetime and therefore 
the band width of the excited state.

Note that the frequencies of the 
laser and the transit ion from the 
excited to final state in the denomi-
nator of the second term are added, 
whereas the frequency of the laser is 
subtracted from that of the transi-
tion from the ground to excited state 
in the first term denominator. There-
fore, the second term will always be 
smaller than the first term and we 
can neglect it in our consideration 
of Raman polarizability and signal 
strength. Considering then the nu-
merator in the first term, we recog-
nize an expression of a two photon 
process. Reading the expression of 

integrals in bra-ket notation in the 
customary fashion from right to 
left, the f irst term in the numera-
tor describes the mixing of ground 
and excited vibronic states and the 
second term accounts for the mix-
ing of the excited and final vibronic 
states. Hence, Raman scattering is a 
two photon process which explains 
why it is inherently weak. One may 
be tempted to think of the two terms 
in the numerator as being analogous 
to an absorption followed by emis-
sion but that is not correct. It is more 
appropriate to think of the integrals 
in the numerator as the mixing of 
ground, excited, and final states of 
an electronic configuration distorted 
by the electric field of the incident 
light.

Turning our attention to the de-
nominator in the f irst term brings 
us to the root of resonance enhanced 
Raman spectroscopy as found in the 
KHD equation. The closer the laser 
frequency is to that of an electronic 
transition the smaller the denomina-
tor becomes leaving only the damp-
ing constant, iΓE. Were it not for the 
addition of the damping constant, 
the denominator could in principle 
go to zero when the laser frequency 
equaled that of the electronic tran-
sition and the Raman polarizability 
would go to infinity. Of course, that 
doesn’t happen and actual resonance 
enhancements over normal Raman 
scattering are typically 104 to 106. 
We stated earlier that the Raman po-
larizability depended upon the sum 
of the mixing of all of the ground, 
excited, and f inal vibronic states. 
However, when the laser excitation 
frequency matches that of a transi-
tion to a real electronic state rather 
than a virtual state, the resonance 
condition obtains, and the interac-
tion described by the KHD expres-
sion is for that one resonance state 
and not the sum of all states.

Those Raman active vibrational 
modes associated with the electronic 
transit ion wil l then experience a 
significant increase of their vibra-
tional ly modulated polarizabi lity 
and enhancement of their Raman 
scattering. The result of the enhance-

Figure 3: Raman spectrum obtained from a grain of pentacene using 633 nm excitation.

Figure 4: Raman spectra obtained from grains of pentacene using various excitation wavelengths.
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ment of those specific modes can be 
a Raman spectrum that appears dif-
ferent from the normal Raman spec-
trum of the same compound because 
of the different relative intensities of 
the bands. In addition, bands attrib-
utable to overtones and combination 
modes that are not seen in a normal 
Raman spectrum can become quite 
intense. Readers may be aware of 
the fact that the Raman spectrum 
normally comprises only the funda-
mental vibrational modes. However, 
using an excitation wavelength that 
couples to an electronic transition 
can give rise to the appearance of 
overtones to the 11th harmonic (2).

Matters can become even more 
complicated when the resonance 
condition occurs in solid state ma-
terials. Selection rules dictate that 
for first-order Raman scattering only 
those phonons at the Brillouin zone 
center will be Raman active. That is 
not the case for second-order Raman 
scattering involving overtones or 
combination modes. In second-order 
Raman scattering, all the phonons 
throughout the Brillouin zone can be 
Raman active. For example, that is 
why the 2TO band at approximately 
950 cm-1 in the Raman spectrum of 
silicon (Si) is so much broader than 
that of the first-order optical mode 
at 520 cm-1. Under the resonance 
condition, coupling of phonons of 
different energies within the Bril-
louin zone can lead to a change in 
the peak position of multiphonon 
Raman scattering depending upon 
the excitation wavelength (8).

Resonance Raman Spectroscopy 
of Pentacene and Rubrene
Pentacene a nd r ubrene a re t wo 
compounds of great interest in the 
world of molecular electronics and 
are solids at room temperature. Both 
compounds are aromatic, consisting 
entirely of phenyl groups, and are 
colored. Their molecular structures 
are shown in Figure 1. Rubrene has 
a bright reddish orange color and 
pentacene appears almost black. The 
rubrene grains have a glow to them 
under f luorescent room lighting and 
so their reddish orange color can 

probably be attributed to a combina-
tion of absorption of blue-green light 
and f luorescence of reddish-orange 
light. That these compounds absorb 
light in the visible region of the spec-
trum makes them good candidates 
for resonance Raman spectroscopy.

A resonance Raman spectrum of 
pentacene acquired using 633 nm 
excitation is shown in Figure 2. How 
do we know that the spectrum is 
resonantly enhanced? Our first clue 
is the appearance of Raman bands in 
the region between 1800 and 3000 
cm-1. The highest energy bands in 
the fingerprint region will be due to 
aromatic ring vibrational modes at 
approximately 1600 cm-1. There are 
no saturated portions of the molecule 
and so we would not expect to see 
C-H stretching modes below 3000 

cm-1. Raman bands from aromatic 
C-H stretching should appear at en-
ergies greater than 3000 cm-1, which 
do appear in this spectrum. So how 
do we account for the appearance of 
bands between 1800 and 3000 cm-1? 
These bands can be attributed to the 
resonantly enhanced second-order 
combinations and overtones that we 
discussed in the previous section. 
No fundamental vibrational modes 
of pentacene would be expected in 
this portion of the spectrum. The 
most prominent bands in the spec-
trum appear at 1158, 1176, 1371, 1532 
and 1597 cm-1. The first four of these 
bands have been assigned to the Ag 
symmetry species and the 1597 cm-1 
band to the B3g symmetry species (9–
10). It is generally accepted that to-
tally symmetric Ag symmetry species 

Figure 5: Raman spectra obtained from grains of rubrene using various excitation wavelengths.

Figure 6: Raman spectra of 2D MoS2 taken at the same location with different excitation 
wavelengths. 
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that manifest resonance enhance-
ment do so through a Franck-Con-
don coupling. There are other types 
of v ibronic coupl ing to describe 
resonance enhancement, but those 
very detailed and mathematical ex-
planations are beyond the scope of 
this installment. Assignments of the 
symmetry species that undergo reso-
nance enhancement can often help in 
understanding the electronic transi-
tion and explaining the coupling be-
tween specific vibrational modes and 
the electronic transition.

An expanded view of that portion 

of the Raman spectrum consisting of 
overtones and combination modes is 
shown in Figure 3. The peak at 3194 
cm-1 can be attributed to aromatic 
C-H stretching. However, all of the 
other bands in Figure 3 can only be 
assigned to second-order overtones 
and combination modes and not to 
any fundamental vibrational modes 
of pentacene. Raman spectroscopists 
need to be aware of this aspect of 
resonance Raman spectroscopy lest 
they attempt to assign these bands to 
particular functional groups, lead-
ing to an incorrect construction of 

a molecular structure. Furthermore, 
you can see the risks of basing a li-
brary search on a resonance Raman 
spectrum. All of the spectra that 
constitute a spectral database can be 
expected to consist of normal (non-
resonant) Raman spectra. It is un-
likely that you would obtain an accu-
rate match and identification for the 
spectrum in Figure 2 by searching a 
Raman database if it is comprised of 
normal Raman spectra.

A not her  a spec t  of  re sona nce 
Raman spectroscopy is the excita-
t ion prof i le or dif ferences in the 
Raman spectra as a function of ex-
citation wavelength. Normally, the 
peak positions will not change with 
excitation wavelength for molecu-
lar resonance Raman spectroscopy. 
However, as we explained earlier, a 
dependence of band position on ex-
citation wavelength can be observed 
in spectra of solid state materials 
where phonons of dif ferent ener-
gies throughout the Brillouin zone 
couple to the electronic transition. 
What do change are the relat ive 
intensities of the bands. A profile 
of Raman spectra of pentacene ac-
quired using 405, 473, 532, 633, and 
785 nm excitation is shown in Fig-
ure 4. The spectrum acquired with 
785 nm excitation can be considered 
a normal Raman spectrum because 
the energy of 785 nm light is below 
the bandgap of pentacene. All of the 
other excitat ion wavelengths fa l l 
within the absorption spectrum of 
pentacene and therefore yield reso-
nantly enhanced Raman spectra (11). 
Although absorption occurs for all 
of the other laser excitation wave-
lengths, they do not a l l couple to 
the same electronic transition. Note 
how the Raman spectra excited at 
405 and 473 nm are nearly identical, 
thereby indicating that those excita-
tion wavelengths couple to the same 
electronic transition. Using a longer 
excitation wavelength at 532 nm, we 
see definite changes in the relative 
intensities of the bands. In particu-
lar, the strengths of the bands at 1158 
and 1371 cm-1 have increased relative 
to their counterparts in the spectra 
excited at 405 and 473 nm. Also, the 

Figure 7: Raman hyperspectral data set (upper left) of 2D MoS2. Reflected white light image 
appears in lower right corner. The color coded resonance Raman image in the lower left hand 
corner corresponds to the green and red brackets appearing in the hyperspectral data set and 
cursor spectrum in the upper right corner.

Figure 8: Color coded resonance Raman image (left) of 2D MoS2. Raman spectra on the right are 
from the locations on the image indicated by the connecting lines.
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bands at 1408 and 1456 cm-1 have di-
minished in relative strength at 532 
nm excitation. Furthermore, all of 
the bands below 1000 cm-1 are now 
extremely weak and can barely be 
observed plotted on a scale normal-
ized to the most intense band. This 
was not the case for the spectra ob-
tained at 405 and 473 nm excitation. 
At 633 nm excitation, the spectrum 
is similar to that obtained with 532 
nm excitation, but we observe a small 
recovery of the strengths of the 1408 
and 1456 cm-1 bands. Finally, at 785 
nm excitation we observe a very differ-
ent Raman spectrum with respect to 
relative intensities because at this wave-
length we are now out of resonance.

The dependence of Raman band 
strength on the excitat ion wave-
length as observed in Figure 4 and 
discussed above can seem puzzling 
without reference to the absorption 
spectrum of pentacene. An absorp-
t ion spectrum of a 150 nm thick 
polycrystalline film of pentacene is 
shown in Figure 2 of reference (11). 
That spectrum reveals absorption 
at wavelengths shorter than 740 nm 
with absorption maxima at approxi-
mately 540, 580, 630 and 670 nm. We 
can then infer with reference to that 
absorption spectrum and its multiple 
absorption maxima that we are cou-
pling into different electronic tran-
sitions with the laser wavelengths 
available to us. The 405 and 473 nm 
laser light couples to a transition well 
above the band gap and the 532 and 
633 nm laser excitations couple to 
the absorption maxima at 540 and 
630 nm, respectively. The excitation 
profile of pentacene offers a good 
example of the complexity of reso-
nance Raman spectroscopy when the 
absorption spectrum of a compound 
has multiple electronic transitions 
into which one can couple using dif-
ferent laser excitation wavelengths.

Rubrene i s  a not her  a romat ic 
compound t hat has been ex ten-
sively studied for its use in molec-
ular electronics. It too is colored, 
and the absorption spectrum of its 
sol id form extends from the UV 
to approximately 590 nm (12). The 
absor pt ion spec t r u m ma ni fes t s 

maxima at approximately 440, 465, 
495 and 535 nm. Several of the ab-
sorption maxima are wel l placed 
for the laser wavelengths available 
to us. However, rubrene (like pen-
tacene) is a strong f luorophore and 
the emission from this compound 
overwhelms the Raman scattering 
when using 473 and 532 nm exci-
tation. No Raman bands could be 
detected superimposed on the very 
strong f luorescent background. The 
Raman spectra that we were able to 
acquire using 405, 633 and 785 nm 
excitation are shown in Figure 5. The 
spectra acquired at 633 and 785 nm 
excitation are nearly identical as we 
might expect. This is because there is 

little if any absorption at these wave-
lengths and so there is no resonance 
enhancement of the Raman scatter-
ing. These excitation wavelengths 
have energies below the bandgap of 
rubrene. The Raman spectrum ac-
quired using 405 nm excitation ap-
pears distinctly different from the 
two excited with 633 and 785 nm 
laser light. Here we observe the ef-
fects of resonance enhancement. A 
band appears at 1616 cm-1 that is very 
weak in the spectra acquired with 
633 and 785 nm excitation. Also, you 
can see that the relative intensities 
of the spectrum excited with 405 nm 
light differ from those excited at 633 
and 785 nm. Identification of the site 
symmetry species of the prominent 
bands in the 405 nm excited spec-
trum reveals something very inter-
esting. All of the moderate to strong 
bands with the exception of one are 
of symmetry species Ag, based upon 

the assignments of Weinberg-Wolf 
and coworkers (13). The exceptional 
band is at 1519 cm-1, which has been 
assigned to symmetry species Bg. 
Thus, all but one of the resonance 
enhanced Raman bands are totally 
symmetric modes belonging to the 
symmetry species Ag. This observa-
tion would lead us to conclude that 
the resonance enhancement at 405 
nm excitation is through a Franck-
Condon coupling mechanism.

Coupling to an Exciton in 2D MoS2
Resonance Raman spectroscopy has 
played an important role in the char-
acterization of two dimensional (2D) 
crystals. These novel materials are not 
just small portions of the bulk mate-
rials carrying the same properties as 
those of the three dimensional kind. 
Rather, their physical, electronic, 
and spectral characteristics can be 
significantly different. Specifically, 
molybdenum disulfide (MoS2) in its 
bulk form is an indirect bandgap 
semiconductor, whereas in its mono-
layer to few-layer forms it becomes a 
direct bandgap semiconductor (14). 
Splendani and coworkers have stud-
ied an exfoliated MoS2 monolayer and 
a few-layer f lakes by photolumines-
cence and have observed direct exci-
tonic transitions (15). By exciting with 
532 nm laser light they have observed 
broad photoluminescence centered at 
627 and 677 nm, whereas these emis-
sions are completely absent when 
illuminating bulk MoS2. The room 
temperature bandgap of bulk MoS2 is 
approximately 1.7 eV (corresponding 
to 730 nm) with complex excitonic 
features between 1.7 and 2.5 eV (16).

The crystal line structure of 2D 
MoS2 belongs to the D6h crystal class, 
and factor group analysis predicts one 
A1g, one E1g and two E2g Raman ac-
tive modes (16-22). The symmetry as-
signments and corresponding Raman 
band positions for the fundamental 
(first-order) phonon modes of bulk 
hexagonal MoS2 are: E1g (286 cm-1), 
E1

2g (383 cm-1), A1g (408 cm-1) and 
E2

2g (32 cm-1). Furthermore, it is im-
portant to remember that some visible 
wavelengths of the laser light used to 
excite Raman scattering correspond 

You can see the 
risks of basing a 

library search on a 
resonance Raman 

spectrum.
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to energies of MoS2 electronic tran-
sitions. The absorption spectrum 
of MoS2 ref lects the band gap of 1.7 
eV, but it also manifests fine struc-
ture with narrow absorption peaks 
at 1.9 eV (653 nm) and 2.1 eV (590 
nm) related to d-to-d orbital transi-
tions split by spin-orbit coupling and 
designated A1 and B1 excitons, re-
spectively (16,23). Consequently, one 
can observe an excitation wavelength 
dependence of the first-order Raman 
band intensities as well as the appear-
ance of Raman bands assigned to sec-
ond-order overtone and combination 
modes when the laser excitation is of 
a wavelength that couples into these 
excitonic transitions (16, 20, 22-23).

The Raman spectra of 2D MoS2 de-
pend upon the excitation wavelength. 
Spectra acquired at the same location 
from the interior of a MoS2 few-layer 
f lake on a Si substrate with different 
excitation wavelengths are shown in 
Figure 6. The spectrum acquired with 
532 nm excitation is typical of those 
reported in the literature; it consists 
primarily of the E1

2g band at 383 cm-1 
and the A1g band at 408 cm-1 as well 
as the Si substrate Raman band at 520 
cm-1. In contrast, the spectrum gener-
ated with 633 nm excitation is strik-
ing insofar as it consists of the same 
first-order bands and those due to 
overtones and combination modes. 
Remember that the absorption spec-
trum of MoS2 contains fine structure 
with narrow absorption peaks at 1.9 eV 
(653 nm) and 2.1 eV (590 nm) related 
to d-to-d orbital transitions split by 
spin-orbit coupling and designated A1 
and B1 excitons, respectively (16, 23). 
Consequently, the 633 nm excitation 
couples into the A1 transition produc-
ing a resonance enhancement of all of 
the additional modes observed in Fig-
ure 6. All of the bands in the spectrum 
excited with 633 nm light can be ac-
counted for and have previously been 
assigned (16, 20, 23-24).

The assignment of symmetry spe-
cies of these bands reveals the com-
plexity that can sometimes emerge in 
the resonance Raman spectroscopy 
of solid state materials. For example, 
the band at 178 cm-1 is a combina-
tion of an A1g and a longitudinal 

acoustic (LA) mode at the M point 
of the Brillouin zone (A1g(M) LA(M)) 
(24). The band at 417 cm-1 has been 
designated a so-called “b” mode in-
volving a polariton and manifesting 
wavelength dependent dispersion 
(25-26). The bands at 462, 598, and 
642 cm 1 have been assigned to the 
symmetry species A2u(Γ) or E1g(Γ) 
+ XA, E1

2g(M) + LA(M), and A1g(M) 
+ LA(M), respectively. You can see 
from these symmetry species and 
band assignments that we have de-
parted the more familiar territory of 
molecular spectroscopy and entered 
the more complex world of sol id 
state physics. The band positions in 
molecular resonance Raman spec-
troscopy do not in general vary with 
excitation wavelength because local 
vibrational modes are the origin of 
the Raman scattering. However, the 
situation is different for phonons in 
solid state materials. The coupling 
of phonons of di f ferent energies 
throughout the Brillouin zone to the 
electronic transition can lead to ex-
citation wavelength dispersion, that 
is the dependence of the peak posi-
tion on excitation wavelength. Fur-
thermore, the resonantly enhanced 
second-order modes are no longer 
restricted to only those phonons at 
the Brillouin zone center (Γ) as are 
the first-order fundamental modes. 
Phonons throughout the Brillouin 
zone and even those modes that by 
symmetry (e.g., A2u(Γ)) should not 
be Raman active can appear through 
resonance in the Raman spectrum.

The structure of 2D MoS2 often var-
ies spatially and the most prominent 
changes appear at the sample edges. 
Resonance Raman imaging of these 
2D crystals is complementary to pho-
toluminescence imaging and offers a 
means of imaging the spatially varying 
electronic structure. The results of res-
onance Raman mapping of 2D MoS2 
crystals on a Si substrate using 633 nm 
excitation are shown in Figure 7. The 
Raman data were acquired using a 100 
x Olympus objective and by moving 
the stage in 1 µm spatial increments 
over an area of approximately 40 µm 
x 40 µm. A 300 grove per mm grat-
ing was used in order to capture both 

Raman scattering and photolumines-
cence in one spectral acquisition with-
out the need for moving the grating to 
stitch regions together. The hyperspec-
tral data set appearing in the upper left 
corner of Figure 7 consists of all the 
spectra acquired during mapping. You 
can see from the variation in the pho-
toluminescence of those spectra that 
the electronic properties of the crys-
tal varied spatially. A ref lected white 
light image of the sample appears in 
the lower right hand corner and a res-
onance Raman image corresponding 
to the reflected light image appears to 
its left. The upper right hand plot is 
of the single spectrum associated with 
the cross hair location in the Raman 
and reflected light images.

The resonance Raman image is ac-
tually a rendering of signal strength 
for a particular Raman band as a 
function of position on the sample. 
In this case, the resonance Raman 
image is rendered through a color 
coded plot of Raman signal strength 
of the corresponding color bracketed 
Raman shif t positions in the two 
upper traces. Peak intensities were 
measured incorporating a baseline to 
remove any contribution from the un-
derlying photoluminescence. There-
fore, the spectral image in Figure 7 
is strictly a resonance Raman image.

The red brackets surround the sec-
ond-order MoS2 Raman band at 642 
cm-1 (A1g(M) + LA(M)). This band 
appears only in the two trilayer MoS2 
crystal and is absent in the single 
trilayer MoS2. Consequently, only the 
two trilayer structure in the center 
of the MoS2 crystal appears red. The 
green bracket covers the second-or-
der Raman scattering near 706 cm-1, 
which is assigned to the second-order 
mode A1g(Γ) + E1g(Γ) at the Brillouin 
zone center. This second-order mode 
is prominent in the single trilayer 
MoS2 spectrum because of resonance 
enhancement. Thus, these two reso-
nantly enhanced Raman bands offer 
a means of easi ly dif ferentiat ing 
single from double tri layer MoS2, 
thereby producing resonance Raman 
images with excellent contrast based 
on the number of 2D layers. Note how 
well the resonance Raman image cor-
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responds to the ref lected white light 
image in which the hue and degree of 
white light ref lectance depend upon 
the number of MoS2 trilayers.

Spectra f rom t he t wo t r i layer 
structure in the crystal center and 
from the single trilayer perimeter are 
shown in Figure 8. Note how intense 
the green color associated with the 
single trilayer 706 cm-1 band is near 
the perimeter but is dimmer in the 
interior of the crystal. This strong 
resonance Raman response at the pe-
rimeter inversely correlates with the 
diminished photoluminescence regu-
larly observed at the crystal’s edge. 
Also, the second-order MoS2 Raman 
band at 642 cm-1 (A1g(M) + LA(M)) 
is much stronger in the two trilayer 
crystal where one also observes dif-
ferences in photoluminescence band 
shape and strength relative to those 
from a single trilayer. Thus, the com-
bination of resonance Raman and 
photoluminescence imaging allows 
investigators to more thoroughly 
characterize the electronic proper-
ties of these new and technologically 
important materials.

Conclusion
Resonance Ra man spectroscopy 
cannot be described properly with-
out invoking quantum mechanics 
and some mathematically compli-
cated concepts in chemical physics. 
A detailed explanation of resonance 
Raman spectroscopy is beyond the 
scope of this installment and so we 
provided an overview of the phenom-
enon. The primary dif ference be-
tween normal and resonance Raman 
spectroscopy is that the scattering 
strengths of those Raman act ive 
vibrational modes associated with 
the electronic transition is greatly 
enhanced, up to 106 times the signal 
strength observed when performing 
normal Raman spectroscopy. Reso-
nance Raman spectra of pentacene 
and rubrene were presented and dis-
cussed. These spectra demonstrate 
that second-order Raman scattering 
from overtones and combination 
modes can be resonantly enhanced 
to appear in resonance Raman spec-
tra whereas they are absent in nor-

mal Raman spectra. The assignment 
of vibrational mode symmetry spe-
cies was shown to be important in 
understanding the resonance mecha-
nism. Resonance Raman spectra and 
images of 2D MoS2 were also shown 
and discussed. It was shown that two 
resonantly enhanced Raman bands 
offer a means of easily differentiat-
ing single from double trilayer MoS2, 
thereby producing resonance Raman 
images with excellent contrast based 
on the number of 2D layers. The 
combination of resonance Raman 
and photoluminescence imaging 
allows investigators to more thor-
oughly characterize the electronic 
properties of these new and techno-
logically important materials.
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