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onventional materials science has

been revolutionized by opportuni-

ties in modulating the size, struc-
ture, morphology, and chemical composi-
tion of nanoscale materials. In this regard,
the properties of matter can be deliberately
tuned through size- and shape-dependent
effects, allowing integration of functional
nanoscale materials into a wide range of ap-
plications. Key issues that remain to be ad-
dressed, however, include the development
of well-defined syntheses for these nano-
structures as well as a better understand-
ing of their underlying growth mechanisms.
Furthermore, detailed insights into their
fundamental optical properties are needed
from both basic science and applied
perspectives.

Semiconductor nanostructures stand
out due to the existence of quantum con-
finement effects, leading to size- and shape-
dependent optical and electrical
properties.> While most of the work over
the past two decades has focused on zero-
dimensional (0D) colloidal quantum dots
[QDs, or nanocrystals (NCs)], one-
dimensional (1D) systems such as nano-
wires (NWs) have recently attracted consid-
erable attention due to their unique band
and/or ballistic charge transport capabili-
ties,® dielectric contrast effects,® intrinsic
polarization sensitivities,>® and other inter-
esting 1D properties. As a consequence,
NWs have numerous applications in nano-
scale electronics such as in field effect tran-
sistors (FETs),” solar cells,®? lasers,'®'" and
sensors for biological applications.?

Different synthetic approaches have
been developed to make high-quality 1D
NWs. They include template-based
methods,'* ' vapor-liquid-solid (VLS)
growth,'®"? supercritical-fluid —liquid-
solid (SFLS) growth,?° and solution—liquid—
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ABSTRACT The band edge optical characterization of solution-synthesized CdS nanowires (NWs) is described.

Investigated wires are made through a solution—liquid—solid approach that entails the use of low-melting

bimetallic catalyst particles to seed NW growth. Resulting diameters are approximately 14 nm, and lengths exceed

1 pum. Ensemble diameter distributions are ~13%, with corresponding intrawire diameter variations of ~5%.

High-resolution transmission electron micrographs show that the wires are highly crystalline and have the

wurtzite structure with growth along at least two directions: [0001] and [10|$$10]. Band edge emission is observed

with estimated quantum yields between ~0.05% and 1%. Complementary photoluminescence excitation spectra

show structure consistent with the linear absorption. Carrier cooling dynamics are subsequently examined through

ensemble lifetime and transient differential absorption measurements. The former reveals unexpectedly long

band edge decays that extend beyond tens of nanoseconds. The latter indicates rapid intraband carrier cooling

on time scales of 300 - 400 fs. Subsequent recovery at the band edge contains significant Auger contributions at

high intensities which are usurped by other, possibly surface-related, carrier relaxation pathways at lower

intensities. Furthermore, an unusual intensity-dependent transient broadening is seen, connected with these

long decays. The effect likely stems from band-filling on the basis of an analysis of observed spectral shifts and

line widths.

KEYWORDS: CdS - nanowire - one-dimensional - solution—liquid-solid - band edge

emission -
many body - band gap renormalization

solid (SLS) growth.?"?2 While most high-
quality NWs have been VLS-based, solution
approaches offer appealing properties
worth investigating. For example, in the
SLS technique, growth temperatures gener-
ally fall below 400 °C.?*?* In addition, com-
mon growth solvents as well as precursors
are used. By exploiting well-known metal-
ligand stability constants, improved control
over the nucleation and subsequent growth
of NWs can be achieved.

In this report we describe the solution-
phase synthesis of emissive CdS nanowires.
The optical properties of the wires are sub-
sequently investigated at the band edge.
Modest emission quantum yields (QYs,
0.05-1%) are observed with unexpectedly
long lifetimes that exceed tens of nanosec-
onds. Complementary transient differential
absorption studies reveal relatively fast

transient differential absorption spectroscopy - Auger - band-filling -
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b) Low- and (c,d) high-resolution TEM images of CdS NWs.
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(300-400 fs) intraband relaxation time scales as well
unexpected intensity-dependent transient broadening
which appears to stem from band-filling at high carrier
densities.

RESULTS AND DISCUSSION

Relatively little is known about the fundamental op-
tical properties of NWs, despite a handful of prelimi-
nary studies.>®2>73° Previous investigations have
shown the emergence of intrinsic polarization anisotro-
pies in lithographically defined quantum wires due to
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Figure 2. HRTEM images of wires growing along (a) [0001] and (b)
[10|$$10]. (c,d) Corresponding SADPs of the wires. The zone axis is
[[$$12]|$510] in both patterns, which are correctly oriented with respect
to the images.
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TABLE 1. Possible Low-Index Zone Axes for Wurtzite NWs
with g = 0002 and g = 10|$$10 Growth Directions

growth axis zone axis g axis
[0001] [$$12]5$10] 0002
[0001] [07]$510] 0002
[10[$510] [1$$12]5$10] 10[5$10
[10]$510] [$$12|5$11] 10[$$10
[10[$%10] [$524]5$23] 10[$10
[10[$%10] [0001] 10[5$10

the onset of band mixing.” Likewise, dielectric contrast
effects between NWs and their local environment give
rise to polarization anisotropies.® Optical disorder has
also been seen due to compositional or structural fluc-
tuations.?® Furthermore, recent ensemble and single
NW investigations on CdSe NWs have shown unusual
behavior, including intensity-dependent carrier relax-
ation dynamics®' as well as unexpected intrawire opti-
cal heterogeneities.”” The latter includes the recent ob-
servation of the spatial and intensity modulation of
single NW emission using external electric fields.>* The
current study thus adds to a growing body of knowl-
edge about NW carrier physics, focusing on their high
carrier density band edge dynamics.

Materials Characterization. Figure 1 shows representa-
tive low- and high-resolution TEM micrographs of the
investigated CdS NWs (additional micrographs are pre-
sented in the Supporting Information). On the basis of
the images, it is apparent that the wires are crystalline
despite their low growth temperature. The average NW
diameter is ~14 nm. Ensemble diameter distributions
are on the order of ~13% and are similar to, though
somewhat smaller than, the initial size distribution of
employed Au/Bi NPs (~18%).>* Corresponding ~5% in-
trawire diameter variations are seen on the basis of
measurements of the wire diameter at 6—7 points
along their length. Sizing and inter/intrawire distribu-
tions are obtained by examining over 100 NWs. More
details about the synthesis, additional descriptions of
the parameter space explored, and an ensemble
energy-dispersive X-ray spectrum of a NW ensemble
can be found in the Supporting Information.

Evidence for both W [0001] and [10]|$$10] growth di-
rections is apparent in Figure 2 through HRTEM im-
ages (Figure 2a,b) along with corresponding selected
area diffraction patterns (SADPs) (Figure 2c,d). Both re-
veal wires viewed along the [|$$12|$$10] zone axis, with
growth directions along the reciprocal lattice vectors g
= 0002 and g =10|$510. (The crystal directions [0001]
and [10|$510] are in the same directions as the corre-
sponding reciprocal lattice vectors.) Table 1 summarizes
the possible low-index zone axes for a wurtzite (W)
NW with g = 0002 and g =10|$$10. Notably, examples
of SADPs with each of the zone axes listed have been
observed.

Evidence of the zincblende (ZB) phase has not been
observed, despite the small energy difference between
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TABLE 2. Wurtzite XRD Lines Containing Contributions
from [0001] and [10|$$10] Oriented NWs

growth axis X-ray lines
[0001] (10]9%10), (11/$520), (20]9%20), (21]$$30), (30/$$30)
[10/5%10] (0002), (11]5520), (11]$522), (11]$524),

CdS’s ZB and W phases,*® which might introduce phase
admixtures as previously seen in other NWs.2"~% Al-
though the [01]|$$10] W patterns are indistinguishable
from [112] ZB patterns, we have not observed either dif-
fraction patterns or HRTEM images of NWs possessing
a ZB [110] zone axis. Furthermore, X-ray diffraction
(XRD) patterns obtained from CdS samples have reflec-
tions which can be assigned exclusively to W reflec-
tions. Figure 3 shows the observed XRD pattern from a
straight CdS NW ensemble and the corresponding bulk
ZB/W JCPDS powder diffraction data (ZB, JCPDS 42-
1411; W, JCPDS 77-2306). The experimental pattern
contains lines which match the (10|$$10), (0002),
(10]$$11), (11]$520), (10[$$13), (11$522), (21]$$30),
(21]$$31), and (30|$$30) W lines.

Differences in peak intensities are observed due to
the existence of crystallographic texture.*' Specifically,
in an X-ray powder diffractometer, the angles of inci-
dence and reflection from the specimen surface are
equal. As a consequence, only crystal planes (hkl) paral-
lel to the surface produce observable diffraction lines.
NWs lying parallel to the XRD specimen surface there-
fore contribute only to XRD lines whose crystal planes
are parallel to the growth axis and thus to the specimen
surface. Wurtzite XRD lines to which NWs with [0001]
and [10]$5$10] growth axes contribute are listed in Table
2 in order of increasing 26.

Comparison with Figure 3 shows that this accounts
for all of the strong lines in the experimental pattern,
with the exception of (10[$$11), which must also be a
W line since it cannot be matched to any ZB line. This
suggests the existence of another W growth axis. How-
ever, evidence for this has not been seen in current
TEM or SADP measurements. In principle, a NW with a
[|$$12|$510] growth axis has (10|$$11) parallel to the
wire and could produce the observed (10/$511) XRD
line. Such wires could then be viewed along the
[10|$$10] or [0001] zone axes in the TEM with growth
along g = |$$12|$$10. Attempts to find such examples
have so far been unsuccessful.

It should be noted that lines matching the W (0002),
(11]$520), (11]$522), (21]$$31), and (30|$530) lines also
match the ZB (111), (220), (311), (331), and (422) lines.
However, of these reflections, only the ZB (220) and
(422) lines are consistent with the [111] growth axis
typical of Il1-V or lI-VI nanowires.?”~3° Thus, taken to-
gether with the lack of TEM evidence for ZB NWs, this
indicates that (as-made) CdS wires contain only the W
phase. Finally, the [10]|$$10] growth direction bisects
one of the equilateral triangles in the basal plane. Al-
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Figure 3. X-ray diffraction powder patterns of straight CdS NWs. Powder
patterns from isotropically oriented samples are shown for comparison
(ZB, JCPDS 42-1411; W, JCPDS 77-2306).
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though we are not aware of prior observations of this
growth direction in W NWs, it is related to observations
in ref 40 of Si/Ge NW growth along [112], since this di-
rection also lies along the bisector of an equilateral tri-
angle in a close-packed {111} plane. Additional HRTEM
images of nanowire growth along [10|$$10] are shown
in the Supporting Information.

Optical Properties. Figure 4a shows the linear absorp-
tion spectrum of an ensemble of CdS NWs. Although
spectrally broad, an absorption peak close to 480 nm
(2.58 eV) is seen, accompanied by apparent gap states
farther to the red. No confinement effects are expected
because experimental NW diameters are ~14 nm and
are generally larger than twice the bulk exciton Bohr ra-
dius of CdS (ag = 2.9 nm). As a consequence, the ab-
sorption edge should be close to the bulk band gap [2.4
eV (~517 nm)] with little or no blue-shift.

In addition, complementary band edge emission is
seen. As illustrated in Figure 4a, a peak occurs around
490 nm (2.53 eV). The origin of this emission is NW re-
lated, as demonstrated by (room-temperature) photolu-
minescence excitation experiments of the same en-
semble (Figure 4b). Specifically, by monitoring the
emission at several locations along the red edge of the
emission (vertical lines and asterisks, Figure 4) and scan-
ning the excitation to the blue, a spectrum with a pro-
file in qualitative agreement with the linear absorption
is obtained. Any potential QD contributions to the emis-
sion are excluded through control experiments which
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Figure 4. (a) Linear absorption (solid blue line) and comple-
mentary band edge emission (dashed red line) of a CdS NW
ensemble. (b) Excitation spectra of the same sample ac-
quired at different spectral locations denoted by asterisks
and vertical lines.

produce NCs under identical conditions and whose
emission is centered around 450 nm (2.76 eV).

NW emission, as opposed to QD luminescence, is
further confirmed by polarization anisotropy measure-
ments conducted on single wires. Such studies are car-
ried out by exciting individual specimens with 405 nm
(3.06 eV) light using a single-molecule imaging micro-
scope. Representative data are shown in Figure 5,
where sequential images of a wire at different orienta-
tions relative to the excitation polarization are shown.
By monitoring the polarization-dependent intensity at
a given location along the NW length, a clear modula-
tion of the emission intensity is seen. This is illustrated
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Figure 5. (a) Sequential images of a single CdS NW as the
incident excitation polarization is rotated. (b) Emission in-
tensity modulation at a given position along the NW length.
The dashed line is a cos? 0 fit to the data, where 0 is the
angle between the incident light polarization and the NW
axis.

in Figure 5b, where fits to a cos? 0 function yield absorp-
tion polarization anisotropies of p = 0.76 (o = 0.06).
The results are in good agreement with previously re-
ported p values from single CdSe NWs (p = 0.7-0.8).3°

An estimate of the NW emission QY can be made at
this point. In the absence of direct experimental values
for CdS NW absorption cross sections (o), an expression
previously used for both NWs and QDs can be em-
ployed to evaluate o far from the band edge (Support-
ing Information).?>?° A value for the cross section at
405 nm for a nominal 14 nm diameter, 1 wm long wire
is thus obtained: 0,55, = 3.33 X 107" cm? A similar
value of 035, = 3.92 X 107" cm? is found at 387 nm
and will be relevant for transient differential absorp-
tion experiments described below. The emission inten-
sity of individual CdS NWs can then be compared to
those of single CdSe wires whose estimated QY is
0.1%.2°> When such intensities are scaled for differ-
ences in calculated CdS and CdSe cross sections at 405
nm, CdS QYs of ~0.043% are obtained.

www.acsnano.org



This estimate is corroborated by more direct en-
semble QY measurements. In particular, the emission
from CdS wires was compared to that of coumarin 343
in ethanol (63% QY). Absorbances were normalized at
the excitation wavelength, and areas beneath each
emission spectrum were compared. Resulting NW QYs
ranged from 0.068 to 0.95%, with the lower limit in
good agreement with values obtained from the above
single NW measurements. In either case, the actual
cause of low quantum yields is not known and may
stem from surface defects acting as sources for nonra-
diative decay.

Complementary ensemble emission lifetime mea-
surements show strong multiexponential decays. The
origin of this behavior is not known but may stem from
disorder at the band edge, as described below. Traces
can generally be fit to three or four exponentials, with
a representative plot provided in the Supporting Infor-
mation. Although short (~100 ps) time scale contribu-
tions exist, the majority of the decay occurs over much
longer periods, exceeding 10 ns. Average lifetimes from
weighted contributions of each component range from
12 to 200 ns. When combined with the above QY mea-
surements, nominal radiative (t,) and nonradiative (t,,)
lifetimes are in the microsecond and nanosecond
ranges [t (min) = 1.3 ps, 7,(max) = 394 ps; 7,,,(min) =
12 ns, 7,,(max) = 215 ns]. The actual origin of these
long lifetimes is not known and requires further
investigation.

Complementary transient absorption spectra of
CdS NWs were recorded using a commercial femtosec-
ond transient absorption spectrometer. Samples were
excited at 387 nm (3.20 eV), followed by a lower inten-
sity, delayed white light probe (420-800 nm; 1.5-2.9
eV). Typical pump intensities ranged from 19 to 433 pJ/
cm? (~10'2—10"* W/m?). Variable delays between 150
fs and 1.5 ns were used to observe carrier relaxation dy-
namics within the wires. Figure 6 shows representative
spectra of the band edge transient at different delays.
An apparent bleach at ~482 nm is seen, in good agree-
ment with the spectral position of the linear absorp-
tion edge (Figure 6a).

This transient grows in quickly, illustrating rapid in-
traband carrier relaxation within the wires. Figure 7a
shows the evolution of the bleach at different delays
immediately after excitation. At short times, an induced
absorption is seen on the red edge of the spectrum
(~515 nm), possibly Stark-related due to the interac-
tion between pump-induced carriers and electron-hole
pairs generated by the probe.*? This induced absorp-
tion quickly decreases in tandem with a gradual red-
shift and saturation of the bleach. The transient per-
sists for up to ~10 ps (Figure 7b) before decaying due
to Auger and other recombination pathways (described

below). Estimates for intraband relaxation time scales,
obtained from exponential growth fits to the data,
range from 300 to 400 fs.

www.acsnano.org
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Figure 6. (a) Linear absorption (solid blue line) and corre-
sponding band edge emission (dashed red line) from an en-
semble of CdS NWs. The inset reveals a semilogarithmic
plot of apparent band edge tail states. (b) Corresponding
transient differential absorption spectra at different delays.

Subsequent recovery of the band edge bleach oc-
curs over much longer times. Figure 8a shows that ob-
served decays are intensity-dependent, with shorter
lifetimes at higher pump fluences. All decays are
strongly multiexponential. However, at high pump flu-
ences (>382 pJ/cm?), they can be fit to third-order ki-
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Figure 7. (a) Spectral dependence of the band edge tran-
sient growth. (b) Band edge growth kinetics monitored at
the bleach maximum upon saturation.
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Figure 8. (a) Intensity-dependent band edge transient de-
cay. (b) Fits to a three-carrier and bimolecular (exciton-exci-
ton annihilation) Auger decay.

netics, consistent with the Auger relaxation of elec-
trons and holes.

In this respect, the Auger recombination of carriers
is an important relaxation pathway in nanostructures
at high carrier densities.*” For example, in colloidal QDs,
three-carrier Auger processes are commonly seen due
to strong Coulomb interactions between spatially local-
ized electrons and holes. Likewise, in NWs experienc-
ing apparent dielectric contrast effects, bimolecular (ex-
citon—exciton annihilation) kinetics are also observed
due to interactions between 1D excitons.?’ In the cur-
rent experiment, both Auger processes are considered
since a priori it is not know which will dominate. This is
because CdS wires in the present study are not ex-
pected to exhibit confinement effects. Being bulk-like,
they may therefore exhibit three-carrier (third-order)
Auger kinetics. However, dielectric contrast effects
could counteract this trend by increasing the electron-
hole binding energy, causing the appearance of 1D ex-
citons and, in turn, inducing bimolecular (second-order)
kinetics.

In either scenario, Auger decays are described by

d—n=—CDnD )

where n is the time-dependent photogenerated carrier
density (number/cm?) and D is the order of the decay (D
= 2 or 3). Initial photogenerated carrier densities, n(0),
are estimated from n(0) = (03g7,m//hV)T,, Where 0557
is the NW cross section (cm?) at 387 nm, / is the inci-

dent laser intensity (W/cm?), hv is the energy per pho-
ton (J), and 7, is the laser pulse width (150 fs). Resulting
n(0) values range from 10'° to 102" cm™, assuming
unity carrier generation efficiencies (¢ = 1). The gen-
eral solution to eq 1,

= n(0)
no= [1+ (D— 1HCptn(0)P-1]1/D-D 2)
leads to the following particular solutions for D = 2
and D = 3:
no) _1_ _
[n(r) 1] Gn(0)t (D=2) @3)
[(@)2 B 1] =2G,n(0)’t (D=3) 4)

(®)

When plotted against time, both yield linear plots. Data
at high pump fluences (382 pJ/cm?), analyzed in this
manner, are shown in Figure 8b. The linearity of the left-
most graph suggests that the high-intensity decay is
best described by a three-carrier Auger process. By con-
trast, apparent curvature is seen in the bimolecular fit
on the right. An estimate for the Auger constant, C; ~
103" cm® s~ ', extracted from the slope of the three-
carrier fit, is in reasonable agreement with previously
observed CdSe QD C; coefficients (C; ~ 10-2°—10"3°
cm® 5—1)_43

At low pump fluences, neither three-carrier nor bi-
molecular Auger kinetics describe the band edge de-
cay. Instead, significant curvature is seen in both plots
(Supporting Information). This deviation likely stems
from the increasing importance of radiative, surface-
mediated, and other recombination processes at low
carrier densities. In agreement with emission lifetime
measurements, the band edge transient becomes long-
lived at the lowest pump fluence and shows signifi-
cant bleaches that extend beyond the 1.5 ns (maxi-
mum) delay of the transient absorption spectrometer
(Figure 8a, top).

One of the most interesting observations to arise
from these studies is an apparent intensity-dependent
broadening of the band edge transient. This is illus-
trated in Figure 9a, where the band edge bleach at satu-
ration is plotted for various pump fluences. From the
graph, it is apparent that the bleach blue-shifts and
broadens with increasing laser intensity. Both the mag-
nitude of the shift and the spectral broadening are
quantified by fits to a Gaussian using a Levenberg-
Marquardt nonlinear least-squares algorithm. Extracted
peak energies are plotted in Figure 9b for all intensities,
along with their corresponding spectral widths in Fig-
ure 9c¢. Over the range of pump fluences studied, clear
~150 meV blue-shifts are seen in the former, while
slightly smaller ~100 meV increases appear in the
latter.
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Figure 9. (a) Intensity-dependent spectral profile of the band
edge transient. (b) Intensity-dependent peak energy of the
bleach. (c) Associated intensity-dependent spectral width.

Such behavior has previously been seen in CdS
QDs, where blue-shifts and broadening of the band
edge transient (or absorption) were observed upon irra-
diating samples.**~*¢ The effect has been attributed to
various causes, including band-filling (i.e., a dynamic
Burstein-Moss effect),** many-body effects,*® and in-
creased electron-hole pair energies due to surface-
trapped carriers.*® Irrespective of the actual cause, the
observation of such prominent spectral broadening ef-
fects here likely stems from long carrier lifetimes seen in
the above emission lifetime and transient differential
absorption measurements.

In general, carrier density-dependent spectral
changes in semiconductor absorption/emission con-
tain various contributions.*” At high densities, band gap
renormalization is observed due to exchange-
correlation effects. This causes a decrease in the effec-
tive band gap, which induces a general red-shift of the
absorption. At the same time, many-body effects take
place, counteracting this trend. Specifically, screening
of excitons by electrons and holes (resulting from the
ionization of other excitons) causes a decrease of the
exciton binding energy. Exciton-exciton van der Waals
interactions also lead to an analogous “screening” (i.e.,
weakening) of the exciton binding energy. These inter-
actions ultimately increase the exciton absorption/
recombination frequency and result in a net blue-shift
of the transition. Experimentally, low-temperature stud-
ies have shown that both effects coexist with an appar-
ent coincidental cancelation, leaving the spectral cen-
ter of the absorption (or emission) more or less
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unchanged.*® However, significant power-dependent
broadening is generally observed on either side of the
transition.

While such effects could play a role in explaining ob-
served intensity-dependent spectral changes, several
observations argue against this. Namely, an apparent
red-shift of the emission with pump fluence is absent.
In fact, only a strong blue-shift is seen. Furthermore, ex-
periments are conducted at room temperature on wires
with diameters beyond the nominal confinement re-
gime of CdS. As a consequence, ionization of the exci-
ton should be efficient, given modest values of the bulk
binding energy (~28 meV).*® Although dielectric con-
trast effects could increase this value to energies in ex-
cess of 100 meV,* no dramatic red-shifts are observed in
the linear absorption. Finally, apparent three-carrier Au-
ger recoveries are seen at high carrier densities (Figure
8b), supporting the presence of substantial free carrier
populations.

As a consequence, carrier band-filling in both the
conduction and valence bands is suggested as the
root cause of observed spectral blue-shifts and line
broadening. The effect has been explored by consider-
ing a simple bulk density-of-states argument. For sim-
plicity, we ignore band gap renormalization, which red-
shifts any obtained results. In the model, absorbed
photons create electron-hole pairs which undergo
rapid intraband relaxation. Both electrons and holes
then establish quasi-equilibrium within the NW conduc-
tion/valence band. Their respective, quasi-Fermi levels
[em)] are determined by equating the density-of-
states-determined concentration of photogenerated
electrons (holes) [n.,] to the initial photogenerated
carrier density n(0) through

Neh)

1 (zme(h)kT)3/2 fw Vx ghen dx

"2l w ) e

In the expression, electron/hole effective masses of m,
= 0.2m, and m,, = 0.8m,, are assumed,** where m, is
the free electron mass. The last integral is the
Fermi—Dirac integral, F; 5(pe(ny), €xpressed to make nu-
merical evaluations more convenient. Equation 5 is sub-
sequently solved to extract values of ., where we as-
sume n, = ny, since all excess carriers are
photogenerated.

Obtained quasi-Fermi levels then yield associated
Fermi—Dirac distributions for carriers in either band,

1

f = —
et 1 + @lAEecny~HeanKTVKT

For convenience, we assume parabolic conduction and
valence bands to determine relevant excess electron or
hole energies, AE_,, through

1
AE 4= (Ep,—E )(—) (©)
eth) = =h I\ + M/ My
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Figure 10. Qualitative behavior of a density-of-states band-
filling model that illustrates blue-shifts and line broadening
with increasing carrier density.

In the expression, E,,, is the incident photon energy
and £, is the effective band gap of the material. Since
the latter value is not known a priori, the ensemble ab-
sorption spectrum shown in Figure 6 is compared to the
general square root dependence of the bulk absorp-
tion coefficient to extract a nominal value for E; (Sup-
porting Information). The comparison yields a value of
E, ~ 2.45 eV, in good agreement with the known bulk
band gap of CdS (~2.4 eV).

With this, the transient differential absorption can
be modeled as a difference spectrum of the form

AA= —AVE,, —E(f.+ f,— £.f) 7)

where A is a proportionality constant. Results of the
model are shown in Figure 10, where it is apparent that
it qualitatively reproduces trends seen in the experi-
mental data, namely a progressive blue-shift of the
bleach maximum as well as a broadening of the line
width with increasing carrier density.

More quantitative comparisons to actual data, how-
ever, are complicated by several issues. Specifically, if a
unity quantum efficiency for carrier generation (¢ = 1)
is assumed, predicted spectral blue-shifts and line
widths are much too large. Instead, carrier densities
smaller by 1 order of magnitude yield shifts and line
widths in good agreement with the data. Predicted
peak blue-shifts are on the order of ~90 meV, while
line width increases are ~130 meV (Figure 10 and Sup-
porting Information). These values compare favorably
with the 150 meV (100 meV) blue-shifts (line width in-
creases) seen experimentally.

Suppression of actual carrier densities in the wires
can be rationalized by the rapid population of tail states
within the gap (Figure 6, inset). This could then lead to
noticeably smaller values of the carrier density. In this
respect, a nominal surface-state trap density of ~10"3
cm™ 2 readily explains an order of magnitude decrease
in n(0). The existence of such states is apparent in Fig-

UNJ() voL.2 = NO.2 = PUTHUSSERY ET AL.

Carrier density (x 10'°) cm™
1 7 14 19 25

07
06| T i R
05 ¢+ P

04} 4

-AA/A

03|
02} /
01}

0.0 : : : :
0 100 200 300 400

Pump fluence (uJ/cmz)

Figure 11. Intensity-dependent saturation of the band edge
transient. The dashed line is a guide to the eye.

ure 6 and is also reflected in the failure of the model
to accurately describe the low-energy tail of the band
edge transient (i.e., the model predicts a square root de-
pendence, whereas the data indicate an exponential
decay into the gap). Alternatively, the calculated linear
cross section for NWs, 0555, is N0 longer valid at
higher carrier densities, which would then lead to an
overestimate of both blue-shifts and spectral line
widths.

Another issue preventing a more quantitative com-
parison between model and experiment is the uncer-
tainty over the actual electron/hole temperature in ei-
ther band at quasi-equilibrium. Lacking additional
information, we assume T = 300 K, which is a lower
limit. However, despite this quantitative uncertainty,
the band-filling model appears to capture the essential
physics of the phenomenon, namely the blue-shift and
spectral broadening of the band edge transient with in-
creasing carrier density.

In light of long carrier lifetimes and the possibility
of gain, the fractional absorbance change (AA/A) at the
band edge was examined. Results from this analysis
are shown in Figure 11, where AA/A has been plotted
against pump fluence. From the graph, it is clear that
the band edge transition saturates near AA/A =~ 0.6. Al-
though no gain is seen, the behavior is in qualitative
agreement with the above density-of-states model,
which predicts a saturation of AA/A near unity. In this
case, the apparent deviation between model and ex-
periment lends support to the involvement of tail states
in suppressing n(0), since any change in carrier density
due to o variations would still predict unity saturation of
AA/A. State-filling of band edge states as well as local
tail states, enabled in both cases by long carrier life-
times, is therefore suggested as the root cause of unex-
pected nonlinearities in the absorption of solution-
based CdS NWs.
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SUMMARY

CdS NWs have been synthesized using a seeded
solution-based approach. Resulting NW diameters
are ~14 nm, with lengths readily exceeding 1 pm.
High-resolution TEM micrographs show their high
quality/crystallinity and demonstrate that they have
the W structure, with growth along [0001] and
[10|$$10]. The optical properties of the wires have
been studied, with an emphasis on carrier dynamics
at the band edge. Unexpectedly long carrier life-
times, with values exceeding tens of nanoseconds,

EXPERIMENTAL SECTION

Materials. The solvents chloroform (=99.8%), methanol
(=99.8%), and acetone (=99.5%) were purchased from Fisher
Scientific and used as received. To prepare straight CdS wires, tri-
octylphosphine oxide (TOPO, 99%, Aldrich), dodecylamine (DDA,
98%, Acros), and cadmium oxide (CdO, 99.99+ %, Aldrich) were
also purchased and used as received. NW growth was carried out
in various solvents, such as phenyl ether (99%, Acros), octyl ether
(TCl), squalane (99%, Acros), and octadecene (90%, Acros). Solu-
tions of 1 M trioctylphosphine sulfide (TOPS) were prepared by
dissolving elemental sulfur in TOP.

Au/Bi core/shell NPs were synthesized according to litera-
ture procedures.?* Briefly, Au NPs were made using a gold bipha-
sic reduction procedure. The resulting particles have diameters
of ~1.4 nm, with an estimated 18% size distribution. A bismuth
shell is subsequently added by introducing Bi(Et); to the Au NPs
dispersed in a mild coordinating solvent at 100 °C. Thicker (thin-
ner) shells are achieved by adding more (less) Bi precursor. Typi-
cal diameters of the resulting core/shell particles range from 1.4
to 3.0 nm, with a ~20% size distribution. The NP concentration
is subsequently “standardized” by matching, to a known value,
the absorbance of the solution at 500 nm below (above) any po-
tential Au (Bi) plasmon resonance. An estimate of its concentra-
tion is 0.38 mM.%*

Synthesis of Nanowires. A typical synthesis of straight nanow-
ires involves the following: A mixture of TOPO (5 g, 12.9 mmol),
CdO (64 mg, 0.5 mmol), DDA (232 mg, 1.25 mmol), and oleic acid
(0.8 mL, 2.5 mmol) is heated at 80 °C under vacuum for 1 h. The
reaction vessel is then backfilled with nitrogen and heated to 330
°C until the solution is clear. The temperature is then lowered
to 290 °C.

An injection solution consisting of “standardized” 1.4 nm di-
ameter (30 pL, 0.184 mmol Bi(Et);) Au/Bi NPs (200 pL, 76 pmol)
and 1 M TOPS (0.5 mL, 0.5 mmol) is prepared inside a glovebox.
This solution is then injected into the above reaction mixture. On
introduction, the solution color turns orange, and the vessel is al-
lowed to sit at high temperatures for ~2 min.

Once the reaction is complete, the apparatus is allowed to
cool. When the temperature falls below 100 °C, toluene is added
to prevent TOPO from solidifying. NWs are precipitated from so-
lution by adding an excess of methanol and are separated by
centrifuging the suspension. The recovered precipitate is then
resuspended in chloroform. Alternatively, the NWs can be
“washed” by reprecipitating them with methanol. This process
of centrifuging the resulting suspension followed by recovery
and resuspension in a solvent is then repeated. The net effect is
to reduce the amount of excess surfactant present.

Instrumentation. Samples for low- and high-resolution trans-
mission electron microscopy (TEM) analyses were prepared by
dropping a dilute solution of CdS NWs in chloroform onto ul-
trathin carbon-coated copper grids (Ladd). Survey TEMs were
conducted during the synthesis of CdS NWs using a JEOL JEM-
100SX electron microscope. Additional low- and high-resolution
TEM micrographs were taken with a JEOL-2010 instrument.

Ensemble energy-dispersive X-ray spectroscopy (EDXS)
samples were prepared by drop-casting wires onto conductive
carbon tape and mounting it onto a scanning electron micro-
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are observed in both time-resolved emission and
transient differential absorption experiments. The
latter also reveals an intensity-dependent broaden-
ing of the band edge transient, likely associated with
these long carrier lifetimes. On the basis of an analy-
sis of intensity-dependent changes in the spectral
position as well as line width, band-filling is sug-
gested as the root cause of the effect. This study
has relevance to potential applications of NWs and
furthers our understanding about the behavior of
NWs at high carrier densities.

scope sample holder. EDXS spectra were acquired with a JEOL
JXA-8600 super microprobe operating at an accelerating volt-
age of 15 kV. Wide-angle X-ray diffraction (XRD) specimens were
prepared by dropping a chloroform solution of NWs onto an off-
cut (0001) quartz substrate and allowing it to dry. XRD scans
were taken with a Scintag X-ray diffractometer using Cu Ko (A
= 1.54 A) radiation.

UV-visible absorption/extinction measurements were con-
ducted using a Cary 50-Bio UV-visible spectrophotometer. En-
semble emission and excitation spectra were acquired with a
Spex Fluoromax 3 fluorimeter. Quantum yield experiments in-
volved comparing the NW band edge emission to that of cou-
marin 343 dissolved in ethanol. Ensemble emission lifetime ex-
periments were carried out with a Jobin Yvon FluoroCube.
Transient differential absorption measurements involved a Clark
MXR CPA 2010 laser system and an Ultrafast Systems detection
package. A fraction of the fundamental was focused onto a sap-
phire plate to generate a white light continuum. Single NW mea-
surements were performed using a home-built single-molecule
imaging instrument described in more detail in ref 25.
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