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ABSTRACT We present absorption anisotropy measurements in PbSe nanostruc-
tures. This is accomplished via a new means of measuring absorption anisotropy in
randomly oriented solution ensembles of nanostructures via pump—probe spectros-
copy, which exploits the polarization memory effect. We observe isotropic absorption
in nanocrystals and anisotropic absorption in nanorods, which increases upon
elongation from aspect ratio 1 to 4 and is constant for longer nanorods. The
measured volume-normalized absorption cross section is 1.8 & 0.3 times larger for
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parallel pump and probe polarizations in randomly oriented nanorods as compared to

nanocrystals. We show that this enhancement would be larger than an order of magnitude for aligned nanorods. Despite being in the strong quantum

confinement regime, the aspect ratio dependence of the absorption anisotropy in PhSe nanorods is described classically by the effects of dielectric contrast

on an anisotropic nanostructure. These results imply that the dielectric constant of the surrounding medium can be used to influence the optoelectronic

properties of nanorods, including polarized absorption and emission, phonon modes, multiple exciton generation efficiency, and Auger recombination rate.
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olloidal semiconductor nanostruc-

tures are under intense research for

a number of applications including
next-generation solar cells,' > photode-
tectors,® light-emitting diodes,”® lasers,>'°
and biological labeling."" Much of this work
has centered on spherically symmetric
nanocrystals due to their size-tunable band
gap, large absorption cross sections, and
sizable luminescent quantum yields. Among
their optoelectronic properties multiple ex-
citon generation (MEG) has been of parti-
cular interest over the past decade, as it
provides a means to achieve charge carrier
quantum yields larger than 100%.

More recently, semiconducting nano-
rods and nanowires have been explored
for these same applications. Elongation of
these nanostructures provides a means
of suppressing Auger recombination,'*'?
which limits many optoelectronic applica-
tions by introducing a rapid nonradiative
decay route for multiple excitons. Further-
more, it is expected that charge carrier
transport will be enhanced down the length
of elongated nanostructures, which may
yield improvements in photovoltaic or pho-
todetector devices fabricated from these
nanostructures. It has been recently shown
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that MEG is enhanced in elongated PbSe
nanorods compared to nanocrystals,'~'®
with a tentative assignment to enhanced
Coulombic interactions. This enhancement
in Coulombic interactions was predicted for
nanorods and wires due to reduced dielec-
tric screening, as the electric field pene-
trates outside of the elongated nano-
structure into the low dielectric external
media.'” The “dielectric contrast” between
the dielectric constants of the nanostruc-
ture and external media gives rise to the
reduced screening.

Dielectric contrast and the asymmetric
shape of nanorods and wires also yield
polarized light emission'®2° and pro-
nounced anisotropic absorption.?! This has
been confirmed in the case of CdSe nano-
wires by emission polarization memory
measurements,”>** photocurrent measure-
ments,®* and single-wire extinction spec-
troscopy.?> Very recently, transient absorp-
tion and photoluminescence excitation
spectra anisotropy measurements have ob-
served anisotropic absorption in CdSe
nanorods.”® Dielectric contrast also causes
an enhancement of the oscillator strength
and thus an increase in the absorption cross
section in elongated nanostructures.?’
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Recent MEG studies indicate an increase in the absorp-
tion cross section of PbSe nanorods compared to
nanocrystals.'*?® However, these measurements were
on randomly oriented colloidal suspensions and do not
account for the anisotropic nature of elongated
nanostructures.

Here we exploit the so-called “polarization memory”
effect in pump—probe spectroscopy in order to mea-
sure the absorption anisotropy of PbSe nanorods and
nanocrystals. We observe anisotropic absorption in
nanorods, while nanocrystals show isotropic absorp-
tion. Aspect ratio-dependent measurements show the
evolution of the absorption properties for zero-dimen-
sional to quasi-one-dimensional nanostructures. Our
observations can be described classically by dielectric
contrast between the nanostructures and the sur-
rounding solvent, with no need for quantum confine-
ment effects even though these nanorods have radii
more than an order of magnitude smaller than the
Bohr radius and are thus in the strong quantum
confinement regime. The applicability of this classical
model allows for estimation of the anisotropy and
absorption cross sections of aligned nanorods. These
results suggest that some optoelectronic properties of
nanorods may be influenced by changing the dielectric
properties of the surrounding medium.

RESULTS AND DISCUSSION

Absorption Cross-Section Measurement. We exploit the
same methodology used to measure MEG quantum
yields in colloidal nanostructures via pump—probe
spectroscopy in order to measure the absorption cross
section, but in this case with polarization-sensitive
degenerate pump—probe spectroscopy at the band
edge energy. Though photoexcitation occurs at the
band edge energy, where MEG is forbidden by con-
servation of energy, sequential photon absorption at
high fluences can lead to the creation of more than one
exciton per nanostructure. If two or more excitons are
present in a nanostructure, Auger recombination (AR)
occurs on a time scale of ~100 ps,'® resulting in single
excitons that recombine over 0.01—1 us. We monitor
the exciton dynamics by probing the sample at the
ground state 1S absorption feature, ie., the band
edge. Upon photoexcitation, the absorption of a
pump photon creates an exciton, which bleaches the
1S.—1S;, absorption feature due to state filling. The
peak photoinduced bleach is proportional to the num-
ber of excitons created, which is proportional to the
fluence, Jo. The magnitude of the bleach observed at
long delays after AR is complete, i.e., ~1 ns, is propor-
tional to the excited fraction of nanostructures in the
solution and follows Poisson statistics:

AT(1ns) =1 —e™ M M

where the average number of absorbed photons per
nanostructure is defined as the product of the fluence
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and absorption cross section, (N) = Joo. The number of
excitons initially created per nanostructure, Ryop, Can
be estimated from the ratio of the peak photoinduced
bleach to that at long delays and can be described by a
modified Poisson distribution as

ATpeak (NYOd Jooo¢p

Roop = AT(Ins) 1—e-®™ 71 _eho @)

where g is the absorption cross section, ¢ is the exciton
quantum yield, and 0 is a correction factor for single
exciton decay over the temporal window.?° Assuming
a quantum yield of 1, we can fit the fluence depen-
dence of R,op in order to determine the absorption
cross section. Performing these measurements as a
function of relative pump—probe polarization (ie.,
crossed polarization vs parallel polarization) yields
different absorption cross sections for each polariza-
tion, which can be used to calculate the absorption
anisotropy. This methodology provides a unique mea-
surement of the degree of absorption anisotropy for a
randomly oriented ensemble of nanostructures.

In spite of overwhelming acceptance,®® the as-
sumption that AT grows linearly with the number of
excitons created per nanostructure has recently been
challenged.>' However, we experimentally confirm the
linearity of ATgeax With fluence in our nanostructure
ensembles; see Supporting Information for details.
Consider photoexcitation of excitons and biexcitons;
clearly if biexcitons contribute more than twice the
photobleaching seen from single excitons, then ATpeak
would be superlinear, which is not consistent with our
observations. Further, deviations in the ratio of the
biexciton photobleaching (ATyy) to single exciton pho-
tobleaching (ATy) from its ideal value of 2 can easily be
explained by the presence of single exciton decay. If
the single exciton lifetime is ~1—10 ns, either intrinsi-
cally or due to trapping mechanisms, then eq 1 no
longer strictly holds because some excitons have
decayed over the temporal window. This leads to the
inclusion of  in eq 2. For d > 1, the ratio of the biexciton
to single exciton AT will be larger than 2. This is not due
to any intrinsic nonlinearity in the material, but a failure
of the assumption that the single exciton lifetime is so
much longer than our temporal window that the single
exciton population should experience negligible de-
cay. As eq 2 accounts for the finite exciton lifetime,
such effects will not influence our estimation of the
absorption cross section.

Anisotropy Measurements of Nanorods. We measured
the time-dependent photoinduced bleach dynamics
at the band edge energy as a function of fluence for
PbSe nanorods of aspect ratio 1 to 9 for different
relative pump—probe polarizations. For specific nano-
rod dimensions please refer to the Supporting Infor-
mation. As expected we observe more photoinduced
bleaching when the pump and probe have the same
polarizations (i.e., parallel polarizations) than when the
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Figure 1. Time-dependent photoinduced bleach dynamics
for the 1S.—1S;, transition for a solution of PbSe nanorods
with aspect ratio 7 £ 2 for different fluences (a) measured
with parallel (blue) and (b) perpendicular (red) relative
pump—probe polarizations. (c) Time-dependent photoin-
duced bleach dynamics for different fluences measured
with probe polarization set to magic angle (black) com-
pared to that calculated (green) from the curves in (a) and
(b) using eq 3. Insets show schematic diagrams of the pump
and probe polarizations incident on the cuvette containing
the PbSe nanorod solution.

polarizations are perpendicular to each other (ie.,
crossed polarizations), Figure 1. Though the nanorods
are randomly oriented in solution, the pump beam
selects a subensemble of the rods that have the largest
projection of their transition dipole moment in the
plane of the pump electric field, Figure 2. This polariza-
tion selectivity is a consequence of the natural dichro-
ism of nanorods; the absorbance of any given nanorod
depends on the polarization of the incident light. As
the excited states of nanorods are thought to be one-
dimensional excitons,'” it is equivalent to say that the
pump is absorbed most strongly by the nanorods that
are aligned with their axial direction parallel to the
pump polarization. Those nanorods that are aligned
orthogonally, i.e., the radius is parallel, to the pump
polarization will absorb much less of the pump beam. A
probe pulse polarized parallel to the pump pulse
interacts with this photoexcited subensemble and
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Figure 2. Schematic diagram of (a) the electric field of light
interacting with a nanorod. The axial and radial absorption
cross sections are drawn for reference. (b) Nanorods with
their axial direction parallel to an optical electric field
absorb the light most strongly (red), yielding a photose-
lected subpopulation with a preferred orientation.

experiences less absorption, ie. strong bleaching,
due to state filling. It is the relative polarization of the
probe measured with respect to the pump that matters
in these measurements. This is analogous to the
polarization memory effect,?’ where polarized pump
excitation selects a subensemble that subsequently
emits light preferentially polarized parallel to the in-
cident pump polarization. On the other hand, a per-
pendicularly polarized probe is primarily absorbed by
nanorods that absorbed very little pump and thus
experiences less bleaching. We implicitly assume that
the time delay between pump and probe pulses is
insufficient for the nanorods to rotate and randomize
their orientation.

Pump—probe spectroscopy is often performed at
the so-called magic angle3? to minimize the effects of
delay-dependent anisotropy, which can occur if the
nanorods rotate during the 1 ns temporal window.
The magic angle photoinduced bleach measurements,
A Twal(1), in Figure 1c¢ match those calculated from
the parallel (ATj(z)) and perpendicular (AT, (7)) cases
using®>

ATmalr) = % (ATy(7) + 2AT (7)) 3)

This implies that the measured AT, and AT, are free of
contamination by light with orthogonal polarization.
Magic angle measurements are more heavily weighted
toward the case of perpendicular polarizations. This
implies that previous absorption cross sections ex-
tracted from MEG measurements'® that were per-
formed with magic angle polarization underestimate
the strong optical absorption in nanorods. The increase
in the absorption of nanorods compared to nanocryst-
als would also be underestimated, masking a potential
advantage that nanorods possess. In such studies, the
reported absorption cross sections are best thought of
as averages weighted more heavily toward the case of
perpendicular polarizations.

Experimentally we observe that AT ~ 2AT, for the
photoinduced bleach dynamics transients for PbSe
nanorods, Figure 1a, while they show no appreciable
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Figure 3. Comparison of the time-dependent polarization
anisotropy observed in PbSe nanorods (diamonds) and
nanocrystals (circles). Symbols are shown every 10 data
points.

polarization dependence for nanocrystals. The time-
dependent anisotropy, p(r), can be calculated from
these transients. It is often used to gain information
about changes in the orientation of anisotropic struc-
tures or transition dipole moments. For a given pump
fluence, we calculate the quantity

_ AT(@) —ATL(7)

NGRS INIC @

p(7)
For low fluences, where the contribution of sequential
absorption is small, we observe polarization anisotropy
that is constant over the measured temporal window,
Figure 3. This rules out the possibility of rotational
effects influencing our measurements here, demon-
strating the validity of our implicit initial assumption.
Fluence-dependent measurements were con-
ducted to determine the absorption cross section for
each relative pump—probe polarization using eq 2.
Rpop shows different fluence dependencies for the
different probe polarizations used, Figure 4a. This is
due to the different projections of the excited nanorod
axes onto the plane of the probe electric field. The
degree of alignment between the excited nanorods
and the probe polarization changes the amount of
bleaching and thus our perceived absorption cross
section at the pump wavelength. For example, a probe
beam polarized perpendicularly to the pump will
interact with, on average, more nanorods that did
not absorb pump photons and will experience less
bleaching, effectively indicating to the observer that
the absorption cross section is low. So the relative
polarization of the probe measured with respect to the
pump determines the observed absorption cross sec-
tion, which is maximum for parallel relative pump—
probe polarizations. If instead, the measured R,
values are shown as a function of (N) = Jy0, we see
that there is good agreement between the measure-
ments performed with different probe polarizations,
Figure 4b. This shows that the observed absorption
cross section is the difference between these two
measurements. In fact, the dynamics observed at
(N) ~ 1.35 are nearly identical for each probe polariza-
tion; see Supporting Information. A global triexponen-
tial fit to the fluence-dependent dynamics data®* yields
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Figure 4. Comparison of the ratio of multiexciton to exciton
population in PbSe nanorods as a function of (a) pump
fluence and (b) average absorbed photons per nanostruc-
ture for parallel (blue) and perpendicular (red) relative
pump—probe polarization.
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Figure 5. AR-limited biexciton (BX) lifetime as a function of
nanostructure volume for PbSe nanocrystals (black) and
nanorods (red). Measurements from this text (filled circles),
Aerts et al.>* (plus signs), Padilha et al.”® (open circles), Yang
et al."* (diamonds), and Beard et al.3® (circles with x) are
compared. Inset shows schematic energy diagram of AR
process.

an AR-limited biexciton lifetime of 263 ps for aspect
ratio 7 + 2 (~240 nm°) nanorods, in agreement with
recent AR measurements,'>?%3° Figure 5. This observa-
tion of no change in exciton dynamics for the different
polarization states indicates that neither the nanorods
nor their dipole moments reorient over our 1 ns
temporal window, which is consistent with the time-
dependent anisotropy measurements. We conclude
that dynamics measurements like those here or of AR
or MEG in PbSe nanorods are not influenced by dipole
reorientation, which would produce delay-dependent
anisotropy.
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Using eq 2, we are able to determine the absorption
cross sections for parallel and perpendicular relative
pump—probe polarizations in PbSe nanorods. For a
randomly oriented ensemble of nanorods with an
aspect ratio of 7 + 2, the measured absorption cross
sectionis (7.2 & 0.4) x 10~ '® cm? for perpendicular and
(12.2 + 0.7) x 107" cm? for parallel relative pump—
probe polarizations. Given a nanorod volume of
~240 nm?, the absorption cross section for perpendi-
cular relative pump—probe polarizations is roughly the
same as we would expect from a nanocrystal of similar
volume. However, the absorption cross section for
parallel relative pump—probe polarizations is ~1.7
times that value.

Anisotropy Measurements of Nanocrystals. We also mea-
sured the photoinduced bleach dynamics in PbSe
nanocrystals as a function of relative pump—probe
polarization. The nanocrystal volume was ~29 nm?>.
For a given pump fluence we observe nearly identical
dynamics for both parallel and perpendicular relative
pump—probe polarizations. Thus p(z) = 0, Figure 3, as
expected for spherically symmetric nanocrystals that
exhibit isotropic absorption. Fluence-dependent mea-
surements of Ry, show identical curves for both
parallel and perpendicular relative pump—probe po-
larizations, Figure 6, which indicates the same ob-
served absorption cross section for both measure-
ments. The measured absorption cross section is
(9 £ 1) x 107'® cm? for perpendicular and (8.6 +
0.9) x 107" cm? for parallel relative pump—probe
polarizations. These measurements are all consistent
with isotropic absorption in PbSe nanocrystals.

Aspect Ratio Dependence of Anisotropy. We explored the
nanorod aspect ratio dependence of the absorption
cross section measured for parallel and perpendicular
polarizations. The degree of absorption anisotropy is
parametrized similarly to eq 4 as

o) —0L
=—— 5)

p o)+ 20,
For nanocrystals, which have an aspect ratio of 1, we
observe nearly identical absorption cross sections for

each polarization, which yields p = 0. However, as we
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Figure 6. Comparison of the ratio of multiexciton to exciton
population in PbSe nanocrystals as a function of pump
fluence for parallel (blue) and perpendicular (red) relative
pump—probe polarization.
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have shown, elongated nanorods show a pronounced
difference between the absorption cross sections mea-
sured for parallel and perpendicular relative polariza-
tions. The anisotropy increases as the aspect ratio
increases from 1 to 4 and remains relatively constant
for longer nanorods, Figure 7. The trend seen here is
similar to that recently observed for bulk-like short-
wavelength absorption in aspect ratio 2—5 CdSe nano-
rods under the influence of an external ac field.?” For
aspect ratios >4, the absorption cross section for
parallel polarizations is 1.8 £ 0.3 times that observed
for perpendicular polarizations, which corresponds to
an average anisotropy of 0.21 £ 0.06.

It should be noted that eq 5 is often seen in the

literature

22-25,27

without the 2 in the denominator.

Strictly speaking, that quantity is referred to as
polarization,'® while the quantity in Figure 7, calcu-
lated using eq 5, is referred to as anisotropy.?® The
former is more commonly used to describe fluores-
cence measurements. For comparison, the degree of
polarization of the absorption as a function of nanorod
aspect ratio is found in the Supporting Information.
There are two possible sources for the anisotropic
absorption observed in these nanorods: dielectric con-
trast and quantum confinement. In the case of di-
electric contrast, differences in the dielectric con-
stants of the nanorod and the surrounding medium
induce a depolarization field that, due to the aniso-
tropic shape, more strongly attenuates the internal
electric field for light polarized perpendicular to the
axial direction of the rod.?’ The result is that the
probability of optical transitions is larger for light
polarized parallel to the axial direction. Quantum con-
finement may cause band mixing that modifies the

optical selection rules,

1738 altering the polarization

selectivity of interband transitions. This effect has been

described in detail in lllI-V semiconductors

39,40 and

may be expected since our nanorods are ~3—4 nm in
diameter and the Bohr radius for bulk PbSe is ~46 nm,
which puts them in the strong quantum confinement

regime.

As dielectric contrast is typically dominant for nano-
wires, we attempt to describe our nanorod results
using this classical electrodynamics effect. We treat the

Anisotropy
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Figure 7. Dependence of the absorption anisotropy on
aspect ratio. The solid blue line corresponds to the calcu-
lated anisotropy for PbSe nanorods using egs 6 and 12. The
dashed blue line corresponds to the calculated anisotropy
for PbSe nanowires using eqs 8 and 12
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Figure 8. (a) Geometry of a prolate ellipsoidal nanorod used
for eq 7, where the axial and radial field components of an
applied external field are shown. (b) Geometry of our
pump—probe experiment used to derive eqs 10 and 11

nanorods as prolate ellipsoids, Figure 8a, as itis done in
Maxwell—Garnett effective medium theory. Dielectric
contrast gives rise to a depolarization field that attenu-
ates an applied field inside the nanostructures, produ-
cing a so-called “local field”. Solving Laplace's equation
for the asymmetric ellipsoidal geometry, the local field
is expressed as*'

Em

EpL = mfom (6)
where Ey and Ey, are the axial and radial projections of
the incident field Ey, ¢ is the dielectric constant of the
nanorod, and ¢, is the dielectric constant of the
surrounding medium. The expression in eq 6 is equiva-
lent to the local field factor expressions in Hyun et al.*?
The depolarization factors,*® ny, 1, depend on the semi-
major axes (a, ¢) of the ellipsoid as

1 —é2 1+e
n = ———|In[——) —2e
2e3 1—e
_1*I‘I” (7)

2

e =,/1—-a%/c

Equation 7 shows that electric fields parallel to the
nanorod axis are screened less while fields perpendi-
cular to the nanorod axis are screened more than
incident fields in nanocrystals; see the Supporting
Information for details. Combining egs 6 and 7, we
see that the amount of attenuation that the electric
field experiences depends on the aspect ratio (c/a) of
the nanorods. This differs from the case of nanowires
where the local field is independent of the wire
dimensions,*'

ny

E = Eo .
2em 8

E = E

L= ore oL

Similarly, this differs from the case of spherical nano-
crystals, where the local field is isotropic due to the
symmetric shape,

3ém

E = E 9
et 260 9)

It should be pointed out that treating the nanorods as
prolate ellipsoids is an approximation that is employed
because the depolarization factors for a cylinder can-
not be expressed in closed form. However, numerical
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models show that the error in approximating cylin-
drical rods as prolate ellipsoids is small.**

For our absorption anisotropy measurement we
consider the light intensity, | « E,?> + E in the
nanorod. Given the geometry in Figure 8b, which
exploits the azimuthal symmetry of the nanorods, we
find that the intensity of the absorbed pump is**

loump = E1%sin®(8 — &) + E;%cos*(B — o) (10)

We must also consider the intensity of the absorbed
probe,

Iprobe = EJ_ZSinZ(a) + E\|2C052((1) (11)

As pump—probe spectroscopy is a type of nonlinear
spectroscopy, we take the product and consider the
cases of parallel (3 = 0°) and perpendicular (5 = 90°)
relative pump—probe polarizations. The resulting an-
gle averaged intensities are

b= 16 = 0 = T£26%+ 50,4 4 g )
T4
g I

We can compute the anisotropy similar to eq 5 as

3
L= 1B = 909 = ZTELE2+TEL +

b —10
= 13
Y I+ 21, (13)

which will depend on aspect ratio for the case of
nanorods.

We compute the expected anisotropy using eqs 12
and 13, taking the TCE dielectric constant to be 3.4 and
assuming the PbSe nanorod's dielectric constant is the
same as the PbSe bulk dielectric constant of 22.8.4° We
see good agreement between the experimental and
calculated absorption anisotropy for a random ensem-
ble of PbSe nanorods, Figure 7. For long nanorods,
observed and calculated anisotropy saturate to nearly
the value expected for nanowires. This suggests that, in
terms of absorption anisotropy, nanorods behave as
one-dimensional semiconductors for aspect ratios lar-
ger than roughly 4. Very recent measurements of the
transition from cubic to bimolecular exciton recombi-
nation in PbSe nanorods show a transition of the
excited state from uncorrelated charges to 1D excitons
in the neighborhood of aspect ratio 6 + 1,3* which
seems reasonably consistent with our observations of
1D excitonic behavior for aspect ratios > 4.

We can assess any enhancement in absorption in
nanorods by normalizing the measured nanorod ab-
sorption cross sections to those measured for nano-
crystals and assuming the absorption cross section
depends linearly on volume. We find that, for aspect
ratios > 4, on average the absorption cross section for
perpendicular relative pump—probe polarizations in
nanorods is 1.0 + 0.2 times that measured for nano-
crystals of the same volume. For parallel relative
pump—probe polarizations, the volume-normalized
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ratio of nanorod and nanocrystal absorption cross
sections is 1.8 &= 0.6. This shows that, similar to isolated
CdSe nanowires where this ratio is as large as 11,7
randomly oriented PbSe nanorods demonstrate en-
hanced absorption compared to nanocrystals.

It should be pointed out that the absorption cross
sections reported here are affected by orientational
averaging over the randomly aligned ensemble. Using
the model in eq 10, we can estimate the anisotropy of
the absorption process in aligned or single nanorods,
Figure 9a. For aspect ratio 7 PbSe nanorods in air we
arrive at a single nanorod absorption anisotropy of
0.93, which corresponds to a 43x larger absorption
cross section for light polarized parallel to the rod than
for light polarized perpendicularly. The volume-nor-
malized ratio of single nanorod and nanocrystal ab-
sorption can be estimated by the ratio of the local field
factors squared for nanorods, in eq 6, and nanocrystals,
in eq 9.2 This estimate is free of orientational aver-
aging and represents what would be expected from
absorption anisotropy measurements on aligned
nanorods or an individual nanorod. Owing to the large
dielectric contrast, aspect ratio 7 PbSe nanorods in air
will show volume-normalized absorption cross sec-
tions 22 times larger than PbSe nanocrystals. The full
aspect ratio dependence is shown in Figure 9b. By the
same logic, PbSe nanowires are expected to have
volume-normalized absorption 68x larger than nano-
crystals. This is a factor of 6 larger than the same effect
in CdSe nanowires. Such enhanced absorption could
be exploited by optoelectronic devices utilizing
aligned nanorods.

The agreement between our measured and calcu-
lated anisotropy shows that dielectric contrast is

1.0
> 0.8
a
2 06
°
2 0.4
c
< 0.2+
Single PbSe Nanorods in Air
0.0 T T T T
2 4 6 8 10
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Figure 9. (a) Aspect ratio dependence of absorption ani-
sotropy in PbSe nanorods (solid) and nanowires (dotted)
from eq 10. (b) Aspect ratio dependence of the volume-
normalized ratio of PbSe nanorod to nanocrystal band-edge
absorption cross section, calculated from the ratio of the
square of the local field factors in eq 6 and eq 9. The dotted
line is the value expected for nanowires, based on the local
field factors in eq 8.
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sufficient to describe the absorption anisotropy in
the PbSe nanorods measured here, without invoking
quantum mechanics despite the nanorod dimensions
that place them within the strong quantum confine-
ment regime. This implies that the optoelectronic
properties of nanorods may be influenced by the
dielectric constant of the surrounding medium. In-
deed, the degree of absorption anisotropy has been
observed to decrease for CdSe nanowires embedded
in poly(methyl methacrylate) compared to those in
air.*® The band gap energy depends on the exciton
binding energy, which is enhanced due to image
forces that arise from dielectric contrast.*’” However,
changes in electron and hole self-interaction is thought
to compensate for changes in exciton binding ener-
gy."” Therefore, the band gap may be independent of
the dielectric constant of the surrounding medium.
PbSe nanorods have shown aspect ratio dependent
splitting of the far-infrared Fréhlich modes due to the
polarization sensitivity of local field factors that results
from shape anisotropy.*? The degree of splitting will
depend on the dielectric contrast. Lastly, MEG and
Auger recombination both depend on Coulombic
interaction.*® The observed enhancement of MEG in
nanorods'*'® is thought to be a direct result of en-
hanced Coulombic interaction due to reduced screen-
ing of the electric field arising from dielectric contrast.
It is therefore possible that MEG may also depend on
the degree of dielectric contrast. The observed in-
crease in MEG in PbSe nanorods compared to nano-
crystals as the aspect ratio increases® from 2 to 4 may
be related to the dependence of the electric field
attenuation on aspect ratio that is described by the
local field factors in eqs 6 and 7 and observed here in
the absorption anisotropy in Figure 6.

While quantum confinement may also contribute to
absorption anisotropy in these nanostructures, this
effect is either overwhelmed by the contribution from
dielectric contrast or otherwise masked by our experi-
mental conditions. This is surprising, as the nanorod
radii are more than an order of magnitude smaller than
the Bohr radius (see Supporting Information for nano-
rod dimensions), placing them in the strong confine-
ment regime. Recent single-nanowire measure-
ments®® of CdSe have observed contributions from
quantum confinement to the anisotropy that may be
masked in ensemble measurements. Recent photolu-
minescence excitation spectra and transient aborption
measurements of CdSe nanorods®® also show these
quantum confinement effects, which are characterized
by a wavelength dependence of the anisotropy. In
both studies, the anisotropy peaks near the band edge,
which is where dielectric contrast will dominate due to
the axial directionality of the transition dipole. For
states above the band edge, the degree of radial
projection of the transition dipole becomes significant
and should be taken into account.?®*°
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CONCLUSION

We have presented a means of measuring absorp-
tion anisotropy in randomly oriented solution ensem-
bles of nanostructures that exploits the polarization
memory effect via pump—probe spectroscopy. This
technique is applied to PbSe nanostructures, where
we observe isotropic absorption in nanocrystals and
anisotropic absorption in nanorods. We observe an
increase in anisotropy as zero-dimensional nanocryst-
als are elongated into quasi one-dimensional nano-
rods, which saturates to the value expected for one-
dimensional nanowires for aspect ratios higher than
4. On the basis of our ensemble measurements, we
predict that the volume-normalized absorption cross

METHODS

Materials. Standard Schlenk-line techniques were used un-
less otherwise noted. Lead(ll) oxide (PbO, 99.999%), 1-octade-
cene (90%), oleic acid (90%), tris(diethylamino)phosphine
(97%), trioctylphosphine (90%), and selenium powder (99.5%,
100 mesh) were purchased from Sigma-Aldrich. Hexanes
(98.5%) and ethanol (200 proof) were purchased from commer-
cial sources. PbO, trioctylphosphine, Se, hexanes, and ethanol
were used without further purification. Oleic acid and 1-octa-
decene were dried by heating them to 110 °C under vacuum for
2 hand then placing them over activated 3 A molecular sieves in
a glovebox. Tris(diethylamino)phosphine was purified by first
heating under Ar to 225 °C for 2 to 3 h to decompose minor
impurities, signified by the onset of a yellow color, followed by
vacuum distillation under a dynamic vacuum of ~200 mTorr at
65 to 77 °C.

PhSe Nanorod Synthesis. PbSe nanorods of varying aspect ratio
were synthesized using the method described in Boercker
et al>° This is a modification of the method described in Koh
etal" in order to purposefully control the nanorod aspect ratio.
The longer aspect ratio nanorods were made by carefully drying
all the precursors to remove any trace water contamination. The
nanorod aspect ratio was lowered by intentionally adding water
to the dry reaction, with more water creating lower aspect
ratios. To synthesize PbSe nanorods in the absence of water,
dried Pb-oleate isolated as described below (0.77 g; T mmol),
dried oleic acid (0.37 mL; 1.2 mmol), and 5 mL of dried
1-octadecene were mixed under Ar and heated to 150 °C. Next,
3 mL of purified tris(diethylamino)phosphine was mixed with Se
(0.237 g; 3 mmol) and loaded into a syringe. This solution was
then injected into the Pb-oleate solution, which caused the
temperature to drop to ~130 °C. The reaction was allowed to
continue for 2 min, during which time the temperature rose to
~135 °C. The reaction became a dark brown color after ~80 s.
After 2 min, the reaction was cooled to room temperature using
a liquid nitrogen bath. The nanorods were isolated from the
unreacted precursors and byproducts by adding ~0.5 mL of
hexanes and ~8 mL of ethanol and centrifuging at 4 kprm for
4 min. This process was performed in air. The product formed a
black solid at the bottom of the vial, which was separated by
decanting. This purification procedure was repeated using
~1 mL of hexanes and ~5 mL of ethanol. The nanorods were
immediately transferred into an Ar-filled glovebox for storage.

When water was intentionally added to the reaction in order
to decrease the nanorod aspect ratio, the same method de-
scribed above was followed except small amounts of water
were added to the Pb-oleate, oleic acid, and 1-octadecene
solution before heating. The amounts of water added and the
resulting dimensions are given in the Supporting Information.

Synthesis of Pb-oleate. Typically, 4.4 g (20 mmol) of PbO and
19 mL of oleic acid (60 mmol) were heated to 110 °C under
vacuum for 2 h. Once the solution was colorless, it was placed in
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section will be 22 times larger for light polarized
parallel to the rod axis of an individual aspect ratio 7
PbSe nanorod than in nanocrystals, which demon-
strates an advantage to utilizing aligned nanorods in
optoelectronic devices. The aspect ratio dependence
of the absorption anisotropy can be described classi-
cally by the effects of dielectric contrast alone, with-
out accounting for the influence of quantum
confinement. These results imply that the dielectric
constant of the surrounding medium can be used to
manipulate the optoelectronic properties of nano-
rods, including polarized absorption and emission,
phonon modes, MEG efficiency, and Auger recombi-
nation rate.

two vials while it was still above room temperature. The viscous
solution of Pb-oleate and oleic acid was allowed to cool to room
temperature overnight, and the mixture became a fluffy, sticky,
white solid. The extra oleic acid was removed by washing
the solid with acetone, forming a milky white suspension. Next,
the solution was centrifuged at 4 krpm for 3 min, which caused
the solid Pb-oleate to separate from the solution and deposit on
the bottom of the vial, leaving the oleic acid in the acetone. This
acetone-cleaning step was repeated eight times in order to
ensure that all the oleic acid was removed. The Pb-oleate was
then placed in a vacuum oven at room temperature overnight
in order to remove any remaining acetone and water. Finally,
the vacuum oven was backfilled with Ar, and the white powdery
Pb-oleate was stored in a glovebox.

Synthesis of PbSe Nanocrystals. PbSe nanocrystals were synthe-
sized following the method developed by Yu et al.>? Pb-oleate
(0.77 g; 1 mmol, synthesized as described above), oleic
acid (0.08 g; 0.28 mmol, not dried), and 1-octadecene (3.9 g;
15 mmol, not dried) were combined and heated under vacuum
to 110 °C for 30 min and then heated to 130 °C under Ar. Next,
room-temperature Se (0.16g, 2 mmol) was mixed with trioctyl-
phosphine (2 mL) and then injected into the Pb-oleate mixture.
The solution turned dark brown after ~60 s and was cooled to
room temperature after 3 min using liquid nitrogen. The by-
products and unreacted precursors were removed from the
nanocrystals by adding ~1 mL of hexanes and ~10 mL of
ethanol and then centrifuging at 4 krpm for 4 min; this was done
in air. The nanocrystals formed a dark solid at the bottom of the
vial, which was isolated by decanting the solution. This cleaning
process was performed twice, and then the nanocrystals were
stored in an Ar-filled glovebox.

Sample Preparation. Solution samples were prepared in an Ar-
filled glovebag using freeze—pump—thawed tetrachloroethy-
lene. The solution was prepared in a stirring cuvette, which was
closed with a PTFE cap and sealed with Parafilm tape. Absor-
bance spectroscopy was performed using a Lambda 750 spec-
trophotometer to determine the 1S.—1S,, excitonic absorption
wavelength; for details see the Supporting Information. The
optical densities were between 0.1 and 0.3 at the 1S.—1Sy
transition. The nanostructure dimensions were determined
from transmission electron microscopy images.

Pump—Probe Experiments. We utilize a standard two-color
sub-picosecond resolution pump—probe experimental setup,
which has been detailed elsewhere.”® In brief, a 1 kHz Clark-MXR
CPA Ti:sapphire amplifier was used to pump a ~150 fs Clark-
MXR infrared OPA, which was set to the band edge absorption
feature; see Supporting Information for the wavelengths corre-
sponding to the band edge transition for each solution of
nanorods. Degenerate pump—probe experiments were used
to determine the absorption cross section at the 1S.—1Sy
transition using eq 2 and the method outlined in the text. In
our previous studies, the probe polarization was set to the
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magic angle3? (54.7°) with respect to the pump polarization
using a half-wave plate to avoid any potential artifacts due to
rotation effects.>> Here, a half-wave plate and Glan—Taylor
polarizing beam cube were used to set the polarization state
of the probe beam, either parallel or perpendicular to the pump
polarization. The polarization state of the pump was p-polarized
and was purified with another Glan—Taylor polarizer. A bal-
anced InGaAs photoreceiver was used to detect the probe
beam and a reference beam transmitted through free space.
Lock-in detection of the pump—probe delay dependent photo-
induced bleach dynamics was employed.
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