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I
n the past few years, advances in the
controlled assembly of nanoscale build-
ing blocks (NBBs) have resulted in func-

tional devices such as nano-optoelectronic
components, biophotonic nanosensors, and
novel contrast probes for molecular
imaging.1�7 The NBBs employed for these
applications include organic molecules (e.g.,
polymers, nucleic acids, and proteins), me-
tallic nanoparticles (e.g., gold or silver nano-
scale spheres, rods, and shells), semicon-
ductor nanocrystals (quantum dots, QDs),
and single-wall carbon nanotubes
(SWCNTs).8 In the assembled structures, fi-
nal structural stability and functionality are
primarily dependent upon the physico-
chemical properties of individual NBBs;
however, the interactions of the NBBs in
the assembly also play an important role.9,10

Accordingly, physicochemical characteriza-
tion of their interactions is key to predicting
the function of the assembled complexes.

Recent efforts to engineer optoelec-
tronic devices using novel hetero-NBB as-
semblies have employed a variety of tech-
niques to optimize the optical and electrical
properties of the final product.10,11 In these
systems, controlled transfer between elec-
trical and photonic energy is critical for the
development of functional optoelectronic
devices. Among other heterostructure hy-
brids, conjugates of QDs and SWCNTs have
increasingly been used for a variety of opto-
electronic applications in an effort to engi-
neer functional optoelectronic components
and devices.12�20 The size-dependent tun-
able band gaps of QDs and SWCNTs have

enabled fabrication of hybrid structures
with desirable properties such as controlled
photoinduced charge transfer from one
species to the other.18,21 Raman spectros-
copy has been successfully employed to ex-
amine the structural and charge transfer
characteristics of SWCNTs. However, the sig-
nal can be obscured in SWCNT structures
conjugated to fluorescent materials, whose
intensity can be orders of magnitude larger.

Monitoring the local orientation of
SWCNTs in the heterostructure is of inter-
est to quantitatively interrelate the struc-
tural parameters and physical properties of
an assembly with heterogeneous composi-
tion. In a study to control the optical re-
sponses of SWCNTs and their interactions
with other species in a heterostructure, po-
larized Raman spectroscopy was demon-
strated as a useful measure of SWCNT orien-
tation.22 In the heterostructure of
fluorescent QDs and SWCNTs, simultaneous
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ABSTRACT A multimodality imaging technique integrating atomic force, polarized Raman, and fluorescence

lifetime microscopies, together with 2D autocorrelation image analysis is applied to the study of a mesoscopic

heterostructure of nanoscale materials. This approach enables simultaneous measurement of fluorescence

emission and Raman shifts from a quantum dot (QD)�single-wall carbon nanotube (SWCNT) complex. Nanoscale

physical and optoelectronic characteristics are observed including local QD concentrations, orientation-dependent

polarization anisotropy of the SWCNT Raman intensities, and charge transfer from photoexcited QDs to covalently

conjugated SWCNTs. Our measurement approach bridges the properties observed in bulk and single nanotube

studies. This methodology provides fundamental understanding of the charge and energy transfer between

nanoscale materials in an assembly.
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hyperspectral imaging of fluorescence and Raman sig-

natures would be extremely useful. Together, dynamic

fluorescence emission signatures, such as photolumi-

nescence lifetime and emission spectra of QDs, and Ra-

man spectra of interacting SWCNTs provide better un-

derstanding of the photoinduced excitonic charge

transfer from QDs to SWCNTs.

Therefore, in this study, we present a multimodal op-

tical imaging platform, integrating confocal microscopy

of simultaneous polarized Raman and fluorescence

emission, fluorescence lifetime, atomic force micros-

copy, and its 2D autocorrelation analysis. This inte-

grated approach allows us to study optical characteris-

tics of the heterostructure in depth and to interrelate

the optical properties with the detailed structure of its

nanoscale constituents. Our time-dependent spectro-

scopic imaging results demonstrate dynamic, noninva-

sive measurements of photoinduced charge transfer

among NBBs that allow a better understanding of the

energy transfer mechanism in QD�SWCNT heterostruc-

tures. A QD�SWCNT heterostructure was chosen to

demonstrate our unique metrology platform. The syn-

thesis to combine QDs with DNA-wrapped SWCNTs is

detailed elsewhere and summarized in the Methods

section.23 The lifetime imaging capability also provides

spatially resolved information about the interactions

between different species in a heterogeneously distrib-

uted sample. Such detailed information on localized in-

termolecular interactions in a bulk sample cannot be

obtained by topological characterization or other imag-

ing techniques.

RESULTS AND DISCUSSION
A specific QD�SWCNT complex with a distinctive

structure that contained several regions with different

morphologies was selected to be the focus of the illus-

tration of our multimodal imaging technique (Figure 1).

Atomic force microscopy (AFM) and optical micros-

copy reveal an 8 �m long by 4 �m wide structure con-

taining a loop component on the top portion. AFM to-

pography displays several round features along the

bottom (e.g., see circle A) and the very top of the het-

erostructure, while the remaining structure is domi-

nated by elongated features (e.g., circle B). We assign

these morphologies as QD aggregates and SWCNT

bundles, respectively. Additionally, in the AFM phase

image (Figure 1b), small filaments are observed pro-

truding from the main structure. AFM topography im-

ages show these filaments are 1.5�4.0 nm high and

thus consist of single or small numbers of nanotubes

(see Supporting Information). This size can be con-

trasted with the larger bundles in the main structure

which are 20�100 nm in diameter. The AFM phase im-

age reveals the decoration of QDs along the SWCNT

bundles. The QDs appear as dark spots in the phase

image.

Although the overall boundary and shape of the

QD fluorescence emission (Figure 1d) concurs well

with the AFM topographic pattern, local intensity corre-

lation is not consistent, implying non-uniform conjuga-

tion of QDs to SWCNTs. Recent studies demonstrated

SWCNT quenching of QD fluorescence when conju-

gated within nanoscale proximity.24 Therefore, changes

in the SWCNT density in the complex presented here

could affect the QD fluorescence signal distribution.

Specifically, the spatial SWCNT concentration should

anticorrelate with the QD fluorescence if SWCNT-

induced quenching is the primary factor for QD fluores-

cence quenching. To test this hypothesis, we performed

Raman spectroscopic imaging to evaluate the spatial

distribution of SWCNTs. Figure 1c shows a confocal

micro-Raman image of the integrated G band intensity

(1500�1660 cm�1) of SWCNTs within the complex.

These data are the combination of two orthogonal ex-

Figure 1. Multimodal imaging of SWCNT�QD complex. (a) AFM topography, (b) AFM phase image, (c) confocal micro-Raman
image of the total integrated G band intensity (1500�1660 cm�1) of SWCNTs excited at 488 nm and combining two polar-
izations obtained from the hyperspectral map, (d) confocal fluorescence image of QDs excited at 488 nm and collected in the
spectral region of � � 585 nm obtained from the hyperspectral map, and (e) fluorescence lifetime map of QDs. Colored
dashed circles are shown as reference points in the discussion.
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citation polarizations. A nearly constant
Raman intensity over the entire sample
area indicates that the SWCNT distribu-
tion is uniform and suggests that the
heterogeneous distribution of QDs is
the primary cause for the modulated
fluorescence pattern. This is consistent
with our AFM image, which exhibits a
relatively uniform distribution of the
bundled fiber-like SWCNTs but non-
uniform QD distribution, with clusters
observed in the regions showing strong
QD fluorescence signal. Therefore, we
conclude that SWCNT quenching is not
responsible for the QD intensity
distribution.

Our primary interest in this report is
to interrelate optical microscopy with
the nanoscale structure of the complex.
The nanoscale topographical informa-
tion is well-demonstrated in our AFM
image (Figure 1a,b). The bundled
SWCNT structures appear to have a
highly ordered local orientation, and
we would predict significant Raman po-
larization behavior. The AFM phase im-
age (Figure 1b) highlights the orienta-
tion of SWCNT bundles and enables
visualization of the nanoscale texture
of the QD�SWCNT complex. As a quan-
titative measure of this local orienta-
tion, spatial 2D autocorrelation analysis was performed
on the AFM phase image.25 In brief, we are examining
the mean orientation of the image texture, and we ex-
tract information about the SWCNT orientation angle
distribution. Figure 2a shows the AFM phase image and
its 2D autocorrelation results (overlaid red lines). The
red lines show the local orientation angle as well as the
orientation strength (shown by the line length).

Polarization-dependent Raman spectroscopy of
SWCNTs has been previously demonstrated.26�29 Due
to the strong anisotropy of the SWCNT optical response,
the Raman intensity varies as a function of the angle be-
tween the nanotube axis and the incident light polar-
ization. This functional dependence when combined
with the autocorrelation results (based on AFM phase
images) predicts the Raman polarization images shown
in Figure 2b,c. This calculation identifies regions of the
complex that are expected to exhibit polarization-
dependent Raman signal. For example, the large sec-
tion on the left side of Figure 2b suggests that strong
Raman signals would be observed in this region when
excited by light polarized parallel to the complex long
axis. Conversely, when the sample is rotated 90°, this
area should exhibit much weaker Raman signal, while
the signal from the top section in Figure 2c would be in-
creased. Indeed, when compared to the experimen-

tally measured G peak anisotropy image (Figure 2d) se-

lected from a series of confocal polarization-dependent

hyperspectral images (details of which are discussed

below), the calculated image pattern relates well with

the observed local Raman polarization dependence.

Selected image slices for the measured G and G= Ra-

man peaks of SWCNTs and fluorescence signal of QDs

from the full hyperspectral image data set (see Support-

ing Information) are shown in Figure 3b,c. A reference

spectrum from one image pixel is shown in Figure 3a.

It is noted that the polarization dependence of the ex-

perimental G and G= peaks corresponds well with the

Raman dependence estimated by the autocorrelation

image (Figure 2b,c). Strong enhancement of the Raman

signal can be observed when the polarization is paral-

lel to the bundled SWCNT orientation. The experimen-

tal G peak intensities for each polarization angle match

the predicted Raman polarization signals very well. To

further compare the autocorrelation results with the ex-

perimental, polarization-dependent Raman G peak

signal, the measured local Raman intensity in highly

orientated regions is plotted as a function of the

autocorrelation angle (Figure 2e). The G peak Raman in-

tensity versus orientation angle of SWCNT alignment

fits to a cos2 � dependence though the scatter in the

data is large. These outlying data points are indicators

Figure 2. AFM phase image with its 2D autocorrelation pattern with predicted and experi-
mental polarized Raman signals. (a) AFM phase image with 2D autocorrelation results for 16
� 16 pixel regions shown in red. For clarity, only every other autocorrelation line is dis-
played. The angles of the red lines indicate the maximum correlation angle, and the length
of the line represents the correlation strength at that angle. Inset: the log of the autocorre-
lation images from two highlighted regions is shown with lines indicating the angle of maxi-
mum correlation. (b,c) Polarized Raman G peak intensities for the incident polarization indi-
cated by arrows predicted using all autocorrelation results. (d) Experimentally measured
Raman G peak polarization anisotropy. Red areas indicate larger Raman intensity when ex-
cited by a laser polarized parallel to the heterocomplex long axis. Green areas are more in-
tense when excited by perpendicular light. (e) Experimental Raman G peak intensity as a
function of the autocorrelation angle for regions outlined in white in (d) with a fit to cos2 �.
To account for the two polarizations, the autocorrelation angles were offset by 90° for the
second polarization.
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of both limited spatial resolution of confocal Raman de-

tection and limitations of the 2D spatial autocorrela-

tion analysis. Additionally, when comparing the entire

Raman and autocorrelation estimation images, it is ob-

served that the autocorrelation results exaggerate the

magnitude of the polarization effects. This is due to

some assumptions made when performing the estima-

tion. The autocorrelation data are based on the AFM

phase results, which are probing the SWCNT�air inter-

face. Variation in the SWCNT alignment beneath this

surface layer is possible. When calculating the polariza-

tion effects from the autocorrelation results, we assume

that each region has a single orientation angle, whereas

in reality there will be a distribution of angles from the

many SWCNTs present in the bundle.

A recent report demonstrated that the average fluo-

rescence lifetime from QDs is significantly reduced af-

ter conjugation with SWCNTs, and this is attributed to

either resonance energy transfer or an increased rate of

nonradiative relaxation due to the increased rate of

photoexcited charge carriers transferring from QDs to

SWCNTs.24 Our results also show that the fluorescence

lifetime of QDs is reduced across the entire complex

(Figure 1e). An order of magnitude decrease in QD fluo-

rescence lifetime (from �19 to �2 ns) is observed com-

paring carboxyl QDs prior to and after SWCNT conjuga-

tion (see Supporting Information). In some regions

where both the fluorescence signal and topography

are high, an intermediate lifetime of �6 ns is observed

(e.g., circle A in Figure 1e). We propose that the ob-

served 6 ns lifetime in the QD aggregation area is due

to the average of conjugated QDs and clustered or un-

conjugated QDs, which may exist on top of the SWCNT-

conjugated QDs. This decreased average fluorescence

lifetime of the QDs after conjugating to SWCNTs sup-

ports the hypothesis24 that the rate of nonradiative re-

laxation of photoexcited QDs can be significantly in-

creased when the QDs are conjugated to metallic or

small band gap semiconducting SWCNTs.

To further assess if this increased nonradiative relax-

ation is the result of increased charge transfer upon

nanotube conjugation and to correlate the SWCNT Ra-

man shift to the QD fluorescence intensity, a series of

experiments were carried out independently on a

micro-Raman system. Note that these experiments

were not performed on the same mesoscopic sample

structure described above. When excited at 632.8 nm,

outside of the absorption window of the QDs, the Ra-

man spectra resemble a typical sample of HiPCO

SWCNTs, with no fluorescence background arising from

the conjugated QDs. On the other hand, when the com-

plex was excited with 514.5 nm, within the QD absorp-

tion window, QD fluorescence emission and SWCNT Ra-

man signal can be observed in the same spectrum. To

further establish the link between photoexcited carrier

transfer in QD and Raman spectral shifts observed in

SWCNTs, the sample was subjected to prolonged expo-

sure of 514.5 nm light to photobleach the QD. As the

QDs photobleach with time, the number of photoex-

cited QD carriers interacting with the nearby SWCNTs

is expected to decrease drastically. Additionally, a de-

crease in the QD�SWCNT interaction upon QD photo-

bleaching is expected to change the phonon frequency

in the Raman spectra.

Figure 4 shows the Raman spectra of the conju-

gated QD�SWCNT sample at time zero (dashed red

trace) and after 2.5 h of light exposure (solid black

trace). At time zero, peaks at 203, 243, 264, and 295

cm�1 were observed in the lower frequency radial

breathing mode (RBM) region. The transitions corre-

spond to nanotubes with diameters of 1.2, 1.0, 0.9, and

0.8 nm, respectively, which is consistent with previously

measured HiPCO SWCNTs.30 The measured RBM fre-

quencies suggest that both metallic and semiconduct-

Figure 3. Intensity images plotted from Raman and fluorescence peaks. (a) Example spectrum from one pixel with Raman
and fluorescence peaks. (b,c) Wavelength slice images showing the two major Raman peaks: G band, 528.4 nm (1567 cm�1);
G= band, 560.5 nm (2651 cm�1), and the QD fluorescence (597 nm) excited using 488 nm light, linearly polarized in the direc-
tions indicated by the arrows.
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ing SWCNTs are present in the sample. After 2.5 h of

light exposure, the intensities of the 264 and 295 cm�1

peaks were significantly reduced, suggesting that a

fraction of the smaller diameter SWCNTs have been al-

tered during the prolonged light exposure. Since

bundled SWCNTs usually have fairly broad resonance

windows, which can be shifted by the presence of QDs,

it is not possible to identify the exact interband transi-

tion for the different nanotube species involved with-

out using a large number of closely spaced laser excita-

tion energies.

In the G band region around 1590 cm�1, the Raman

spectrum of the conjugated sample can be clearly de-

convolved into two components (G� and G�), associ-

ated with A-symmetry TO and LO phonon modes in

SWCNTs. Electron�phonon coupling predicts different

G band features of metallic (M) and semiconducting (S)

SWCNTs.31�33 The asymmetric line shape of the G�

peak in our data suggests that some metallic nano-

tubes are being excited at the present excitation

energy.

After the QDs were photobleached for 2.5 h with

514.5 nm laser light, a 5 cm�1 shift was observed in

the G� band frequency of SWCNTs. Shifts in G� band

frequency upon charge transfer have been ob-
served previously in a number of doping and
transport experiments combined with Raman
measurements. In a simple model, the shift is
introduced by changes in the C�C bond
length in response to the injection of excess
charge carriers from the nearby quantum dots
in photoinduced charge separation events.34,35

Figure 4 shows the region between 2400 and
4000 cm�1, which corresponds to the wave-
length range between 587 and 648 nm. In ad-
dition to the Raman G= feature arising from
the nanotubes, the large fluorescence back-
ground from the QD is observed. After the
conjugated QDs undergo photoinduced oxi-
dation from extended light exposure, the QD
fluorescence blue-shifted while the fluores-
cence intensity decreased significantly.

CONCLUSIONS
A hyperspectral imaging platform achieved

by a smart integration of atomic force microscopy, its
2D autocorrelation analysis, and polarized hyperspec-
tral imaging of QD�SWCNT heterostructures is pre-
sented. This integrated measurement provides rich in-
formation to effectively correlate the structural details
of the constituent building blocks, QDs and SWCNTs,
and their optoelectronic characteristics reflecting pos-
sible charge interactions. From polarized hyperspectral
imaging results, when excited at energy above the ab-
sorption window of the QDs, the Raman spectrum of
SWCNTs and the fluorescence spectrum QDs are
achieved simultaneously. This capability opens a new
possibility to probe photoinduced charge transfer
from QDs to SWCNTs, bridging the properties ob-
served in bulk and single nanotube studies. The QDs
in the heterostructure exhibit significantly short-
ened fluorescence lifetime, indicating energy trans-
fer by nonradiative coupling. More precise analysis
of the heterostructure sample using micro-Raman
spectroscopy provides a significant shift in the G�

Raman peak of the SWCNTs, and this shift correlates
well with the fluorescence intensity associated with
the QDs as they photobleach with time, implying
photoinduced charge transfer from QDs to SWCNTs.

METHODS

Hybrid Sample Preparation. The hybridization process is de-
scribed in detail elsewhere.23 SWCNTs were wrapped with 30-
mer 5=-GT(GT)13GT- 3= single-stranded DNA. CdSe/ZnS carboxyl-
grouped QDs (NN-Laboratories) with an emission peak at around
602 nm were conjugated to the SWCNT by peptide bonding be-
tween the wrapping DNA and QDs. Specifically, the QD car-
boxyl groups are reacted with amine groups at the 3= end of
DNA molecules attached to SWCNTs. The conjugation process
was evaluated by optical spectroscopy techniques including FTIR
and UV�vis measurements.23 For AFM and confocal hyperspec-

tral imaging, 10 �L of the sample solution was spin-cast on a hy-
drophilic glass substrate, followed by several washes using ultra-
pure water.

Polarization-Dependent Hyperspectral Imaging. For hyperspectral
imaging of the QD�SWCNT complexes, we combined a CCD
spectrometer (Princeton Instruments, Inc.) to a confocal micro-
scope (Axiovert 135 TV, Zeiss) with a 100� oil immersion objec-
tive lens (NA 1.45). A sample holder was fixed to a piezostage (LP
100, Mad City Laboratories, Inc., Madison, WI) controlled with La-
bVIEW software. The image was created by scanning a 10 �m
� 10 �m area. Each pixel was exposed for 2 s under a confocal
spot of a p-polarized 488 nm exciting laser spot (Sapphire 488-20

Figure 4. Raman spectra (514.5 nm excitation) of the conjugated
QD�SWCNT sample at time zero (dashed red trace) and after 2.5 h of
light exposure (solid black trace) to photobleach QDs in the sample.
The dotted lines serve as guides to the eye.
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CDRH, Coherent Co.) to obtain the emission spectrum. The hy-
perspectral image was constructed from 128 � 128 photolumi-
nescence spectra for the entire area of the sample. The raster
scan and spectrum acquisition were synchronized with LabVIEW
software operated in an external pulse mode. The polarization
angle of the excitation laser spot was determined by measuring
the transmission intensity through an analyzing polarizer in front
of a photodiode detector. For polarization-dependent spectro-
scopic imaging, the sample was rotated by 90° for the second hy-
perspectral image. Detailed polarization-dependent 2D fluores-
cence and Raman intensity maps were generated from these
images by integrating signal intensities within corresponding
bandwidth regions.

Fluorescence Lifetime Imaging. We combined a lifetime measure-
ment system (SPC830, Becker & Hickl GmbH) with the confocal
microscopy system to confirm the energy transfer between QDs
and SWCNTs. To do this, a Ti:sapphire laser system (Coherent
Inc., Mira-900, pumped by Verdi-10 Nd:YVO4 solid state laser)
generated a beam with a 200 fs pulse width and 76 MHz repeti-
tion rate at a center wavelength of 922 nm. An SHG module (5-
050, InRad) converted the laser wavelength to 461 nm. After a
pulse picker (NEOS Technology) reduced the repetition rate to
7.6 MHz, the beam was delivered to the microscope via optical fi-
ber. In the Scan-Sync-In mode, a lifetime map was created by
raster-scanning a 10 �m � 10 �m area using a piezoelectric
stage at a resolution of 128 � 128 pixels by time-correlated
single photon counting (TCSPC) board (Model SPC830, Becker
and Hickl GmbH). The fluorescence lifetime curves were fitted by
the single-exponential least �2 fitting algorithm in the SPCIm-
age software (Becker & Hickl).

Atomic Force Microscopy and 2D Autocorrelation Image Processing. AFM
images were taken with an Asylum Research MFP-3D in tapping
mode using a silicon cantilever with an electron beam depos-
ited carbon tip (Mikromasch). The best images were obtained
with set points below 50% of the free tapping amplitude. Im-
ages have been flattened and planefit so that the substrate is at
a uniform height, and the images were rotated for ease of dis-
play. Then 2D autocorrelation analysis to measure the alignment
of SWCNTs was performed in MATLAB. In this method, 16 � 16
pixel regions from the 512 � 512 pixel AFM image were sequen-
tially examined. The goal is to determine the local orientation
of the SWCNTs within this small region. First, the autocorrela-
tion (AC) image of this region image (RI) was calculated by

where FFT is the 2D fast Fourier transform function. Essentially,
eq 1 is a method of comparing an image with itself under condi-
tions of different offsets (i.e., where one image is shifted in the
x and/or y directions), and is done quickly in the frequency do-
main. When no offset is used, the correlation is maximized (see
the center bright spot in the inset autocorrelation examples of
Figure 2a). When the offset occurs along the same direction as a
pattern in the image, the correlation will remain high (bright). If
no pattern exists, the correlation will vanish.

When a pattern exists in the region image, it will also be ob-
served in the autocorrelation image. For this study, we are par-
ticularly interested in the mean orientation of the texture of the
phase image. First we examine summed intensity for different
possible angles across the autocorrelation image. The angle
which gives the maximum total intensity in the autocorrelation
image corresponds to the orientation of the SWCNT bundles
within this small region image. We will refer to this angle as the
autocorrelation angle. The insets in Figure 2a show the autocor-
relation images from two regions. Note that there is a pattern in
the autocorrelation image from the region of bundled SWCNTs
(lower right), while the autocorrelation image from the area be-
tween the bundles shows little discernible pattern. A line show-
ing the autocorrelation angle (direction of brightest pattern) is
displayed on each example. The length scale of this autocorrela-
tion pattern provides information about how well-aligned the
nanotubes are in this area. We fit the change in intensity of the
autocorrelation along the autocorrelation angle as a function of
distance from the origin to an exponential decay. The decay con-
stant, 	, is related to the strength of the autocorrelation. The

angle of the red lines in the autocorrelation image (Figure 2a)
represents the maximum angle of the local autocorrelation. The
vector length of the lines corresponds to 	�1. Therefore, longer
lines, corresponding to smaller values of 	, represent areas with
higher net orientation of the SWCNT bundles. To increase the
number of data points for later calculations and to check the re-
producibility of this technique, the autocorrelation analysis was
repeated, offsetting each of the region images by 8 pixels in the
x, y, or x and y directions. Visual inspection of the alignment of
the SWCNTs in the AFM phase image is in agreement with the 2D
autocorrelation results. Estimated polarized Raman images were
produced as described in the text by calculating the local aver-
age Raman intensity from autocorrelation regions where the au-
tocorrelation decay constant 	 � 2.5 (to eliminate areas with
weak autocorrelation), with � parallel (Figure 2b) and perpen-
dicular (Figure 2c) to the long axis of the QD�SWCNT complex.

Raman Spectroscopy. The more detailed Raman experiments
were carried out on a micro-Raman system (RM 1000, Ren-
ishaw), equipped with holographic diffraction gratings. The
samples were spin-coated onto a glass coverslip and excited us-
ing an Ar� ion laser (514.5 nm) and a HeNe laser (632.8 nm).
The Raman signal was collected through a microscope objec-
tive (50�, 0.75 NA, Leica) via backscattering geometry. The la-
ser excitation power was kept under 0.3 mW at all times.
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