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olloidal synthesis of heterostructured semiconductor nanocrystals
(NCs) offers a facile route for integrating multiple materials with different
properties into a single nanoscale object,
where the spatial localization of carriers can
be precisely controlled by manipulating
shapes and sizes of individual
components.1,2 Recently, a great deal of
work on the synthesis of composite semiconductor NCs has been focused on type II
heterostructures, constructed from the two
materials for which both the valence and
conduction bands of one component lie
lower in energy than the corresponding
bands of the other component. The resulting staggered alignment of band edges at
the heterostructured interface leads to an
efficient spatial separation of electrons and
holes, which presents attractive opportunities for utilization of these materials as
charge-separating units in photovoltaic
and photocatalytic applications.3
To date, compelling evidence of photoinduced charge separation in semiconductor
nanocomposites has been provided for a
large number of heterostructures including
symmetric core/shell4⫺14 as well as more
complex dot-in-a-rod,15⫺17 barbells,18⫺20
heterodimers,21,22 tetrapods,23 and multibranched structures.24 While, the core/shell
geometry is not fully optimized for photovoltaic applications because one of the carriers
is always confined to the core of the nanoparticle, asymmetric heterostructures are
highly suitable for photochemical conversion of light, as both nanocrystalline domains
are exposed to the external environment allowing photogenerated carriers to undergo a
charge transfer reaction with an electrolyte
or a substrate. Within this group of materials,
the carrier separation efficiency is primarily
determined by the rate of photoinduced
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Ultrafast Carrier Dynamics in Type II
ZnSe/CdS/ZnSe Nanobarbells

ABSTRACT We employ femtosecond transient absorption spectroscopy to get an insight into ultrafast

processes occurring at the interface of type II ZnSe/CdS heterostructured nanocrystals fabricated via colloidal
routes and comprising a barbell-like arrangement of ZnSe tips and CdS nanorods. Our study shows that resonant
excitation of ZnSe tips results in an unprecedently fast transfer of excited electrons into CdS domains of
nanobarbells (<0.35 ps), whereas selective pumping of CdS components leads to a relatively slow injection of
photoinduced holes into ZnSe tips (hⴝ 95 ps). A qualitative thermodynamic description of observed electron
processes within the classical limit of Marcus theory was used to identify a specific charge transfer regime
associated with the ultrafast electron injection into CdS. Potential photocatalytic applications of the observed
fast separation of carriers along the main axis of ZnSe/CdS barbells are discussed.
KEYWORDS: solar cells · nanocrystals · photovoltaics · type II · nanorods

charge transfer across the heterostructured
interface, which depends on a number of
system-specific parameters, such as quality
of the epitaxial interface, carrier momentum
in each nanocrystalline domain, the degree of
band bending, and carrier trapping at the interface. Since most of these variables are a priori unknown, real time spectroscopic investigations of carrier dynamics in
heterostructured nanocrystals are exceedingly important for understanding the ensuing charge transfer properties and ultimately
the material’s potential for light harvesting
applications.
The dynamics of charge carriers in type
II heterostructured NCs utilizing asymmetric arrangement of the two domains has
been extensively investigated in recent
years by means of ultrafast pump⫺probe
spectroscopies.17,25⫺28 For instance, Peng et
al.25 have used femtosecond transient absorption (TA) spectroscopy to study electron processes in CdSe/CdTe nanotetrapods
and have identified carrier cooling dynamics for interband, band-edge, and intraband
transitions. CdSe/CdTe heterostructures in
a barbell-like arrangement were subsequently studied in the group of Fiebig,26
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where evidence of fast, subpicosecond carrier
transfer between CdSe and CdTe domains was
presented. Finally, a recent report by Lupo et
al.27 has identified an ultrafast (650 fs) localization of holes in quasi-type II CdSe/CdS heterostructures, which was attributed to a reduced
electron⫺hole Coulomb interaction associated with spatially separated excitons.
Here we investigate the ultrafast dynamics
of charge carriers in type II ZnSe/CdS heterostructures comprising a barbell-like arrangement of ZnSe spheres and CdS nanorods,20
fabricated via colloidal routes. Excited state
population ratios for both materials were obtained from femtosecond transient absorption Figure 1. Structural analysis of ZnSe/CdS barbells: (a) high resolution
transmission electron microscope (TEM) images of ZnSe/CdS heteromeasurements through careful evaluation of
structures; (b) typical ZnSe/CdS barbell showing unique directions of
lattice planes for each of the material domains; (c) statistical distributhe Stark effect and state-filling contributions
tions of barbell widths; and (d) diameters of ZnSe tips.
into observed bleach recovery traces. We
found that resonant excitation of ZnSe tips restrated for ZnSe/CdS nanorods exhibiting a photoinsults in an ultrafast transfer (⬍0.35 ps) of excited carriduced shift of the emission wavelength due to the
ers into CdS domains, whereas resonant pumping of
quantum confined Stark effect.17 In the case of ZnSe/
CdS portions of barbells leads to a relatively slow injec- CdS barbells, the observed subpicosecond electron
tion of photoinduced holes into ZnSe domains (h ⫽ 95 transfer can enable switching rates of up to 1⫺2 teraps). The observed interfacial electron transfer occurhertz, which exceed the present day characteristics of
ring under resonant pumping conditions is faster than
Ge-based electroabsorption modulators by an order of
previously reported for CdSe/CdTe26 and CdSe/CdS27
a magnitude.31
heterostructures, despite the large spatial delocalization of corresponding wave functions across the ZnSe/ RESULTS AND DISCUSSION
CdS heterojunction. This phenomenon is attributed to
Motion of excitons in the ZnSe and CdS domains of
the near-epitaxial relationship between ZnSe and CdS
a barbell structure is confined in the three and two dicrystalline domains, which is expected due to a relamensions, respectively, with a corresponding degree of
tively small (2.7%) lattice mismatch between merging
confinement being determined by the size of ZnSe
lattices that helps relieve the interfacial strain, and con- tips and widths of CdS NRs. Accurate determination of
sequently reduces the amount of interfacial defects.
these parameters prior to spectroscopic characterizaFast spatial separation of photoinduced charges
tion of the system is thus critical for establishing exalong the main axis of ZnSe/CdS barbells, as well as
pected carrier energies in both materials. Average sizes
the availability of both carriers for a chemical reaction
of ZnSe and CdS domains are first estimated from highwith external media can be utilized by a number of op- resolution (HR) transmission electron microscopy (TEM)
toelectronic applications. For instance, the ZnSe/CdS
measurements. Figure 1a,b shows typical HR-TEM imcombination of materials is particularly well suited for
ages of several ZnSe/CdS heterostructures, where the
photocatalytic water splitting since the electrochemical potentials of electrons
and holes in ZnSe/CdS barbells straddle the H2/H2O
and O2/H2O redox potentials.29 In addition, fast
charge transfer between
ZnSe and CdS domains can
be harnessed in applications that rely on a photoinduced electric dipole to
modulate the spectral response of the material (e.g., Figure 2. Determination of excited state energies in ZnSe/CdS heterostructures. (a)
Steady-state absorption and emission (excitation ⴝ 420 nm) spectra of ZnSe/CdS barbells
electroabsorption switch(red) and CdS NRs (blue). Four lowest-energy excited state transitions are identified in the
ing and modulation30), as
absorption spectra. (b) Calculated excited state energies for ZnSe/CdS heterostructures
was previously demoncomprising 4.1-nm-wide CdS NRs and 2.85-nm ZnSe tips.
VOL. 4 ▪ NO. 4 ▪ HEWA-KASAKARAGE ET AL.
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barbell-like arrangement of materials can be distin∆A(pω) ) A0,i(pω - pωi)(nie + nih)
(1)
guished by the unique direction of lattice planes in
i
ZnSe tips relative to those in the CdS NRs. Statistical
where A0,i is an absorption profile of the ith transition,
analysis of approximately one hundred of such barand nie and nih are occupation numbers of electron and
bells shows a 5.7-nm elongation of these structures
hole states involved in the transition. Since the effective
along the 001 axis in comparison with CdS NRs used
masses of holes in CdS and ZnSe materials are approxifor seeding the growth of ZnSe tips. Subtracting the
mately 4⫺5 times greater than those of electrons, their
mean length of CdS NRs from that of ZnSe/CdS barroom-temperature occupation probabilities are small.
bells yields the average ZnSe diameter of 2.85 nm,
As a result, the state-filling-induced absorption changes
which is consistent with the 2.89-nm average tip size
are dominated by electrons.35 The contribution of holes
determined from the measurements of individual heterostructures. The average width of barbells was found into bleaching is further reduced due to exchange interto be 4.1 nm, with the standard deviation of 0.34 nm
action that splits the 1S exciton into two different hole
(8%).
states,36,37 such that the higher energy absorbing tranSteady-state absorption measurements confirm the
sition stays unoccupied until the lower energy hole
narrow distribution of barbell widths, as evident from
state is completely filled, which occurs only when
well-pronounced excitonic features corresponding to
具N典⬎⬎1.
1S(e)⫺1S3/2(h) and 1P(e)⫺1P3/2(h) transitions in CdS
Another possible contribution into bleaching of NC
(Figure 2a). The band edge absorption in the ZnSe por- optical transitions is due to local fields that modify trantion of barbells, which spectral position is expected32
sient spectra via Stark effect.38 This leads to a spectral
to peak at 384 nm, is not resolved, possibly due to a
shift of absorbing transitions as well as changes in the
relatively small volume fraction of the ZnSe phase in a
corresponding oscillator strengths resulting from modibarbell structure. Nevertheless, evidence of carrier abfications in selection rules. For systems exhibiting spasorption across the band gap of ZnSe is provided by the
tial separation of charges, such as barbell nanonoticeable change in the slope of the absorption curve
structures investigated here, the contribution of the
below 380 nm and the apparent bleaching of the band
Stark effect can be particularly significant, and its evaluedge transition in time-resolved TA measurements
ation is important in retrieving the state filling dynam(Figure 3c).
ics. As a semiempirical approach to predicting the specThe relative alignment of n ⫽ 1 excited state
energies in each component of the ZnSe/CdS
heterostructure was calculated using known effective carrier masses33,34 (see the Supporting Information), optical absorption measurements,
and TEM analysis of average domain sizes, as illustrated in Figure 2b. Further splitting of excitonic levels due to exchange interaction was not
considered in this work since the overlap of electron and hole wave functions, which is proportional to the exchange term, is small in type II systems. According to Figure 2b, excited electrons
find the minimum of the conduction band in the
1S(e) state of CdS NRs, which is positioned 0.80
eV lower than the 1S(e) energy of ZnSe tips,
meanwhile photoinduced holes are expected to
localize in the 1S3/2(h) level of the ZnSe domain,
which lies 0.53 eV above the valence band edge
of CdS NRs. The energy of the spatially indirect
transition associated with the recombination of
carriers across the ZnSe/CdS interface is thus
lower than the band gap of either ZnSe or CdS
materials, which is consistent with the red-shifted
emission of ZnSe/CdS heterostructures (ប ⫽
Figure 3. TA measurements of ZnSe/CdS barbells resulting from resonant excitation of
2.1 eV), shown in Figure 2a.
ZnSe domains (pump ⴝ 345 nm): (a) second derivative of the absorption profile; (b and c)
The photoinduced filling of excited states in
TA spectra, ⌬A ⴝ A(pump ⴙ probe) ⴚ A(probe), corresponding to long (b) and short (c) deNCs leads to bleaching of interband optical tran- lay times; (d) energy diagram of electronic states showing the maximum energy of pump
photons (blue arrows) under resonant excitation of ZnSe domains; (e) temporal dynamics
sitions, such that absorption changes are propor- of the TA bleach recovery measured for band-edge excitons in CdS (red) and ZnSe (black)
tional to the number of excited carriers:
materials; (f) TA spectra of pure CdS NRs (pump ⴝ 345 nm).
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tral changes in the TA measurements of ZnSe/CdS
barbells resulting from the Stark effect, we rely on the
previously reported formalism39,40 that correlates the effect of carrier-induced local fields in semiconductor
NCs with a repulsion between close-spaced transitions,
such that the Stark effect contribution into ⌬A is approximately equal to the second derivative of the absorption profile.
The transient absorption spectroscopy of hexanesuspended ZnSe/CdS barbells was performed using
two excitation regimes that correspond to the resonant pumping of the n ⫽ 1 transitions in CdS and ZnSe
domains of the structure. TA spectra resulting from the
quasi-resonant excitation of ZnSe tips are analyzed in
Figure 3. The wavelength of the pump beam, in this
case, was set to 345 nm, which allows accessing the two
low energy transitions in the ZnSe domain: 1S(e)⫺1S3/
2(h) and 1P(e)⫺1P3/2(h), denoted as 1SZnSe and 1PZnSe, respectively, as well as three lowest transitions in CdS
NRs: 1S(e)⫺1S3/2(h), 1P(e)⫺1P3/2(h), and 1S(e)⫺3S1/2(h),
as shown in the energy diagram (Figure 3d). Bleaching
of band edge transitions in both materials was observed within 200 fs after excitation (Figure 3c) with
spectral positions of bleach signals near the predicted
energies of 1SZnSe and 1SCdS excitons (Figure 2).
The contribution of the Stark effect into observed
TA bleach signals is estimated by comparing the second derivative of the absorption spectra (Figure 3a)
with the early time transient spectra (Figure 3c), revealing, at first glance, a similarity in corresponding slopes
both in the case of CdS (450⫺465 nm) and ZnSe
(385⫺405 nm) transitions. However, if the early time
bleach has a significant contribution from the local
fields, then the two maxima of d2A/dt2 would coincide
with the photoinduced absorption (⌬A ⬎ 0) in the TA
spectra, which is not observed here, (⌬A remains negative throughout the entire spectral window of the
probe beam). Furthermore, the initial modification of
transition energies associated with the Stark effect typically recovers within a few picoseconds, causing a noticeable shift of the bleach minima, yet, in present measurements, spectral positions of 1SCdS (450⫺465 nm)
and 1SZnSe (370⫺395 nm) transitions are nearly constant
within the entire nanosecond delay range (Figure 3b).
In view of these observations, we conclude that the
Stark effect on TA spectra is negligible, and the observed TA bleach is attributed primarily to state filling
in ZnSe and CdS domains.
The subpicosecond bleach recovery resulting from
the 345-nm excitation (Figure 3c) shows an interesting
trend. In contrast to a rapid decay of carrier population
occupying the lowest-energy 1S excitons of ZnSe, the
bleach signal of the band edge transition in CdS is increasing during the 0.2⫺ 0.5 ps time window, as indicated by a gray arrow in Figure 3c. The observed rise in
the populations of 1SCdS excitons can be partly attributed to the relaxations of “hot” electrons from higherVOL. 4 ▪ NO. 4 ▪ HEWA-KASAKARAGE ET AL.

lying states, such as 1PCdS, since the energy of pump
photons, in principle, is sufficient to induce absorption
in any transition with energy below that of 1S(e)⫺3S1/
2(h). TA absorption measurements performed on “pure”
CdS nanorods (Figure 3f) confirm that the rise in the
population of 1SCdS excitons is correlated with the recovery of 1PCdS bleach. The magnitude of the 1SCdS rise
for pure CdS NRs, however, is smaller than that for
ZnSe/CdS barbells, which indicates that the 1S(e) level
of ZnSe/CdS barbells receives carriers from transitions
other than 1PCdS. The only electronic state that has the
sufficient electron population at ⌬t ⬎ 200 fs and is energetically allowed to feed the 1S(e) level of CdS, is the
conduction band edge of the ZnSe domain (see Figure
3d). Indeed, under resonant pumping conditions, valence electrons are being channeled into the 1S(e) state
of ZnSe, which causes immediate bleaching of the
1SZnSe transition. These carriers can then undergo relaxation into the lower-lying 1S(e) and possibly 1P(e) states
of CdS, leading to a rapid recovery of the 1SZnSe bleach
(since the remaining holes in ZnSe do not contribute
significantly into ⌬A), and the simultaneous rise in 1SCdS
bleach signal. Such ultrafast electron transfer is consistent with significant driving force at the interface of
ZnSe and CdS domains (total Gibbs free energy,41 ⌬G0
⬎ 1 eV), matching electron momenta in conduction
band edges of both crystal phases, and relatively low
mismatch of lattice parameters at the interface (2.7%).
The characteristic transition time corresponding to the
transfer of more than half of electron population that
initially resides in the ZnSe domain into CdS NRs was
calculated according to the following equation,
∆Adonor(t ) 0) × ∆Aacceptor(t)
)2
∆Aacceptor(t ) 0) × ∆Adonor(t)

(1a)

where ⌬Aacceptor is the combined state-filling bleach of
all acceptor excitons (1PCdS ⫹ 1SCdS), ⌬Adonor is an integrated bleach signal of donor excitons (1SZnSe), and t ⫽
0 is the earliest time, for which measurements of the
bleach can be considered reliable (here, t ⫽ 200 fs). Using eq 1, we estimate the characteristic electron transfer time to be less than 350 fs.
Selective excitation of carriers into the CdS domain
of ZnSe/CdS barbells was performed using 420-nm
pump pulses, for which photon energies fall below the
band gap of ZnSe tips. According to the energy diagram in Figure 4b, these photons can only be absorbed
through the excitation of 1S and 1P excitonic transitions in CdS NRs, while excited states of the ZnSe component remain essentially unoccupied. Experimental
evidence of the selective carrier injection into CdS portion of barbells is seen in the TA spectra, where the early
time bleach occurs primarily in the spectral range of
the lower-energy 1SCdS transition. In addition to strong
bleach in CdS, a weak negative signal was also observed
in the wavelength range of the 1SZnSe transition, the enwww.acsnano.org
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quent decay of 1SCdS excitons is accompanied
by further red-shifting of ⌬A minimum that
persist for another 200 ps. At this delay, the
contribution of the Stark effect into the bleach
is insignificant, which suggests that a different
mechanism is responsible for the observed
red-shift. One possible explanation of this phenomenon was presented in our earlier work
on dot-in-a-rod heterostructures28 showing
that such slow recovery of the spectral minimum can be explained in terms of Coulomb
energy of the charge-separated state,
1Sh(ZnSe)⫺1Se(CdS). Due to quantum confinement effects, the energy of e⫺h interaction in
nanocrystals is inversely proportional to the
square of the confinement length, a, such that
⌬E ⫽ ⫺(h2/8mra2). Since the delocalization of
the hole wave function into ZnSe material is
rather slow, the confinement length increases
gradually, causing a lingering red-shift in the
position of 1SCdS bleach (since mh is greater
than me, the Coulomb interaction-induced
shift of the hole level in ZnSe is less pronounced).
Figure 4. TA measurements of ZnSe/CdS barbells resulting from seThe early time recovery of the 1S bleach in
lective excitation of CdS domains (pump ⴝ 420 nm): (a) temporal dythe ZnSe material is accompanied both by the
namics of the TA bleach recovery for 1S(e)ⴚ1S3/2(h) excitons in ZnSe
changing slope of recovery traces and by the
(black), 1P(e)ⴚ1P3/2(h) excitons in CdS (red), and 1S(e)ⴚ1S3/2(h) excitons in CdS (blue); (b) energy diagram of electronic states showing the gradual shift of ⌬A minimum toward the
maximum energy of pump photons (blue arrows) under selective exsteady-state value of 384 nm, which is excitation of CdS domains. Note that the average photon energy is not
sufficient to induce absorption in ZnSe; (c) second derivative of the ab- pected due to the diminishing contribution of
sorption profile; (d) TA spectra of ZnSe/CdS barbells resulting from
the Stark effect. The subsequent decay of this
pump ⴝ 420 nm excitation pulses; (e) TA spectra of pure CdS NRs
transition, however, occurs at a surprisingly
(pump ⴝ 420 nm).
slow rate (see Figure 4a), which cannot be atergy of which lies 0.3 eV above those of excitation pho- tributed to carrier relaxation alone. Indeed, the initial
tons (Figure 4d). Such above-the-threshold bleach was
bleach of 1SZnSe occurs primarily due to the Stark effect
attributed to the energy-independent effect of local
and not state filling since the energy of pump photons
fields (Stark effect) and not the state filling, as can be in- is not sufficient to reach across the band gap of ZnSe.
ferred by nearly identical behavior of the early time TA Nevertheless, the state filling component is clearly
curve and the second derivative of the absorption pro- present in the longer-delay spectra. Moreover, the infile (Figure 4c). For instance, the effect of local fields on tensity of this band remains nearly constant in the
1SZnSe and 1SCdS bleaching signals can be easily identi100⫺500 ps time interval, which strongly suggests refied in early time traces (⌬t ⬍ 1 ps) as spectral shifts of
population of 1S states even after all the above lying
both peaks by several nanometers from their longerlevels in ZnSe are clearly depleted.
delay position (⌬t ⬎ 100 ps), as indicated by the offAccording to the energy diagram in Figure 4, the
sets of blue and gray lines in Figure 4d. A sizable contri- only excited state that has the sufficient energy to inbution of Stark effect into TA is also manifested by a
remarkable similarity between ⌬A (⌬t ⬍ 1 ps) and d2A/
d2 slopes throughout the most of the spectral range.
The contribution of the Stark effect into band edge
signals decreases with the time, ⌬t, such that bleach
signals corresponding to delays longer than several picoseconds are primarily due to state filling. A compelling evidence of the diminishing role of the Stark effect
is provided by the changing slope of bleach recovery
Figure 5. The ratio of 1SZnSe to 1SCdS excitons as a function
of pumpⴚprobe delay. The increase of f supports the astraces over the ⌬t ⫽ 2⫺10 ps time window and the
sumption that the delayed bleaching of 1SZnSe transitions ocgradual shift of the 1SCdS and 1SZnSe spectral positions
curs due to hole transfer from the band edge of CdS into
toward the steady-state values. Interestingly, the subse- that of ZnSe.
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bution,  (reorganization energy). Depending on these
parameters, Marcus theory identifies three distinct regimes of ET that include normal (⫺⌬G0 ⬍ ), for which
the ET rate increases with increasing driving free energy
for the reaction, barrierless (⫺⌬G0 ⫽ ), for which a
maximum rate is observed, and inverted (⫺⌬G0 ⬎ ),
for which the ET rate decreases despite increasing exothermicity driving the reaction.
The main idea of our analysis is to identify a specific regime of ET occurring in fabricated barbells by
constructing free energy curves that represent different states of the system as quadratic functions of bath
polarization.42 As was recently demonstrated by Scholes
et al.,43 such qualitative description of electronic proFigure 6. Modeling free energy curves associated with the charge transfer in
ZnSe/CdS barbells: (a) fragment of the TA spectrum showing the energy of the cesses in heterostructured NCs can be derived from
ZnSe band edge transition (b) analysis of the emission and absorption transisteady-state emission and absorption spectra provided
tions in ZnSe/CdS barbells; (c) free energy curves for the ZnSe, CdS, and charge
transfer (CT) bands versus bath polarization obtained from the analysis of bar- that the signature of the charge transfer bands can be
bell spectra.
identified in optical measurements. Within this approach, the reorganization energy associated with an
ject carriers into 1SZnSe and remains populated at times interfacial electron transfer is given approximately as
half the Stokes shift between spatially indirect absorplonger than 100 ps is a valence band edge in the CdS
tion and emission energies, which, in this study, correportion of a barbell. The transition of holes from
spond to spectral values of 535 and 583 nm, respec1Sh(CdS) to 1Sh(ZnSe) levels is exothermic and is extively (Figure 6b). Using this information, we can plot
pected to produce a delayed repopulation of ZnSe,
manifested by the 1SZnSe bleach. Such hole-transfer sce- the free energy curves (Figure 6c) for electronic states
nario is also consistent with the increasing ratio of 1SZnSe in ZnSe, CdS, and charge transfer (CT) bands relative to
the ground state, calculated as quadratic functions of
to 1SCdS signals with the pump⫺probe delay (Figure
44
5), which corroborates a correlation between the onset coordinate x:
of excited state bleach in the ZnSe domain and a de1
Gi(x) ) (x - √2λi)2 + ∆Gi0
(2)
crease of carrier population in CdS NRs. We note that a
2
contribution of holes into ⌬A is less than that of elecwhere the harmonic force constant is set to unity, and
trons, as expected due to high hole-to-electron effec⌬Gi0 is the free energy difference between ground state
tive mass ratios, but it is not zero. For instance, holeand excited state i, given by the energy of the absorpinduced bleaching of the above-the-pump-energy
tion peak Ei minus the reorganization energy i.
transition has been observed previously in a CdSe/CdS
To determine the Stokes shifts for all three excitaheterostructured system.27 Considering the fact that
tion bands we have assumed that inhomogeneous
1SZnSe states are initially not occupied and the delayed
broadening of absorption and emission lines correbleaching of these transitions correlates well with the
sponds to a Gaussian shape, which represents the case
recovery of the CdS bleach, we conclude that resonant
of weakly correlated transitions.45 By fitting the absorppumping of the CdS NRs results in the transfer of photion and emission CT bands in Figure 6b, we found
toinduced holes into the ZnSe domain. This conclusion that the reorganization energy required for the elecis strongly supported by the fact that “pure” CdS NRs do tron transfer from ZnSe to CdS is 94 meV. On the basis
not show any bleach in the vicinity of  ⫽ 384 nm. Us- of the fact that the free energy difference, ⌬G0, for this
i
ing eq 1, we estimate the characteristic time for the ob- band is ⫺1.03 eV, we conclude that the charge transfer
served hole transfer to be 95 ps, which is much slower
reaction occurs in the Marcus inverted region, (⫺⌬G0
than transfer of electrons from ZnSe into CdS observed ⬎ ). Similar results were also found for the case of
under resonant pumping of the 1SZnSe transitions.
CdSe/CdTe nanobarbells, where the inverted regime of
To better understand the mechanism of charge
ET was attributed to the weak exciton⫺phonon coutransfer in ZnSe/CdS barbells we evaluate the basic
pling in semiconductor NCs.43
thermodynamic parameters for this system within the
In conclusion, we have used transient absorption
framework of Marcus theory.41 This approach can prospectroscopy to study the dynamics of photoinduced
vide an intuitive picture of photoinduced electron
charge transfer in type II heterostructured nanocrystals
transfer (ET) through interplay of the free energy differ- comprising a barbell-like arrangement of ZnSe and CdS
ence between the reactants and products, ⌬G0, and
semiconductors. Experimental data provides strong evithe extent of reorganization that the environment must dence for photoinduced charge transfer between the
undergo to accommodate the change in charge distritwo nanocrystalline domains, which can be controllaVOL. 4 ▪ NO. 4 ▪ HEWA-KASAKARAGE ET AL.
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of holes into ZnSe. A qualitative thermodynamic description of observed electron processes within the classical limit of Marcus theory was subsequently used to
show that the charge transfer reaction between ZnSe
into CdS domains occurs in the Marcus inverted region.

EXPERIMENTAL SECTION

two components: one was directed to the TOPAS optical
parametric amplifier to produce excitation pulses, and the
second one was focused onto a CaF2 plate to generate a
white-light-continuum for broad-band probe pulses (see the
Supporting Information). All transient absorption data were
corrected for the group velocity dispersion of the white-light
continuum by using the nonresonant signals of pure solvents. The incident excitation beam was attenuated before
the sample (0.2 mm flow cell) to ensure a linear pump power
dependence of the CdS bleach signal at early probe times (t
⬇ 1 ps) (see Figure SF1 in the Supporting Information section). A typical excitation pulse power was 1.5 J per pulse
at the sample position with an average beam diameter of 300
m. We estimate that the average number of excitations
per nanocrystal is near unity, 具N典 ⫽ j ⬇ 1, where j is the
pump fluence and  is the absorption cross section at the
pump wavelength, estimated using known extinction coefficients for CdS colloids47 (e.g., for exc ⫽ 420 nm,  ⫽ 2 ⫻ 10⫺15
cm2). The pump⫺probe cross correlation width was 200 fs
fwhm.

Chemicals. Sulfur (99.999%, Acros), 1-octadecene (ODE, tech.,
90%, Aldrich), cadmium oxide (99.99%, Alrdich), oleic acid (OA,
tech., 90%, Aldrich), tri-n-octylphosphine (TOP, 97%, Aldrich), trin-octylphosphine oxide (TOPO, 99%, Aldrich),
n-octadecylphosphonic acid (ODPA, PCI Synthesis),
n-hexylphosphonic acid (HPA, PCI Synthesis), octadecylamine
(ODA, 90%, tech., Acros), zinc oxide (99⫹%, Aldrich), selenium
(99.5⫹%, Acros), hexane (anhydrous, 95%, Aldrich), methanol
(99.8⫹%, EMD), toluene (anhydrous, 99.8%, Aldrich), chloroform
(anhydrous, 99⫹%, Aldrich). All chemicals were used as received
without any further purification.
Synthesis of ZnSe/CdS barbells. ZnSe/CdS barbells were fabricated by growing ZnSe tips onto previously prepared CdS nanorods (NRs). To achieve a moderate dispersion of NR widths, CdS
NRs were synthesized using a seeded-type approach by introducing small-diameter CdS NCs into the reaction mixture for
nucleating the growth of linear CdS extensions, according to
the procedure adapted from ref 15. Original CdS seeds were not
distinguishable in fabricated CdS NRs.
The amount of CdS seeds for the synthesis of CdS NRs, fabricated according to ref 46 was calculated using an empirical approach, whereby the product of the particle absorption at 400
nm (excitonic feature) and the volume of the colloidal suspension (in mL) was set to be in the range of 5⫺15. In a typical synthesis of CdS NRs, CdS seed powder was dispersed in 1.8 mL of
TOP and subsequently introduced (at 60 °C) into the sulfur injection solution, previously prepared by dissolving sulfur (0.120 g)
in TOP (1.81 mL) at 200 °C. Separately, the mixture of cadmium
oxide (0.060 g), TOPO (3.0 g), ODPA (0.290), and HPA (0.080 g) in
a 50 mL 3-neck flask was exposed to vacuum at 150 °C for ca.
30 min. Subsequently, the system was switched to Ar flow and
heated to above 350 °C until the solution turned optically clear
and colorless. At this point, TOP (1.81 mL) was added to the flask
as the Cd precursor coordinating solvent. The nanorod growth
was initiated by a quick injection of the seed/sulfur solution at
380 °C. After the temperature recovered to 350 °C the nanorods
were allowed to grow for an additional 7⫺9 min. Purification of
CdS NRs was similar to those of CdS seeds.
In a typical synthesis of ZnSe/CdS barbells, 0.5 mL of hexanesuspended CdS NRs (60 times diluted injection solution showed
the excitonic absorption peak of 0.75, which corresponds to approximately 12 mg of dry nanorods) were injected into a degassed mixture of ODE (6.0 mL) and ODA (1.5 g) at 80 °C and
pumped for about 20 min to remove hexane and any residual
air from the system. At this step, the system was switched to Ar
flow and heated to 250 °C before injecting the precursors. Zinc
injection solution was prepared by heating zinc oxide (0.0350 g),
OA (1.2 mL), and TOP (1.5 mL) to above 250 °C until the solution was clear. Subsequently, it was allowed to cool to about 60
°C and mixed with the Se:TOP precursor (0.0340 g of selenium
and 0.7 mL of TOP). During the nanobarbell growth the precursor solution was added via syringe to the reaction flask kept at
245 °C in 0.1 mL amounts every 2 min. After 10⫺20 min, the reaction was stopped by cooling the flask to ca. 50 °C and adding
excess toluene. Subsequent cleaning was done using hexane/
methanol extraction.
Characterization. UV⫺vis absorption and photoluminescence
spectra were recorded using CARY 50 scan spectrophotometer
and Jobin Yvon Fluorolog FL3-11 fluorescence spectrophotometer. High resolution transmission electron microscopy measurements were carried out using JEOL 3011UHR operated at 300 kV.
Transient Absorption Spectroscopy. The experimental setup was
based on the Ti:sapphire amplified laser system operating at
a repetition rate of 1 kHz, the output of which was split into
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bly performed in either direction by modulating the excitation wavelength, such that the resonant excitation
of carriers in the ZnSe material leads to 350 fs injection
of electrons into CdS, and the excitation of carriers in
the CdS portion of barbells results in a slower transfer
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