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The magnitude of resonance Raman intensity, in terms of the real signal level measured on-

resonance compared to the signal level measured off-resonance for the same sample, is investigated

using a tunable laser source. Resonance Raman enhancements, occurring as the excitation energy is

tuned through ultraviolet absorption lines, are used to examine the 1332 cm�1 vibrational mode of di-

amond and the 992 cm�1 ring-breathing mode of benzene. Competition between the wavelength de-

pendent optical absorption and the magnitude of the resonance enhancement is studied using

measured signal levels as a function of wavelength. Two system applications are identified where the

resonance Raman significantly increases the real signal levels despite the presence of strong absorp-

tion: characterization of trace species in laser remote sensing and spectroscopy of the few molecules

in the tiny working volumes of near-field optical microscopy. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4938531]

I. INTRODUCTION

Resonance Raman spectroscopy can provide signal

enhancements of several orders of magnitude over that

observed with normal Raman scattering on a molecule by mol-

ecule cross-section basis.1–3 Recent work has documented

many of the benefits of the resonance Raman technique.

Species identification can be greatly improved relative to non-

resonant Raman because of the greater specificity resulting

from larger signals as the excitation wavelength is tuned and

the Raman spectral fingerprint signal is enhanced to levels that

rival fluorescence signals.4–12 Many of the current applications

of resonance Raman techniques utilize visible and infrared por-

tions of the spectrum, which limit the type of molecules that

can be studied and often limits the studies to pre-resonance,

rather than resonant excitation at an absorption line.

Ultraviolet light can provide resonances in more materials, in

particular, explosives,13–16 but investigations are hampered by

available tunable light sources, possible complications relating

to sample damage, and fluorescence interference within the

Raman spectrum.1,8 The deep ultraviolet (DUV) resonance

Raman regime escapes fluorescence interference from the spe-

cies of interest and the matrix materials. There are very few

materials that have significant fluorescence emission below

280 nm due to pre-fluorescence electron relaxation.17 Probing

in the DUV region also allows access to a range of potentially

interesting electronic absorption features, which may be useful

for detecting and measuring small concentrations of molecular

species.8,17–25

A drawback of probing in the DUV region, not empha-

sized in previous work, is the typical increase in the

broadband absorption of most species. When the excitation

wavelength is tuned to an absorption line to excite reso-

nance, the wavelength always lies within an absorbing band

that limits the penetration depth into the sample.

Additionally, the Raman shifted wavelengths may also occur

within the absorption band, so strong absorption may occur

both as the excitation light enters and as the signal light exits

the sample space. For this reason, the measured Raman sig-

nal levels (for the same pump power) of single composition

bulk species typically do not increase significantly in the

DUV resonance Raman regime. We observe a small-factor

difference in the real signal levels for orders of magnitude

resonant enhancement in several cases. While resonant

Raman scattering cross-sections are larger than in the non-

resonant, normal Raman scattering case, the effective num-

ber of molecules observed is often reduced to those within a

thin surface layer in highly concentrated samples. In this pa-

per, we examine the trade-off between resonance enhance-

ment and absorption to investigate when resonance Raman is

beneficial. In particular, we find: (a) resonance enhancement

can be obtained in some highly absorbing species where nor-

mal Raman signals are very weak, (b) this enhancement per-

mits low numbers of molecules to be probed effectively,

benefitting trace concentration measurements and tiny vol-

ume sample measurements, and (c) the trade-off between

resonance enhancement and absorption determines the utility

of resonance Raman enhancements.

Applications of Raman resonance enhancements for

remote sensing techniques have generated interest, largely

for applications in trace concentration detection using

lidar.26 Pre-resonance enhanced Raman lidar has been used

to profile and identify trace atmospheric species (sulfur diox-

ide, carbon tetrachloride, nitrogen dioxide, and nitroben-

zene).26–29 A recent examination of the use of ultraviolet

resonance Raman for stand-off detection of roadside bombs
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and improvised explosive devices indicates that the enhance-

ment may be limited by heavy absorption.30 We present here

an investigation of: (1) the limitations imposed by the

absorption character of the analyte being probed, (2) how the

limitations will modify the signal, and (3) use of diluted sol-

utions to investigate example cases. We begin with results

on diamond, in which the real signal level decreases as reso-

nance is approached until a modest increase is observed

directly at resonance. This illustrates that although the

Raman cross section is enhanced; absorption can still domi-

nate in a uniform solid sample. We then investigate the

impact of changing the bulk absorption by diluting a reso-

nant liquid benzene sample with non-absorbing liquid hep-

tane. By plotting the data without and with absorption

correction, i.e., as raw data and as the per-molecule cross-

section, the nature of the resonance/absorption trade-off is

illuminated. These results suggest advantages for the appli-

cation of this enhancement mechanism for trace concentra-

tion measurements of species using lidar and for near-field

scanning optical microscopy (NSOM). Previous work on

NSOM Raman has shown considerable limitations due to

tiny signals that require long signal integration times; these

problems have necessitated improvements to the instrument

design and stability, which are not necessary in normal

NSOM systems.31,32 Since NSOM Raman yields additional

information not obtained with far-field Raman techni-

ques,33,34 the significant enhancements in signal possible

from using resonance Raman are advantageous.35

II. EXPERIMENTAL SETUP

Continuously tunable excitation source light is gener-

ated from 700 nm to 420 nm utilizing an optical parametric

oscillator (OPO) [U-Oplaz OPO BBO-3B (type I, model S)]

pumped by the third harmonic of a Nd:YAG laser [Spectra-

Physics Quanta Ray INDI-50-10]. The visible signal output

of the OPO is then frequency doubled by a second harmonic

stage [U-Oplaz OPO BBO-SHG (type I, model S)] to yield

continuously tunable output from 355 nm to 210 nm. The av-

erage power across this wavelength range is 1 mW. The

OPO uses type-I phase matching rendering an average band-

width of 30 cm�1 between 355 nm and 210 nm. The pulse

length is 7 ns, with excitation at a 10 Hz repetition rate. The

laser beam diameter of 0.8 cm typically provides a peak irra-

diance of �0.4 mW/cm2 for the measurements described in

this paper. Maintaining a fluence below �1 mW/cm2 corre-

sponds to the useful upper limit as described previously24,36

and avoids saturation effects. In addition, the self-diffusion

of benzene between laser pulses provides an adequate

change in the scattering volume from one pulse to the next.4

The unfocused excitation beam produces the Raman signal,

which is collected in a standard 90� scattering arrangement

and transferred into a triple stage 0.6 m spectrometer [SPEX

Triplemate 1877]. The system resolution is limited by the

bandwidth of our OPO laser output.

Sample selection was based on absorption features

within our OPO tuning range. Diamond was selected to study

the uniform solid sample case where absorption increases

dramatically as its band gap energy at approximately 205 nm

is approached. Benzene was selected for the liquid dilution

tests, because it has several absorption features within our

operating range, and it is a good reference material due to

significant previous work. Heptane is a good solvent with

low absorption in the UV and minimal conflicts with the ben-

zene Raman bands. Toluene and naphthalene were also stud-

ied as they are chemically similar and both have higher

absorption than benzene (these results are not presented

here). Absorption data in vapor-phase benzene by Etzkorn

et al. provide high-resolution spectra with fine wavelength

steps, showing the absorption detail.37,38 Knowledge of the

absorption features is also used to predict the attenuation of

the Raman scatter signal exiting the sample. The benzene

and toluene samples were liquid-phase and housed in a cus-

tom made polytetrafluoroethene container with a sapphire

window. The sample holder was arranged in a 90� scattering

configuration, with both the incident and collected light pass-

ing through the sample holder window.4 Losses introduced

by the spectrometer and detector are estimated to find an

overall efficiency of approximately 5%. Measurement errors

in wavelengths are 60.05 nm, relative intensities are 62.5%,

and concentrations are 60.03%. These errors are small rela-

tive to the dimensions of the point labels used in the follow-

ing plots. Our measurements are divided into three main

thrusts: (a) observation of resonance enhancement in a pure

sample environment, (b) observation of resonance enhance-

ment in diluted sample environments, and (c) detail investi-

gations when tuning on and off of the resonances.

III. RESULTS AND DISCUSSION

Diamond (rough faceted) is used for the uniform solid

sample to be studied as the excitation energy approaches a

strong absorption feature. The well-known Stokes shifted

line at 1332 cm�1 dominates its Raman spectrum. A naive

expectation is that an increase in the Raman intensity should

be observed as we tune closer to the band gap. Indeed, this is

the extrapolation of previous pre-resonance Raman studies

with tuned excitation wavelengths.39,40 Calleja et al.
observed a mild increase in Raman intensity as the excitation

wavelength was tuned from 647 nm to 257 nm.39 However,

we observed the opposite, a decrease below 300 nm as the

excitation wavelength more closely approaches the expected

resonance, as shown in Fig. 1. The decrease corresponds to

the behavior expected from the absorption coefficient,41

which is also plotted on a scale to show its features. The

band gap position is indicated by “A” and corresponds with

the location of a small resonant gain; however, the real

observed signal is decreased by the large absorption within

the solid diamond.

In order to further probe this resonance-absorption

tradeoff, the study was continued using benzene diluted in

heptane. The liquid phase allows measurements at multiple

concentrations to study the Raman scattering signals while

reducing effects of absorption within the sample. The high

absorption of benzene in the DUV region generally limits

probing to a layer thickness of a few hundred nanometers for

a pure sample. Conversely, the full sample depths

(5 mm–15 mm) can be probed in the visible wavelengths due

243101-2 Chadwick et al. J. Appl. Phys. 118, 243101 (2015)
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to weaker absorption at longer excitation wavelengths. The

sampled volume is limited by the collection optics. As we

tuned the excitation wavelength 61 nm over an absorption

peak at 258.88 nm in the pure sample case, the typical

Raman peak height was approximately 9 times larger at the

absorption peak, and clearly marks the resonant enhance-

ment, as shown in Fig. 2.4,11,12,25 Data from each of the exci-

tation wavelength steps are separated by a scale shift of 0.5

units to separate the curves from each other. The value of

this enhancement does not take into consideration the strong

self-absorption of the concentrated benzene sample. The re-

markable feature is the very narrow line-width dependence

of the strong resonance response when the excitation laser is

stepped in 1/8 nm increments. In addition, a small wave-

length shift indicates stiffening of the interaction as the

energy increases. Similar narrow band enhancements are

also observed for diluted benzene. While increasing our

interaction depth within the sample volume with increased

dilution, we still probe only a rather small volume (ranging

from several hundred nanometers to a few microns in depth)

due to the strong absorption.

Previous work has shown that low concentration envi-

ronments can be studied using resonance Raman because of

the appreciable enhancement yielded as an electronic absorp-

tion is approached.9,42,43 We should emphasize that in those

studies, what is typically described as resonance enhance-

ment is actually pre-resonance enhancement. In the present

experiments, we have observed the actual resonant behavior,

as we have tuned the excitation wavelength across the energy

state absorption features. The �260 nm benzene absorption

line we use shows little pre-resonance, although the higher

energy absorption line does produce pre-resonance at these

wavelengths.4,11,12,25

Figure 3 (top panel) compares the Raman scatter peak

area of the 992 cm�1 feature at several excitation wave-

lengths for four different concentrations of benzene dis-

solved in heptane (v/v is fraction of benzene volume per

total solution volume, v/v¼ 1 represents pure benzene).

The data in the top panel of Fig. 3 are only corrected for

instrumental and laser tuning effects. These corrections

include signal processing to remove background, normal-

ization of the detector quantum efficiency as well as grating

and spectrometer throughput efficiency each as functions of

wavelength. At the lowest concentrations (2%), the reso-

nant enhancement (at 992 cm�1 excited by 259 nm laser)

dominates over the non-resonant Raman (excited by

450 nm laser) as the trade-off shifts with sample concentra-

tion from being dominated by absorption (100% benzene)

to resonance (2% diluted solution). Sample self-absorption

and the well-known Raman cross-section frequency de-

pendence (�4) are not included. This suggests that when

sample concentrations or volumes are small, the resonant

enhancements of the Raman scatter should be observable,

whereas non-resonant Raman signals are either negligible,

masked by fluorescence, dwarfed by the Raman signals

from another species, or reduced by the absorption of the

ambient background material. As the concentration of ben-

zene is decreased by addition of a non-absorbing material

(heptane in this case), the overall absorption decreases, and

the Raman signal from the larger volume of non-resonant,

heptane, excited molecules becomes comparable to that of

the much smaller number of resonantly enhanced benzene

molecules. The requirements are no solvent absorption in

the excitation band, and minimal overlap of the solvent

Raman peaks with those of the trace “sample” species.

Then, the enhancement enables access to Raman informa-

tion in environments where non-resonant Raman signals are

too weak due to only trace concentrations of sample spe-

cies. This result suggests applications in low sample con-

centration or small volumes such as encountered in NSOM

(volumes of order (k/3)3 or less44,45), or in LIDAR applica-

tions (number densities of species can be ppm to ppt46).

Alternatively, Fig. 3 (bottom panel) shows the same

data corrected for absorption, giving effectively a per-

molecule comparison of Raman cross-section. As expected,

the resonant enhancement dominates at all concentrations

relative to the non-resonant case (see the ordinate scale,

which is in the same arbitrary units for both). Self-absorption

of the sample is corrected by multiplication of the ratio of

the number of molecules sampled at the visible wavelength

FIG. 2. Stokes Raman spectra for pure liquid benzene (with the wavenumber

scale centered at 992 cm�1) as the excitation is tuned from 258.5 nm to

259.5 nm. Resonant Raman gains of several orders of magnitude are seen at

258.88 nm.4

FIG. 1. Points connected by a dashed line show the integrated Stokes

Raman relative intensities for the single diamond Raman peak, which is cen-

tered at 1332 cm�1 as the excitation is tuned from 215 nm to 235 nm in 1 nm

steps, and larger steps to 300 nm. The solid line shows the relative absorp-

tion coefficient (scaled), from Ref. 40, and the location “A” indicates the

band gap edge at approximately 5.5 eV.

243101-3 Chadwick et al. J. Appl. Phys. 118, 243101 (2015)
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to the number of molecules sampled in the UV. The numera-

tor is calculated using the spectrometer input volume and the

denominator by averaging the magnitude of the absorption

using Beer’s law for both input excitation and output of the

Raman-shifted light. This correction includes the fact that

the number of visible molecules is limited by the collection

volume of the instrument; this factor may have an error

�10%. The volume observed in the UV experiments is lim-

ited to a narrow layer next to the viewing window and corre-

sponds to the middle of the spectrometer viewing area, so

the error is much less. The details of this calculation can be

found in Willitsford et al.4 The magnitude of the corrected

signal follows the expected wavelength-dependent cross sec-

tion times the number of molecules of that species, which

increase with concentration, as observed in the figure. The

presence of overtone enhancements, the additional species

discrimination provided by excitation resonance, and the

Raman fingerprint offer further advantages by making use of

resonance Raman in either case.

Figure 4 shows another comparison of resonant enhance-

ment. The ratios of the UV to visible Raman signal levels are

plotted; again both measured signal levels and absorption-

corrected data are shown. When benzene concentrations are

high, no significant gains for measured resonance signal levels

over those of non-resonant Raman are apparent (ratio values

close to unity). However, lower concentrations show very sig-

nificant enhancements of the measured signal level of reso-

nance over non-resonant Raman signals. While it is not

obvious from Figure 3 (bottom panel for 2% benzene case), a

resonance gain of approximately 400 times is observed over

non-resonant at the absorption peak (258.88 nm, indicated by

the up-pointed arrows in Figure 4). When self-absorption is

considered, the magnitude is even more pronounced (approxi-

mately 48 000 times on a per molecule basis) as shown in

the right panel of Figure 4 (note the different ordinate

magnitudes, which use the same arbitrary reference scales).

The right panel contains just the enhancement, so a compari-

son of the two shows the dramatic trade-off between absorp-

tion and enhancement; the higher concentration means higher

absorption and in turn less enhancement of real measured

signals.

A final confirmation of the absorption-resonance trade-

off is observed in a highly absorbing species, naphthalene.

As previously noted, naphthalene has significantly higher

absorption than that of benzene (approximately 30 times that

of benzene at the same wavelength). We were unable to

obtain any UV Raman signals for different dilute solutions

of naphthalene-heptane solutions (as small as 0.003 Molar)

or for naphthalene in vapor phase, because of naphthalene’s

high absorption combined with the effectively smaller num-

ber densities. Our conclusion is not that signal enhancement

is impossible, but rather there appears to be a diminishing

return that depends on the relative intensity of absorption

and the inherently low cross-section for Raman vapor-phase

signals. We expect some future improvement by utilizing a

narrower linewidth excitation source.

The trade-off between high absorption at the excitation

wavelength and the resonance Raman signatures can result

in significant enhancement of the observed resonance Raman

spectra because both are material dependent. Not all materi-

als result in gains in measured resonant Raman signal even

at low densities. Also, not all absorption features are useful;

for example, the 247 nm and 253 nm absorption lines of ben-

zene yield Raman spectra peaks that are overlapped on the

next larger absorption features because of their association

with molecular resonance. The more properly chosen 259 nm

absorption places the Raman-shifted light in a lower absorp-

tion region, where the signal trade-off is favorable.

In this paper, we have not addressed this trade-off

from a theoretical point of view. Although beyond the

FIG. 3. Two methods are shown to

quantify resonance gain. Top panel

shows the integrated Stokes Raman

intensities for benzene in heptane at

various volume concentrations (ben-

zene volume/total volume) and different

excitation wavelengths; the data are

adjusted only for instrument variation.

Bottom panel shows the integrated

Stokes intensities corrected for both the

instrument variation and for species

self-absorption. Both panels use the

same arbitrary scale of intensity.

243101-4 Chadwick et al. J. Appl. Phys. 118, 243101 (2015)
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current, experimentally driven discussion, we note that

such a study could be improved upon by considering a

time-dependent approach to the calculation of resonant

Raman signals18–20 and by using time-dependent density

functional theory (TDDFT) or weighted gradient approxi-

mations to improve modeling and simulation efforts for

quantum-mechanical pre-resonant and resonant Raman in-

tensity calculations.47–51

IV. CONCLUSION

Resonance-Raman scattering in the DUV region has been

shown to provide significant cross-section enhancement over

non-resonant Raman in species that exhibit high absorption.

However, this enhancement may be tempered by signal loss

due to strong absorption features responsible for resonance.

When the concentration or volume of highly absorbing mole-

cules is large, the measured UV resonance Raman signal may

not be significantly larger than non-resonant Raman with visi-

ble non-resonant excitation. Different concentrations of ben-

zene dissolved in heptane demonstrate that significant Raman

signal enhancements occur as the concentration is reduced,

and when the absorption line for excitation is chosen to mini-

mize the absorption of the Raman-shifted signal. Also, we

have confirmed the enhancement/absorption trade-off with

several species of different absorption characteristics.

Enhancements in low sample density environments, such as

in trace gas analysis with LIDAR and low sample volumes

with NSOM, are expected to provide opportunities for future

applications.
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