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T
he absorption cross section (�abs) is
a fundamental property of mol-
ecules and nanoparticles. For sys-

tems with well-defined molecular weights,

�abs can be determined with relative ease

using absorption spectroscopy along with

the Beer�Lambert law. However, extracting

�abs for nanostructures such as colloidal

quantum dots (QDs) and nanowires (NWs)

is not straightforward because of the exist-

ence of sample polydispersities. Even the

best preparations result in radius distribu-

tions ranging from 4 to 10% in QDs and 15

to 30% in NWs.1�14 Current syntheses also

do not control NW lengths. Adding to this,

organic surfactants bound to the surface of

chemically grown QDs and NWs prevent ac-

curate measurement of their true masses.

As a consequence, it is difficult to associate

a specific molecular weight or sample con-

centration to chemically grown

nanostructures.

While there has been much recent work
to ascertain QD �abs values,15�17 these
numbers are still being vetted for NWs. It is
important to substantiate this optical pa-
rameter since knowledge of �abs enables
more accurate estimates of NW concentra-
tions, emission quantum yields, photode-
tector conversion efficiencies, external pho-
tovoltaic efficiencies, as well as lasing
thresholds. However, despite this need, we
are only aware of three studies on the
subject.18�20 Experimental ensemble CdSe
and CdTe NW �abs values across the visible
were first reported in ref 18, using corre-
lated transmission electron microscopy, UV/
visible extinction spectroscopy, and induc-
tively coupled plasma atomic emission
spectroscopy. At the same time, ref 19 em-
ployed a back of the envelope expression to
estimate single CdSe NW �abs values at
wavelengths far to the blue of the band
edge, while ref 20 used a classical Poynting
vector analysis to treat the linear absorption
of NWs. Given the existence of significant
size and/or morphology (branching) distri-
butions in current samples, motivation ex-
ists for measurements of single NW absorp-
tion cross sections.

In this article, we demonstrate the abil-
ity to determine single CdSe NW �abs val-
ues using photothermal heterodyne imag-
ing (PHI). This sensitive single molecule
detection technique has previously been
used to study the absorption of Au nano-
particles (NPs),21,22 core/shell CdSe/ZnS
quantum dots,23 and single-walled carbon
nanotubes.24,25 The technique indirectly
measures optical absorption by monitoring
the heat dissipated to the local environ-
ment around an absorbing object. Specifi-
cally, a modulated heating beam creates a
time-varying refractive index in the object’s
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ABSTRACT Absorption cross sections (�abs) of single branched CdSe nanowires (NWs) have been measured

by photothermal heterodyne imaging (PHI). Specifically, PHI signals from isolated gold nanoparticles (NPs) with

known cross sections were compared to those of individual CdSe NWs excited at 532 nm. This allowed us to

determine average NW absorption cross sections at 532 nm of �abs � (3.17 � 0.44) � 10�11 cm2/�m (standard

error reported). This agrees well with a theoretical value obtained using a classical electromagnetic analysis

(�abs � 5.00 � 10�11 cm2/�m) and also with prior ensemble estimates. Furthermore, NWs exhibit significant

absorption polarization sensitivities consistent with prior NW excitation polarization anisotropy measurements.

This has enabled additional estimates of the absorption cross section parallel (�abs
� ) and perpendicular (�abs

� ) to the

NW growth axis, as well as the corresponding NW absorption anisotropy (�abs). Resulting values of �abs
� � (5.6

� 1.1) � 10�11 cm2/�m, �abs
� � (1.26 � 0.21) � 10�11 cm2/�m, and �abs � 0.63 � 0.04 (standard errors

reported) are again in good agreement with theoretical predictions. These measurements all indicate sizable NW

absorption cross sections and ultimately suggest the possibility of future direct single NW absorption studies.

KEYWORDS: nanowire · photothermal microscopy · CdSe · absorption cross
section · gold nanoparticles · solution�liquid�solid growth · absorption polarization
anisotropy
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environment that is subsequently detected though

changes in the propagation of a nonresonant probe

beam. The method works best in systems that relax

quickly to the ground state (nonradiatively), allowing

fast excitation cycling. Reference 26 more fully explains

the PHI technique.

RESULTS AND DISCUSSION
Given that individual NWs typically exhibit low emis-

sion quantum yields (QYs),19,27�30 they represent a

good candidate system for photothermal imaging. In

the specific case of CdSe, QYs are estimated to be on
the order of 0.1%.19 While there have been some excep-
tions to this,29,30 such low emission efficiencies indi-
cate that these wires effectively dissipate any absorbed
energy as heat into the surrounding environment. We
have therefore used PHI to image and measure the ab-
sorption cross sections of individual CdSe NWs at 532
nm (2.33 eV). The cross-section measurement relies on
comparing the magnitude of the PHI signal for the NWs
to those of Au NPs with a well-defined size.31,25

Branched CdSe NWs were prepared via
solution�liquid�solid growth, the details of which

can be found in ref 9. Figure 1 shows low (panel a) and
high resolution (panel b) transmission electron micros-
copy (TEM) images of resulting wires. The TEM micro-
graphs reveal that the wires are highly crystalline with
lengths between 1 and 10 �m and with an average ra-
dius of 10.9 � 4.3 nm. Obtained NW morphologies in-
clude v-shape, y-shape, and “merge-y” geometries.9

Cartoon schematics, providing more details about these
NW structures, can be found in the Supporting Informa-
tion as well as in ref 9. The gold particles used in this
study were synthesized using a radiolytic method de-
veloped by Henglein.32 The resulting average particle
radius is 21.1 � 1.8 nm (Figure 1c). Reported errors in
both CdSe NW and Au NP sizes represent one standard
deviation about the mean. Both nanostructures absorb
at 532 nm, as illustrated in Figure 1d. Given that the Au
NP �abs value at 532 nm is well-known, single CdSe
NW �abs values can be determined by comparing the in-
tegrated PHI signal per micrometer for the NWs to the
signal from the NPs.

Samples for optical measurements were prepared
by spin-coating dilute solutions of CdSe NWs or Au
NPs onto flamed glass microscope coverslips. To

Figure 1. Representative (a) low and (b) high resolution TEM images of CdSe NWs with (c) accompanying low resolution
TEM images of Au NPs. (d) Linear extinction spectra of CdSe NW (dashed-dotted line) and Au NP (dashed line) ensembles
with the corresponding NW band edge photoluminescence (PL) (solid line) shown.
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ensure that only single NWs were studied, wires with

characteristic v-shape, y-shape, and merge-y morpholo-

gies (as opposed to straight NWs) were chosen for

these experiments. In parallel, gold particle solutions

were diluted until interparticle distances of at least 0.5

�m were achieved on the glass coverslip and PHI sig-

nals were uniform from particle-to-particle, as demon-

strated in Figure 2a. A histogram of the integrated pho-

tothermal signal from 117 Au NPs (Figure 2b) reveals a

monomodal distribution, suggesting the successful de-

tection of single Au particles. The solid line represents

the corresponding Au NP volume distribution (assumed

to be Gaussian) determined from TEM analysis. By com-

paring the relative standard deviation in the distribu-

tion for the Au photothermal signal (22%) to that of the

NP volume (25%), we conclude that the spread in the

PHI signal arises from the sample size distribution.26

As a further control experiment, single NW PHI and

photoluminescence (PL) signals were measured as a

function of excitation intensity. In both cases, a linear

dependence was seen within the range of excitation in-

tensities used (�300 kW/cm2 to 4 MW/cm2) (Figure

2c). The lack of any saturation behavior implies that

the PHI signals from the Au NPs and CdSe NWs can be

directly compared. Note that all subsequent measure-

ments were conducted in the low excitation regime of

the heating beam (�180 kW/cm2). A typical photother-

mal image of a single y-shape NW with Au NPs present

is shown in Figure 2d. Circularly polarized light was

used in this measurement. The Au particles appear

brighter than the CdSe NW in the image, suggesting

that they have larger cross sections. A more quantita-

tive analysis of this difference follows.

Figure 2d,e illustrates variations in the PHI signal for

different arms of a given NW, again recorded with circu-

larly polarized light. This is attributed to the distribu-

tion of widths from arm-to-arm (the relative standard

deviation in the width is 40%). Interestingly, of the six

total branched wires imaged, an intrawire analysis sug-

gests that the PHI signal is greatest near their branching

point. Figure 2f demonstrates this by plotting the PHI

profile of arms � and � from the merge-y NW shown in

Figure 2e. This behavior could be due to two effects. It

may arise from an increase in the incident electric field

strength at the branching point, which results in an in-

crease of the absorption.33 Another possibility is that at

branching points we simply interrogate more material

within our diffraction limited spot.

In total, 12 arms from 6 NWs were analyzed using cir-

cularly polarized light, and each arm was treated as a

separate measurement. The relative absorption cross

section of each arm was obtained by integrating the PHI

signal over the entire arm, excluding branching points,

and dividing by its length. The effect of the increased

PHI signal near branching points (Figure 2f) only in-

creases the obtained cross section by 10% at most. This

Figure 2. (a) Photothermal image of evenly dispersed single Au NPs within a 6.4 � 6.4 �m2 region. (b) Histogram of integrated
PHI values normalized to the mean of 117 individual Au NPs. The solid Gaussian curve illustrates the corresponding Au NP vol-
ume distribution determined by TEM. (c) NW PHI (open circles) and PL (open triangles) intensity as a function of excitation inten-
sity. The solid/dashed lines are linear fits to each data set. (d) Photothermal image of a single v-shape NW from a 6.4 � 6.4 �m2 re-
gion with Au NPs present. (e) Photothermal image of a single merge-y NW from a 6.4 � 6.4 �m2 region with (f) the corresponding
intensity profile of arms � and 	. Open stars denote the merge-y branching point.
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is overshadowed by larger sources of error as will be dis-
cussed below.

A comparison to the integrated signal from 117 Au
NPs then reveals that, on average, the NW PHI signal
per micrometer is 0.58 times less than the Au NP sig-
nal. An absolute value of �abs was then obtained by mul-
tiplying this ratio with the Mie theory calculated absorp-
tion cross section for 21.1 nm Au NPs (�abs � 5.61 	

10�11 cm2, 
exc � 532 nm) (Supporting Information).
Note that our experiments were performed using mi-
croscope immersion oil to index match the second ob-
jective and to dissipate any heat generated by the NPs
or NWs. As a consequence, the refractive index of oil (n
� 1.51) was used in the Mie theory calculation. Further-
more, in these calculations the complex refractive in-
dex of Au at 532 nm from ref 34 was used
(0.523�i2.227), without any corrections for electron sur-
face scattering.35 The end result of this analysis is an av-
erage CdSe NW absorption cross section of �abs� (3.17
� 0.44) 	 10�11 cm2/�m (standard error reported) for
excitation with 532 nm, circularly polarized light.

It is well-documented that the absorption of NWs
possesses strong excitation polarization
sensitivities.36,37 Consequently, in addition to circularly
polarized light, single NWs were excited with parallel
and perpendicularly polarized light relative to the
growth axis of each arm. Figure 3a demonstrates that
the intensity of the PHI signal from an individual
branched NW arm depends strongly on the incident
light’s polarization angle. Clear oscillations occur as a
function of the polarization angle with the signal maxi-
mized when the excitation is parallel to the NW growth
axis. Figure 3b shows sequential PHI images taken at 0,
45, and 90° relative to an arm of a y-shape NW that fur-

ther demonstrate this effect. For completeness, Figure
3a also shows that gold NPs do not exhibit any signifi-
cant polarization sensitivities, as expected. An absorp-
tion anisotropy (�abs) averaged over 7 NW arms is �abs �

0.63 � 0.04 (standard error reported) in good agree-
ment with the value expected for an immersion oil en-
vironment as calculated below (theoretical �abs �

0.66).20

Comparison of the integrated PHI signal per micro-
meter (from 7 single NW arms excited with parallel ex-
citation) to that of the 21.1 nm radius Au NPs reveals an
approximate 1:1 ratio. For perpendicularly polarized
light, it is 1:4.45. On the basis of the above calculated
�abs value for Au NPs as well as the ratio of the NW-
to-NP PHI signal, average parallel/perpendicular cross
sections are then �abs

� � (5.61 � 1.12) 	 10�11 cm2/�m
and �abs

� � (1.26 � 0.21) 	 10�11 cm2/�m (standard er-
rors reported). We note that it is experimentally more
challenging to obtain �abs

� and �abs
� values compared to

finding �abs for circularly polarized light since the pres-
ence of a beam splitter prior to the microscope objec-
tive leads to an unavoidable scrambling of the excita-
tion polarization at orientations other than s or p (see
Supporting Information Figure S.1). Thus, only NW arms
already possessing an s or p orientation relative to the
beam splitter could be used for these experiments. This
limited the total number of measurements conducted.

Experimentally determined �abs, �abs
� , and �abs

� val-
ues were compared to results of a predictive NW cross-
section method developed earlier.20 The technique is
based on the analytical determination of the total opti-
cal power absorbed by a unit NW length of radius a in
a nonabsorbing medium with dielectric constant �
.
Additional details of the method can be found in ref 20.
However, the model ultimately yields the following ab-
sorption cross sections:

and

for excitation at a wavelength 
, polarized parallel and
perpendicular to the NW growth axis. In either expres-
sion, Z is the wave impedance of free space (Z � (�0/
�0)1/2), �o (�o) is the permeability (permittivity) of free
space, k � (�(�))1/22�/
 is the wavenumber inside the
NW, �(�) is the NW’s complex frequency-dependent di-
electric constant, v is the speed of the wave in the sur-
rounding medium, and Jn(kr) are Bessel functions of the
first kind with Jn=(kr) their first derivatives. The expan-
sion coefficients cn and dn, in a nonabsorbing medium,
are

Figure 3. (a) Single NW (open circles) and Au NP (triangles)
PHI signals plotted against excitation polarization angle
relative to the NW growth axis. (b) Corresponding NW PHI
images at fixed angles (
exc� 532 nm).

σabs
| (ω) ) 2πa

ZεMv
Re{-i ∑

n)-∞

∞

√ε(ω)∗|cn|2Jn(ka)Jn
′∗(ka)}

(1)

σabs
⊥ (ω) ) 2πa

ZεMv
Re{i ∑

n)-∞

∞

√ε(ω)∗|dn|2Jn′ (ka)Jn*(ka)}
(2)
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where Hn(k0a) are complementary Hankel functions of

the first kind, Hn=(kr) are their first derivatives, and k0

� ((�M)1/22�)/
 is the wavenumber in the surrounding

medium. For circularly polarized light, �abs is given by38

Evaluation of eq 5, along with eqs 1�4, yields �abs

� 5.00 	 10�11 cm2/�m for a 10.9 nm radius CdSe NW

in an immersion oil environment (
exc � 532 nm). Fur-

thermore, given �abs
� and �abs

� , the following expression

for the absorption polarization anisotropy, �abs � (�abs
�

� �abs
� )/(�abs

� � �abs
� ), leads to a theoretical absorption

anisotropy of �abs � 0.66. In all cases, given the absence

of actual NW �(�) values, the bulk frequency-

dependent dielectric constant of CdSe was used.39

Mathematica code for the above calculation can be

found in the Supporting Information. The results calcu-

lated using eqs 1�5 are in reasonable agreement with

experimental �abs, �abs
� , �abs

� , and �abs values, as illus-

trated in Table 1. Variations in reported NW absorption

cross sections arise mainly due to structural variations

in the NW, specifically, inter-arm variations (in our case

40% as reported above) and intra-arm radius variations

(reported in the literature as �5%).9

Note that typical PHI experiments utilize a probe

beam off-resonance with the studied material. How-

ever, our measurement employs a red 632.8 nm probe,

which is resonant with the interband absorption of the

CdSe NWs (Figure 1). On the basis of the calculated

CdSe NW �abs value at this wavelength (Supporting In-

formation), only �1.2% of the probe power is absorbed.

This corresponds to a negligible difference in the re-

corded PHI signal and therefore allows us to compare

the signal measured from CdSe NWs to those of Au NPs

in order to extract relevant NW absorption cross

sections.

Finally, while adjusting the PHI signal in the single

CdSe NW and Au NP experiments, two maxima in the

signal were observed at different positions of the focus-

ing objective relative to the coverslip surface. This is

shown in Figure 4a for a single Au NP and in Figure 4b

for a single CdSe NW (open circles). Hwang and Mo-

erner have previously examined (theoretically) the far-

field signal induced by a nanoparticle in a focused

Gaussian laser beam, as a function of the particle’s po-

sition relative to the focal plane.40 This signal can arise

from an absorption or a phase change of the beam. For

an experiment where absorption dominates, the signal

is maximized at the focus. In contrast, when the phase

change contribution dominates, the signal is minimized

at the focus and displays two maxima symmetrically

distributed about it, separated by roughly the Rayleigh

range of the beam. This effect arises from the Gouy

phase change of the Gaussian beam as it passes

through a focus.40 In PL experiments, the signal is due

to photon absorption and should therefore display a

single maximum at exactly the beam focus. Since single

NP/NW PHI experiments are sensitive to changes in

the refractive index of the environment caused by heat-

ing, this corresponds to the latter phase change sce-

nario and thus means that two maxima should be ob-

served when a particle/NW is scanned through the

focus.

Figure 4b illustrates the difference between absorp-

tion and emission by plotting the PHI signal and PL in-

tensity of a single NW as function of the objective’s

z-position relative to the coverslip. It can be seen that

the PHI signal for the NWs displays two maxima, with a

minimum at the point where the PL signal is maxi-

mized. The PHI signal for the Au NPs also displays two

maxima, but the intensities in this case are very

Figure 4. Photothermal signal of a single (a) Au NP and (b) a CdSe NW
(open circles) with the corresponding NW PL intensity (triangles). All
data are plotted as a function the objective’s z-position relative to the
coverslip. The solid/dashed lines in (a) and (b) are guides to the eye.
Corresponding images: (c) PHI and (d) PL. Greek letters denote differ-
ent arms of the branched NW.

cn )
√εMHn′ (k0a)Jn(k0a) - √εMHn(k0a)Jn′ (k0a)

√εMHn′ (k0a)Jn(ka) - √ε(ω)Hn(k0a)Jn′ (ka)
(3)

dn )
√εMHn(k0a)Jn′ (k0a) - √εMJn(k0a)Hn′ (k0a)

√εMJn′ (ka)Hn(k0a) - √ε(ω)Jn(ka)Hn′ (k0a)
(4)

σabs )
σabs
| + σabs

⊥

2
(5)

TABLE 1. Reported (10.9 nm radius) CdSe NW Absorption
Cross Sections and the Associated Absorption Polarization
Anisotropy at 532 nm (Standard Errors Are Reported)

experimental calculated

�abs 3.17 	 10�11 cm2/�m (�14%) 5.00	 10�11 cm2/�m
�abs

� 5.61 	 10�11 cm2/�m (�20%) 8.29 	 10�11 cm2/�m
�abs

� 1.26 	 10�11 cm2/�m (�17%) 1.72 	 10�11 cm2/�m
�abs 0.63 (�6%) 0.66
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asymmetric. In the context of the Hwang and Moerner
paper, asymmetry arises when the signal detected origi-
nates from a mixture of absorption and phase changes.
Note that the degree of asymmetry in the PHI signal
for both the NPs and NWs varies from particle to par-
ticle. In light of this, to ensure consistency in our PHI
measurements, care was taken to always maximize the
signal by positioning the objective at the larger of the
two photothermal peaks. Emission images were like-
wise acquired by adjusting the z-position of the objec-
tive to maximize the emission intensity. As a conse-
quence of the asymmetry in the PHI signal, a systematic
error ultimately exists in determined NW absorption
cross sections. Unfortunately, it is difficult to quantify
an exact correction factor because the interplay be-
tween absorption and phase change effects is intrinsi-
cally complicated.40 However, we believe that obtained
NW cross sections are likely underestimated by
�10�20% and this, in turn, might explain the system-
atically smaller experimental versus theoretical values in
Table 1. This subtle effect thus brings us to the conclu-
sion that direct absorption measurements of NW ab-
sorption cross sections will yield more accurate re-
sults.41

As a final point of interest, Figure 4c shows that in
the specific case of merge-y NWs, when the NW PHI sig-
nal is maximized, all three arms, �, �, and �, are visible.
However, when the corresponding PL signal is maxi-
mized, only two arms (�,�) are apparent with the third
arm (�) absent (Figure 4d). This was not exclusive to the

particular wire shown and was observed for all merge-y
NWs studied. A possible explanation is that the high
angle grain boundary running down the length of the
� arm (see Supporting Information and ref 9) causes
rapid nonradiative recombination of electrons and
holes, quenching the emission.

CONCLUSION
In conclusion, single branched CdSe NWs were stud-

ied using photothermal heterodyne imaging. Experi-
ments reveal variations in NW absorption along the
length of each arm with the greatest absorption occur-
ring near branching points. Absolute CdSe NW �abs val-
ues for circular, parallel, and perpendicularly polarized
light at 532 nm were determined by comparing the PHI
signal of NWs to those of Au NPs. Obtained cross sec-
tions were in good agreement with calculated values
using the bulk dielectric constant of CdSe. In addition,
extracted absorption polarization anisotropy values
agree well with prior experimental and theoretical exci-
tation polarization anisotropies. These large �abs and
�abs values suggest the possibility of future direct single
NW absorption measurements. Furthermore, these spa-
tially resolved measurements also show that absorp-
tion and emission are not perfectly correlated in single
nanowires. For example, in “merge-y” nanowires the “�-
arm” clearly can be seen in absorption but not emis-
sion (see Figures 4b,c). This appears to be due to an in-
creased nonradiative recombination of electrons and
holes in this arm due to structural defects in the wire.9

EXPERIMENTAL SECTION
Photothermal measurements were preformed using a home-

built single molecule imaging instrument, based on an inverted
optical microscope (Olympus IX-71). NW and gold NP positions
were manipulated using a manual X-Y micrometer stage (Sem-
prex) coupled to a closed-loop, three-axis piezo positioner
(Physik Instrumente, P-527.3Cl). The experiments employed a
632.8 nm HeNe probe beam (JDS Uniphase) overlaid on a 532
nm heating beam (Spectra Physics, Millennia Vs). The intensity
of the latter was modulated at 100 kHz using a photoelastic
modulator (Hinds Instruments). The heating and probe beams
were focused on the sample using a high numerical aperture
(NA) oil-immersion objective (Olympus, 100	/1.30 NA), with ex-
citation intensities of �180 and �20 kW/cm2, respectively (calcu-
lated assuming diffraction-limited excitation spots of d �

/(2NA). The pump and probe beams were subsequently recolli-
mated with a second oil-immersion objective (Olympus, 60	/
0.9 NA), whereupon the green heating beam was eliminated us-
ing a 633 nm band-pass filter (Semrock). The red probe was
subsequently detected with an avalanche photodiode module
(Hamamatsu C5331�11) coupled to a lock-in amplifier (Stanford
Research Systems SR830). NW emission was simultaneously col-
lected with the first microscope objective and was filtered
through a 710 nm long pass filter (Chroma) before being de-
tected using a fiber coupled, single photon counting avalanche
photodiode (Perkin-Elmer SPCM-AQR-14). Photothermal and
emission images were created by raster scanning the sample us-
ing in-house software. A detailed diagram of the experimental
setup can be found in the Supporting Information (Figure S.1).
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