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Semiconductor quantum dots such as CdSe, PbSe, and InAs with
their tunable band gaps offer new opportunities for harvesting light
energy in the visible and infrared regions of solar light.1-3 Early
efforts demonstrated the ability of chemically and electrochemically
deposited CdS and CdSe nanostructures on TiO2,4-6 SnO2,7,8 and
ZnO9,10 to generate photocurrent under visible light irradiation. By
making use of size quantization effects, one can readily tune the
photoresponse of the electrode. We report here modulation of the
interparticle electron transfer rate by varying the QD particle size.
Femtosecond transient absorption measurements, elucidating the
size-dependent electron injection rate from excited CdSe into TiO2

nanoparticles, are described.
Figure 1A shows the absorption spectra of different sized CdSe

particles in toluene. These particles prepared using a previously
reported procedure11,12 exhibit absorption in the visible with a
characteristic exciton absorption peak. By comparing the absorption
behavior to the size-dependent absorption curve,13 we estimated
the particle diameter for five different size particles. As the particle
size decreases from 7.5 to 2.4 nm, the first (1S3/21Se) excitonic
peak shifts (Figure 1A) from 645 nm (1.92 eV) to 509 nm (2.44
eV). Controlling particle size therefore provides a convenient way
to modulate the band energies and the energy of the charge carriers.

The CdSe nanoparticle suspensions, when subjected to the 387
nm pump pulse, undergo photoexcitation followed by relaxation
to band edge states (reaction 1).

As the electrons and holes accumulate in the conduction and valence
bands, one observes bleach in the absorption. Figure 1B shows the
difference absorption spectra of different size CdSe quantum dots
in the visible region recorded 2 ps after 387 nm pulse excitation.
The bleaching maximum of each of these different size CdSe
quantum dots coincides with the first exciton transition seen in the
absorption spectrum (Figure 1A). As shown earlier, excitation with
the 387 nm laser pulse populates the higher energy p-state within
the laser pulse duration, which then relaxes to the lower s-state in
<1 ps.14,15Thus, the bleaching at the band edge seen in the transient
absorption in Figure 1B provides a means to probe the fate of
electrons accumulated in the thermally relaxed s-state.

The recovery of the transient bleach (depletion of absorption)
in Figure 1B represents the disappearance of the photogenerated
electrons and holes via charge recombination and charge trapping
processes.16-18 As shown by spectroelectrochemical measurements,
the absorption bleach at the band edge is dominated by the presence
of the electrons in the conduction band,19 while holes have

negligible contribution. The multiexponential nature of the recovery
arises from the combination of radiative and nonradiative (trapping)
processes. As shown earlier, the bleaching recovery is sensitive to
the degree of surface passivation.15 The bleaching recoveries for
different size particles (Figure 2) were analyzed using the stretched
exponential kinetic expression:

where τ is the peak value of the characteristic lifetime. Such a
universal stretched exponential behavior has been previously
observed in the carrier relaxation dynamics of various photoexcited
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Figure 1. (A) Absorbance spectra of CdSe quantum dots in toluene. (Y-
axis offset is introduced for clarity.) (B) Transient absorption spectra
recorded 2 ps following the 387 nm laser pulse excitation of different size
CdSe quantum dots in 1:1 ethanol/tetrahydrofuran (THF).

Figure 2. (A) The transient recovery recorded at the bleaching maximum
following 387 nm laser pulse excitation of CdSe quantum dots in 1:1 ethanol/
THF containing mercaptopropionic acid (a) without and (b) with linked
TiO2 particles. (B) Scheme illustrating the principle of electron transfer
from quantized CdSe into TiO2 and (C) the dependence of electron transfer
rate constant on the energy difference between the conduction bands. Top
axis represents assumed CdSe conduction band energy positions.

∆A(t) ) ∆A(0) × exp[-(t/τ)â] (2)

CdSe+ hν f CdSe (ep + hp) f CdSe (es + hs) (1)
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semiconductor nanocrystals.20-22 Kinetic parameters of the fits are
summarized in Table S1. Except for the largest particle, theâ value
remained in the 0.4-0.5 range, consistent with previous time-
resolved spectroscopic measurements of CdSe nanocrystals at room
temperature.21

When in contact, the excited CdSe quantum dots are capable of
injecting electrons into TiO2 nanoparticles.3,23 The TiO2 particle
has a band gap of∼3.4 eV, exhibiting absorption in the UV region
with onset around 360 nm. The TiO2 particles prepared by the
hydrolysis of titanium isopropoxide in ethanol are relatively large3

(particle diameter 40-50 nm) compared to the CdSe QDs. Such
large particle surface enables linking of several small CdSe particles
to a single TiO2 particle and facilitates interparticle electron transfer.
We employed mercaptopropionic acid to link these two particles
(see Supporting Information for experimental procedures). For 7.5
nm diameter CdSe colloids, the conduction band is estimated to
be -0.8 versus NHE.19 The same study demonstrated that the
conduction band shifts to negative potentials with decreasing particle
size (e.g.,-1.57 vs NHE for 3.0 nm particles). Because of the
small electron effective mass (me ) 0.13 mo) versus the significantly
larger hole mass (mh ) 1.14 mo), most of the band gap increase is
seen as a shift in the conduction band to more negative potentials
(vs NHE).14 Thus, CdSe quantum dots with their increased band
gaps are expected to have favorable conduction band energies for
injecting electrons into TiO2 (reaction 3).

The effect of the TiO2 interaction with excited CdSe quantum
dots is seen from the bleaching recovery recorded in Figure 2A.
With decreasing particle size, we see an enhanced recovery
suggesting an alternate deactivation pathway for the charges
separated in CdSe. If electron transfer to TiO2 is the only additional
deactivation pathway for the excited-state interaction between CdSe
and TiO2 (reaction 3), we can estimate the rate constant (see
Supporting Information) by comparing the bleaching recovery
lifetimes in the presence and absence of TiO2 (expression 4).

Electron transfer kinetics in dye-sensitized SnO2 and TiO2

systems has been evaluated in terms of Marcus theory,24,25 for a
nonadiabatic reaction in the classical activation limit. The theory
implies that the logarithm of the electron transfer rate is a quadratic
function with respect to the driving force,-∆G. This expression
has been successfully applied by Hupp26 and others27 to investigate
charge recombination kinetics in dye-sensitized SnO2 and TiO2.
As the driving force,-∆G (viz., energy difference between the
acceptor and donor systems) increases, the rate of ET increases,
reaching a maximum when the driving force equals the reorganiza-
tion energy (i.e., when the activation free energy,∆G* ) 0).

In the present experiments, the driving force for the electron
transfer between CdSe and TiO2 is dictated by the energy difference
between the conduction band energies. The conduction band of TiO2

is at-0.5 V versus NHE.27 If we assume the larger CdSe particles
have band energy close to the reported value of-0.8 V versus
NHE,19 we can use the increase in band gap as the increase in
driving force (-∆G) for the electron transfer. Since the shift in
the conduction band energy is significantly greater than the shift
in valence band energy for quantized particles,14 we can expect
the conduction band of CdSe QDs to become more negative (on
NHE scale) with decreasing particle size. Figure 2C shows the
energy gap dependence of log(ket). As the particle size decreases,

we see an enhanced electron transfer rate. The driving force of 0.8
eV is at or close to the reorganization energy, and hence we expect
a normal Marcus region in which the rate of electron transfer
increases with the driving force. This small energy difference
attained by decreasing particle size is sufficient to increase the
electron transfer rate by nearly 3 orders of magnitude.

The fastest electron transfer in the CdSe-TiO2 system was
observed with 2.4 nm CdSe QDs. The rate constant of∼1.2 ×
1010 s-1 in this experiment reflects an average lifetime of 83 ps.
Earlier femtosecond transient studies have reported similar electron
transfer rates between excited CdS/CdSe QDs and TiO2 which occur
on a time scale of 2-50 ps. Direct chemical deposition of CdS/
CdSe on TiO2 films in those studies27 provided minimal control
over their size distribution. To the best of our knowledge, the present
study highlights for the first time systematic evaluation of size-
dependent electron transfer rates in semiconductor heterostructures.

Size-dependent electronic properties of semiconductor QDs are
regarded as one of the most attractive features for attaining a band
gap gradient in quantum dot solar cells. The transient absorption
measurements presented in this study demonstrate the possibility
of modulating the electron transfer rate between CdSe and TiO2

particles by making use of size quantization effects. These size-
dependent interparticle electron transfer rates will have to be taken
into account in band gap engineering efforts of quantum dot
sensitized solar cells.
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