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Electron and Hole Transfer from Indium Phosphide Quantum Dots
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Electron- and hole-transfer reactions are studied in colloidal InP quantum dots (QDs). Photoluminescence
quenching and time-resolved transient absorption (TA) measurements are utilized to examine hole transfer
from photoexcited InP QDs to the hole acceptgN,N',N'-tetramethylp-phenylenediamine (TMPD) and
electron transfer to nanocrystalline titanium dioxide ()ifdms. Core-confined holes are effectively quenched

by TMPD, resulting in a new~4-ps component in the TA decay. It is found that electron transfer tg i5iO
primarily mediated through surface-localized states on the InP QDs.

Introduction band of TiQ, while core-confined electrons are not injected

e . N o efficiently. Dynamic TA results support the hypothesis that core-
Photosensmzatlon of nanocrystalline titanium dioxide by confined electrons are not injected into the Ti@nduction
semiconductor nanocrystals, or quantum dots (QDs), hasband

received much attentiolt3 The energetic offset between the
QD and TiQ conduction bands (CB) promotes charge separa-
tion, making such composites attractive for solar energy
conversion and photocatalysis. The basic components of QD- Indium phosphide QDs were synthesized by standard colloidal
sensitized TiQ solar cells are: (1) a high surface area methods as previously reporteds-prepared QDs are capped
nanoporous Ti@ film on a conducting substrate, (2) a QD with trioctylphosphine and trioctylphosphine oxide (TOP/
absorber layer adsorbed to the Fi@m by the appropriate TOPO); for hole-transfer studies, the TOP/TOPO capping
technique, (3) a metallic counterelectrode, and (4) an appropriategroups were exchanged for TMPD.
hole conducting matrix to complete the circuit. Incident photons  Because the TOP/TOPO capping layer has been shown to
are absorbed by the QD layer, and the photoexcited electronsinhibit charge transfer in QD/polymer conjugdteand QD
are transferred from the QD CB to the Ti@B, where they arrays! this capping layer was replaced with pyridine to make
diffuse through the Ti@network to the working electrode. The InP—TiO, composites. The pyridine-capped InP QDs were
reducing species in the electrolyte solution neutralizes the dissolved in toluene, because adsorption of the QDs to thg TiO
oxidized QD, and itself is rereduced by electrons from the surface was found to be slow and incomplete in pyridine, while
metallic counterelectrode. adsorption in toluene was faster and more complete.

The research on QD sensitization of high surface area TIO  TiO; and ZrQ nanocrystalline setgels were prepared by a
electrodes builds on a wealth of research involving organic dyes method similar to that reported by Zaban and co-worRétsr
as sensitizers. To date, the time scale of electron transfer,the TiG; colloids, 37 mL of titanium(1V) isopropoxide (Aldrich,
forward or reverse, from QDs into TiQis poorly understood,  99.9%) in 10 mL of 2-propanol was slowly dripped over the
though some reports are availabfet Transient absorption (TA)  course of 30 min into a stirred mixture of 80 mL of glacial
spectroscopy is a powerful tool capable of investigating ultrafast acetic acid and 250 mL of deionized water &3 The resulting
charge transfer across such interfaces, but very few TA studiessolution was heated to 8@ for 8 h. It was then heated to 230
of QD TiO, composites have been reported. Also important to °C for 12 h in a titanium autoclave (Parr). Upon removal from
understand is the hole transfer from photoexcited QD to an the autoclave, the solution was sonicated for 5 min with a cell
acceptor species. While solutions containing redox species suchdisrupter with an approximate power of 250 W to break up
as the 1/13~ couple have been used extensively for dye- agglomerates. The solution was then concentrated to 150 g/L.
sensitized titania solar cells, hole-conducting polymers are beingCarbowax, at a ratio of 40 wt % (relative to TiQwas added
examined as noncorrosive alternatives for this component.  to aliquots taken from this stock solution to produce a viscous

In this paper, we examine electron and hole transfer from sol—gel.
photoexcited InP QDs to titanium dioxide and NoN,N’,N'- The ZrQG colloids were prepared in the same manner. The
tetramethylp-phenylenediamine (TMPD), respectively. We starting material was a 70 wt % solution of zirconium(IV)
analyze these systems with photoluminescence (PL) spectrospropoxide in 1-propanol (Aldrich). The autoclave temperature
copy and time-resolved TA spectroscopy in the visible and mid- for the ZrG, colloids was 220°C. In some ZrQ sol—gels,
infrared regions. Our results suggest that TMPD quenches thehydroxypropylcellulose was used as the polymer instead of
photogenerated hole in InP very effectively and introduce a rapid Carbowax.
~4-ps decay in the TA dynamics. PL results on RO, TiOz and ZrQ films were prepared by the following method.
composites suggest that photogenerated electrons localized irAn area of the substrate is masked off with research-grade scotch
InP surface states are efficiently injected into the conduction tape. A small portion, typically less than 10Q, of the sok
gel is pipetted onto the sapphire substrate between the two pieces
*To whom correspondence may be addressed. of tape. A glass pipet is then used to drag the-g@l across
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the substrate between the pieces of tape. The resulting filmis 4 4,40°
allowed to dry in air and then placed in a furnace to heat at 450

°C for 1 h. This heating step removes the polymer from the 1.2 4
film and sinters the colloids, producing a porous network of u
electrically contacted Tigor ZrO, nanoparticles. Film thickness 1.0 z
after sintering is typically 26 um and may be increased by 7 f
using multiple pieces of tape. o 0.8
The QD-oxide electrodes were prepared by soaking the 2
sintered TiQ or ZrO; films in the solution of pyridine-capped 2 0.6
QDs in toluene. The soaking time to prepare optically dark £
electrodes varies from 24 h to one week, with higher QD 04+
concentration enabling shorter preparation times. In ref 2,
thiolactic acid was found to enhance adsorption. We have found 0.2 [t
no appreciable difference of adsorption Kinetics of electron- | T ——— e
transfer behavior for bare Tilfilms and TiQ, films treated 0.0 L L ! 1 ! '
with thiolactic acid. All electrodes discussed in this report were 16 17 18 19 20 21 22
prepared without the use of thiolactic acid as a linker molecule. Emission Energy (eV)
We also stress here that, for purposes of comparisor; Ti®; Figure 1. PL spectra of TOP/TOPO (solid line) and TMPD (dotted

electrodes and InPZrO, electrodes were made from two jine) capped InP QDs. Inset shows approximate energy levels of QDs
aliquots of the same sample. Thus, no differences in processingand TMPD.

exist for QDs adsorbed to Tior ZrO,. This allows us to
attribute differences in luminescence or TA dynamics to and TMPD-capped 36-A InP QDs. It is clearly seen that the
interactions with the substrate (e.g., charge transfer) and rulesTMPD cap completely quenches the QD PL. This is due to the
out that these effects may be attributed to differences in relative energetics of the QD valence band and the oxidation
processing. potential Ex°) of the TMPD moleculé,which make TMPD a
Steady-state absorption measurements were made using @ood hole scavenger for the photoexcited InP QDs.
Cary 500 double-beam spectrometer at a spectral resolution of The conduction and valence band positions of the InP QDs
1 nm. are estimated using a simple effective mass calculation which
PL spectra were recorded using a Flurolog-3 (JYHoriba) weights the amount of the confinement energy given to the
spectrometer that utilizes a charge-coupled device (CCD) conduction and valence bands according to the electron and hole
detection system. Monochromatic excitation light was generated effective massé$
by a Xe arc lamp with a double monochromator. Fluorescence

light was collected in right-angle mode for solutions and front- my,
face mode for films. Fluorescence is passed through a single AEcg = AE o ——— - (1)
monochromator containing a 150 line/mm grating and imaged My T Mg

on the liquid nitrogen cooled CCD array. All PL spectra were

corrected for the spectral output of the excitation source and In eq 1,AEcs is the_energy change of the conduction band,
for the spectral response of the detection optics. AEconis the total confinement energy calculated ags(E Eg)

The TA setup is based on a Clark-MXR CPA-2001 regen- where Fsis the lowest energy excitonic transition of the QD

eratively amplified Ti:sapphire laser, operating at 989 Hz and and  is the bulk band gap of In_P (1.35 eV), ang} an_dmz

775 nm. The~125-fs duration, 775-nm pulses from the CPA- &€ t.he hole and electron effective masses, _respectlvely. Ac-
2001 were used to pump visible and infrared optical parametric €0rding to eq 1, for the 36-A InP QD shown in Figure 1, the
amplifiers (OPAs). The visible OPA is a TOPAS from Quan- Cconduction band shift for the InP QD 540 meV, meaning
tronix, capable of output in the range of 290 nm to 2m. the valence band shifts94 meV. By use of the value 6f0.5

The IR OPA (Clark-MXR) provides tunable near-IR pulses from V vs the normal hydrogen electrode (NHE) for the conduction
1.1 to 2.5um; the signal and idler pulses from the IR OPA band redox potential for bulk InP an€0.85 V vs NHE for the

were combined in a AgGa%rystal to generate mid-IR probe bulk valence potentidit the QD redox potentials are1.04 V
pulses tunable from 3 to Gm by difference frequency (CB) and+0.944 V (VB) vs NHE. The one-electron oxidation

generation. Spatially filtering the visible pump beam was used Potential of the TMPD has been measured by cyclic voltam-
to improve the transverse mode quality. metry (CV) and found to be-—0.28 V vs ferrocene~+0.27

9,12 i i i
For dynamic measurements, the wavelength of interest wasY, VS NHE)>™ A s_chematlc_ shovx_/lng the energetics of the
set by the monochromator and the pungmobe delay was TMPD—InP system is shown in the inset of Figure 1. Quenching

varied. Spectral data were obtained by maintaining a fixed ©f the QD PL is achieved following photoexcitation when an

pump-—probe delay while spectrally dispersing the probe beam: electron from the TMPD HOMO is injected into the valence

: band of the InP QD.
all spectral data were corrected for the chirp of the probe.
P W P P TA measurements were performed on the TOP/TOPO- and

TMPD-capped samples shown in Figure 1 to examine the effect
of hole trapping on the dynamics. Part a of Figure 2 compares
Hole Quenching in InP Quantum Dots. the 1S visible bleaching and mid-IR dynamics for the 36-A InP

The TOP/TOPO capping groups of as-prepared InP QDs may QDs pumped at 600 nm. The bleach is measured at 625 nm,
be exchanged for other capping groups to modify the electronic the position of the lowest (1S) excited state (Figure 2b). The
properties of the QDs. For example, when the capping group is mid-IR wavelength is chosen to correlate with the energy
changed from TOP/TOPO t&,N,N',N'-tetramethylp-phen- spacing between the 1S and 1P excitonic stat€¥30 meV.
ylenediamine (TMPD), the QD luminescence is completely The main effect of changing the capping group from TOP/TOPO
quenched. Figure 1 compares the PL spectra of TOPO-cappedo TMPD is the introduction of a-4-ps relaxation component

Results and Discussion
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Figure 2. (a) Comparison of visible bleach and mid-IR absorbance Of the electronic excitation to vibrations of the capping molecule.
dynamics for~36-A InP QDs dispersed in hexane and pump(_ad at 600 It is emphasized that the effect of TMPD on our InP TA
nm. (b) TA spectra for the same sample, taken at 10 ps, excited at 460dynamics agrees with the results of ref 20, which shows that

nm. For both experiments, the average number of excitons excited per

QD, MN,[= 0.25-0.30.

in the TMPD-capped sample, indicating a much faster depopu-

lation of the lowest excited state.

To analyze the meaning of this fast decay for the TMPD-
capped QDs, we must consider the origin of the TA bleach.
Following photoexcitation, occupation of discrete excited states,
or state filling, leads to absorption bleaches at the positions of
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We now must analyze the contribution of both the electron
and hole to the TA signals. In most reports, the electron is
considered to be the dominant species measured by the visible
bleach due to the spread of the hole occupation numbers over
several valence levels within kT of each otAeAlso, the mid-

IR absorbance is typically attributed to the transition of the
photoexcited electron from the lowest conduction levelg(1S

to the second conduction level @P’ These assignments
suggest that the dynamics of the visible bleach measure the same
species as the dynamics of the mid-IR absorbance. In ref 18,
the effects of electron and hole scavengers on the TA dynamics
for CdSe QDs were examined. The first finding of this report
was that the dynamics of the visible bleach are indeed closely
correlated to the dynamics of absorbance in the mid-IR,
suggesting they do measure the same species. Clearly, the visible
and mid-IR dynamics for the TOP/TOPO and TMPD-capped
dots match very well, showing that this correlation also holds
for InP QDs. This correlation also shows that QD charge-transfer
reactions may be monitored in both spectral regions.

The next finding of the report by the El-Sayed grételates
to the contribution of both carriers to the visible bleach and
mid-IR absorbance. By assumption of a complete removal of
conduction band electrons in CdSe QDs by the electron
scavenger benzoquinone, the measurements showed that while
the majority of the signal in the visible and mid-IR could be
attributed to the electron, the contribution of the hole to both
signals is also significant. Bleach dynamics were also used to
successfully follow hole relaxation in @gS QDs treated with
benzoquinoné&? However, it must be noted that, in a separate
report, the same group analyzed the effect of a hole-scavenging
molecule on the visible bleach dynamics for CdSe QDs and
quantum rods (QRs) based entirely on electrdns.this report,
the large effect that the adsorbed hole scavenger had on the
visible bleaching dynamics was attributed to a modified coupling

the 1S bleach decay is dramatically faster when the hole acceptor
n-butylamine is adsorbed to the CdSe QD. To the contrary, in
ref 18, the thiophenol hole-scavenging molecule dramatically
lengthenghe 1S bleach decay. In light of these contradictory
results, determining the relative contributions of electrons and
holes to the visible bleach and mid-IR absorbance remains a
challenge.

If we assume that the visible bleach and mid-IR absorbance

these excited states in the TA spectrum. The bleach from state@re only due to state filling cglectronlevels, we may come to
filing results from a decrease in oscillator strength for the tWO conclusions. One is the possibility of TMPD acting as an
occupied excited states. We must also consider the contribution€l€ctron scavenger. If this were the case,4eps decay could

of Coulomb interactions to the TA signals. Photoexcitation of be directly attributed to electron removal from the conduction
carriers in semiconductor QDs generates local electric fields, and of the InP QDs. In this scenario, we would expect the
which modulate the optical absorption spectrum by the Stark TMPD reduction potential to fall between the QD CB and VB.
effect!3-16 For charge-transfer systems, we must also consider However, TMPD is one of the most well characterized electron
fields created as a result of charge separation. The Stark effecidonors and we have found no reports in which TMPD acts as
is well characterized and is distinguished by a TA bleach an electroracceptor Likewise, the oxidation potential of TMPD
spectrum with maxima and minima correlated to the derivative Makes it an ideal electron donor for InP QDs, as shown in Figure

of the linear absorption spectrufhFrom Figure 2b, it is evident

1. We therefore find little support for the idea that the observed

that the spectrum for the TMPD-capped QDs lacks the change in dynamics is due to the TMPD capping molecules
characteristic derivative-like features that would indicate the acting as electron scavengers.

influence of field effects. This suggests that any bleach

The other conclusion based on the sole contribution of

contribution of a charge-transfer-induced Stark effect is minor electrons is that the vibrational characteristics of the adsorbed
compared to the bleaching arising from state filling. Thus, we TMPD molecules greatly increase the rate of recombination in
conclude that state filling dominates the TA signals that we the InP QD. This has been suggested for the hole scavenger
measure, and therefore the rapid 4-ps decay induced by TMPDn-butylamine (-BA) on CdSe QD£° In that case, it was

will be analyzed in accordance with state filling.

suggested that the rapid 1S bleach decay¥BA capped QDs
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resulted from the efficient coupling of the remaining CB electron T T T T T
to vibrations of the capping molecule. In this scenario, the
excited electron may couple to the large number of vibrational
modes of the capping molecules, opening up an efficient
nonradiative pathway for relaxation and recombination of the
conduction band electron. In our case, because the early time
1S dynamics are fit by~100 ps for the TOPO-capped QDs
and ~4 ps for the TMPD-capped QDs, this would suggest a
dramatic difference in electronic coupling to the two different
caps. While recent evidence has suggested that electronic
coupling to the capping molecules may be significinthe
extent to which this coupling should differ among different
capping molecules is unclear. Important factors should be the 0.0
specific vibrational structure of the ligands as well as the

rotational degrees of freedom, which will determine how 400 500 600 700 800 900
efficiently the ligands may reorient in response to the charge
redistribution. The measurement of this coupling strength has Wavelength (nm)

been performed by three-pulse echo peak shift spectrogéopy, Figure 3. Absorbance spectra of 34-A pyridine-capped InP QDs
which is outside the scope of our current experimental capabili- disPersed in toluene and adsorbed to iibn.

ties. Thus, although we do not feel that we have enough evidence .

to claim that coupling of the electron to the ligands is responsible correlated for TOPO and TMPD-capped InP QDs. This is a very

for the rapid 1S bleach decay for our TMPD-capped InP QDs important consideration when attempting to measure charge-
we cannot rule this possibility out. The coupling of the electron

" transfer reactions in which both the donor and acceptor species
to vibrations of the surrounding media (solvent, cap) is a concept ab_s_orb in the mid-IR. For example, this comparison was rgcently
that is beginning to receive much-needed attention. utilized by our group to observe the rise time of the injected

If we consider the hole dynamics to be directly observable electron in CdS-sens_ltlzed T@omposneé:
in the TA dynamics, then the faster 1S bleach decay for the Electron Transfer in InP—TiO; Composites.
TMPD-capped QDs could represent the removal of the hole ~We now focus on electron transfer from InP QDs adsorbed
from the valence band by TMPD. This would indicate,a_ps to hlgh surface area titanium dioxide films. Soaking a sintered
hole transfer from the InP QD to TMPD. For this scenario, the TiO2 film in a concentrated solution of InP QDs produces a
hole must contribute to both the visible bleach and mid-IR dark but optically transparent film. The absorption spectra of
absorbance, such that its removal from the valence band would34-A pyridine-capped InP QDs in toluene and adsorbed to TiO
result in a decrease in the magnitude for both Signa|s_ As are shown in Figure 3. The fact that we observe the preservation
mentioned above, evidence for hole contribution to both signals Of the excitonic structure emphasizes the well-defined nature
has been seen for CdSe and; €% QDs!81° In both of these of the QDs studied in these experiments. Also informative is
experiments, incomplete decay of the bleach in the presence ofthe lack of a red-shift or spectral broadening of the 1S absorption
the benzoquinone electron quencher suggests that the remaining©ak, which indicates the absence of Q@D coupling
hole does indeed contribute to the bleach signal. On the basisobserved in close-packed QD arrdy3his effect could be
of this evidence, it is quite reasonable to conclude that the hole important if several monolayers of QDs adsorbed to the film.
population in our InP QDs may be followed by the TA bleach This also suggests a weak coupling between the QD excited
and the matching mid-IR absorbance dynamics. We may alsostates and Ti@ acceptor states. The sharp features in the
approach this problem from the other way around, using absorption spectrum become less pronounced if the sample is
results on InP QDs to suggest that, while the electron should €xposed to air due to the formation of an oxide layer on the
dominate both signals, they may also have some contribution Surface of the QD& We note, however, that exposure of the
from the hole. The complete quenching of the PL indicates a INP—TiO2 composite to air is important for film stability under
complete removal of one charge carrier species, and as discussetjumination, suggesting that oxidation of the InP surface protects
above, it is highly improbable that TMPD could act as anything the QDs from photocorrosion.
but a hole scavenger for InP QDs. Concomitant with the  Parts a and b of Figure 4 show static PL spectra~$d0-A
guenching of the PL, due to extraction of the hole, is a rapid InP QDs coupled to nanocrystalline THi@nd ZrQ, respectively.
~4-ps decay in the TA dynamics. One feasible conclusion from Because of nonequivalent collection efficiencies, Figure 4 is
these data is that the hole contributes to the TA bleach and IR only useful in comparing the shape of the PL spectrum, which
absorbance signals for photoexcited InP QDs, and the holeshould yield information on the spectral regions where quench-
transfer event is directly observable from the TA dynamics. ing occurs. This experiment does not give information on PL

Results such as the ones described above for TMPD holedquantum yields, either absolute or relative.
guenching defy an easy or unambiguous treatment in the context When the QDs are coupled to ZgOelectron transfer is
of the prevailing theories for the TA bleach signal. Thus, more thermodynamically unfavorable, and hence, the PL spectrum
rigorous theoretical calculations and experimental measurementshould maintain the same shape that it has when the dots are
of electronic coupling to the media surrounding the QDs, as dispersed in solution (inset). This is indeed the case, indicating
well as more selective carrier quenching experiments, could that ZrG is a good control substrate. Band gap PL can be seen
provide valuable insight. However, one important implication in the region of 1.83 eV as a Gaussian peak with widt2@0
of these results is that charge-transfer reactions may bemeV) determined by the size distribution within the QD sample.
monitored in both the visible and mid-IR regions of the This intrinsic QD luminescence arises from electrons that have
spectrum. Because the oxidized form of TMPD does not absorb thermalized to the CB edge recombining with thermalized holes
in the mid-IR, the mid-IR and visible dynamics are closely in the VB.

0.8 . -
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Figure 4. Multiple Gaussian fitting of PL spectra for (a) IriZrO;
(mainframe) and (b) INPTiO2. Inset of (a) shows PL spectra of same
InP QDs dispersed in toluene. Excitation is at 500 nm. Points show
experimental data, thin solid lines show individual Gaussian compo-
nents, and the dark solid line shows fit obtained by summing the
individual components.

At lower energies, several different recombination pathways
involving trap states exist: (1) recombination of a CB electron
with a trapped hole; (2) recombination of a trapped electron
with a VB hole; (3) recombination of a trapped electron with a

trapped hole. We refer to this region as trap-state PL. Super-
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the QDs. A mechanism that is consistent with this observation
is that, in some photoexcited QDs, electrons become trapped
in surface states and are transferred to the Thduction band,
making them unavailable to contribute to the trap-state PL. The
lack of significant band gap PL quenching implies that a low
percentage of core-confined electrons are transferred te. TiO
Compatre this figure, for example, to Figure 1, in which TMPD
completely quenches the band-gap PL by removal of the core-
confined hole. Thus, we expect the TA dynamics for the 1S
transition to be little affected by the presence of the ;IO
acceptor.

To make the case that electron transfer quenches the trap-
state PL, we must rule out the scenario that the titanium dioxide
nanoparticles efficiently passivate the surface of the InP QDs.
In this scenario, the titanium dioxide nanoparticles would bind
strongly to a large portion of the QD surface, tying up surface-
dangling bonds. This passivation would enhance band gap
emission and quench the deep trap emission, similar to what is
seen when InP QDs are etched in a dilute solution of?HF.
Also, media changes have been shown to enhance CdS QD
emission in CdS/ TiQaqueous suspensioffsWe dismiss this
possibility, however, based on the static environment of our
TiO; films as well as the average pore size in the film. In the
above-mentioned experiments based on colloidal suspensions,
dynamic rearrangement of the solute, solvent, and surfactant
molecules can occur to give efficient surface passivation of the
QDs. In a film, however, this type of rearrangement is not
possible, and surface passivation by the JTi@noparticles
should be strictly determined by the geometry of the sintered
TiO; film. The average Ti@ particle diameter used in these
studies is~25 nm. It has been shown for sintered Fifdms
that the most probable pore size is ca—30% larger than the
average particle size and tha80% of the pores are larger than
the average particle siZéWe therefore expect that the majority
of the pore diameters in the films discussed here range from 25
to 35 nm. This, in turn, implies that, when an InP Q® =
3—4 nm) intercalates into a pore in the film, it will most likely
be in contact with only one or two TiOparticles. This is a
much different physical environment than which would be
required for an efficient surface passivation by thelp@rticles,
namely, that of a large surface area of contact around the entire
surface of the InP QD. We, therefore, dismiss the surface
passivation scenario, and continue to discuss the results based
on QD to TiQ electron transfer.

While the trap-state PL is dramatically quenched, some
nonzero signal still remains. This is likely a result of two factors.
One is a nonunity efficiency for electron injection from the
electron trap states. Another factor is that one of the major
pathways producing this trap-state emission should still prevalil

imposed on the low-energy side of the band gap PL and steadilyfor QDs in which the electron remains in the QD CB. If it is
rising into the infrared is the broad spectrum representative of inferred from the lack of significant band gap PL quenching
trap-state PL. The spectral broadness in this region arises fromthat few CB electrons are transferred to iten a CB electron

the variety of different recombination mechanisms that give rise

recombining with a trapped hole is still a valid recombination

to the PL, as well as the energetic dispersion of trap states withinPathway that will contribute to the trap-state PL. As it is very
the QD sample. This broad trap-state emission peaks arounddifficult to estimate the relative magnitude of the trap-state PL

1.3 eV.

The CB offset in INP-TiO, composites is such that electron
transfer from photoexcited InP QDs to the Tidilms is
thermodynamically favorable. Luminescence from theiiFD,
composite shows a much different spectral shape than the InP

arising from QDs undergoing this recombination pathway, it
remains a challenge to calculate an accurate charge-transfer
efficiency.

However, an estimate is attempted by deconvoluting the area
under the PL curves for the IrRZrO, and InP-TiO, traces.

ZrO, composite. Whereas the shape of the band gap PL is This deconvolution is shown in Figure 4. The trap-state PL is

identical to that of the dots on ZgQOthe trap-state PL has been
dramatically quenched. Thus, an interaction of the QDs with

most effectively fit by a sum of three Gaussians, and the band
gap PL is fit by a single Gaussian with width 62200 meV.

the TiG, nanocrystals has quenched the trap-state emission ofThe area under the PL curve in each region is proportional to
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the number of QDs emitting in that region. However, non-
equivalent collection efficiencies for the IrHiO, and InP-

ZrO; films prohibit us from directly comparing the two PL
spectra. We therefore need some form of normalization, which
we take as the band gap PL peak. A simple estimate of the
quenching of the trap-state PL may be made by comparing the
ratio of the total area for the band gap PL to the trap-state PL
(AedAy) for both cases. For the InfZrO, sample, this value

is 0.059 + 0.009, and for the InPTiO, sample, this is
0.386 + 0.034. These values were calculated by fitting 13
spectra, exciting from 400 to 520 nm for both the +ARO, g
and InP-ZrO, sample, and averaging. If we assume no 0.0} -
quenching or enhancement of the band gap PL, then the \4 " L 1 L 1 L
approximate quenching of the trap-state PL by Ji®1 — 0 400 800 1200
(0.059/0.386), or 0.85~85% + 4%). TA results, discussed
shortly, support the assumption of insignificant quenching of

vV Zr0,
0.21s & toluene _

Normalized AT/T

Delay (ps)

the band gap PL. Because the area under the PL curve in each 1.0 ' ' T
region is proportional to the number of QDs emitting in that
region, this calculation suggests thaB5% of the QDs that = 08
would normally emit via recombination of trapped carriers have '21
instead transferred their electrons to T#hd do not contribute o 0.6 -
to the emission spectrum. This estimate implies that the I — 2'285”"‘ Al;?sorrt:ance
efficiency of charge transfer is rather high when the electron ®© 0.4H nm bleac E
becomes localized at the surface of the QD. E
A variety of different sizes of InP QDs have been examined z 0.2 b —
to determine if the size-dependent energetics of the QD
conduction band and/or trap-state energies will have an effect 0_0“ y | |
on the QD-TiO; interaction. The effect of adsorption to TiO 0 50 100 150
is the same in all cases: the trap-state PL is quenched while
the band gap PL is unaffected. This suggests that electron Delay (ps)
injection from the QD surface states is the dominant mechanism gigyre 5. (a) Pump-probe TA experiment on-36-A InP QDs in
for charge transfer in the entire size range studied; &BA. toluene, on Ti@ film, and on ZrQ film. Samples are pumped at 500

To determine if the core-confined electrons are indeed little ?tm ta"d F’Loged at the p‘taalk of tf}gols bfé‘gh (;5238'2“2-259ngggnti?|
D H ItS 10 eac ecal Ive: toluene S, S); 11 S, S),
affected by T_'Q’ we perfqrmed tlme-resolved TA measurements ZrO2 (26 ps, 71% %s). (b) Comparis%n of mFi)d-IR and visirt)JIe bleart):h
on thellr?P—TIOZ composites. The first TA experiment cgn3|§ted dynamics for the same InPTiO2 sample following excitation at
of a visible pump pulse (500 nm) followed by a white light 50 nm.
probe pulse set to be resonant with the lowest excited state (1S)
of the InP QD. For the-36-A QDs studied here, the 1S peak glectrons are not transferred from the core £Sel of the QDs,
occurs at~620 nm. Since electron transfer to Li@presents  gnsistent with the PL results discussed earlier.
anew pathway for electrons to depopulate thelé®l, probing 14 fyrther analyze the electron transfer between the InP QDs
at the energy of the 1S transition should be able to monitor this 5,4 TiQy, TA experiments were performed in the mid-IR range.
process if it occurs. In semiconductors, free carriers show pronounced absorption
The results of the pumpprobe experiment are shown in part in the IR region, characterized generally by a monotonically
a of Figure 5. The completely uncoupled dots are representedrising response that may be approximatedhywherep ranges
by the toluene sample. Here, the dots are simply dispersed infrom ~1.5 to 3.5 and. is the photon wavelengf®.While free
toluene and have no other species with which to interact. The electrons in the conduction band of Li®hould adhere to this
1S bleach decays with time constants of 50 and 650 ps. Whenmodel, the mid-IR signal in the InP QD is due to the strong
the QDs are coupled to TiOthe possibility for electron transfer  intraband 1S 1P transitiorg”
now exists. It can be seen in Figure 5a that, when the QDs are e have shown previously that a comparison of the visible
coupled to TiQ, the dynamics are largely unchanged. The faster pleaching and mid-IR dynamics is useful for extracting informa-
time constant is slightly reduced to 28 ps, but the longer tjon about electron transfer from QDs to BiQ\s discussed in
component is unaffected. ref 1, the bleach in the visible range should be sensitive only to
To determine whether the reduction of the fast time constant the presence of the exciton in the lowest excited state of the
is due to the electron transfer between the QD and the,TiO InP QD. As shown in Figure 2, in the absence of an acceptor
we compare this result to the dynamics of the same dots coupledspecies whose reduced or oxidized form absorbs in the mid-
to ZrO,. It is immediately apparent that the bleach dynamics IR, the visible bleach and mid-IR dynamics should match.
are very similar on TiQ and ZrQ, and indeed the kinetic fit  However, when the InP QDs are coupled to 7i@ mid-IR
yields time constants of 26 and 710 ps. Because the fastabsorbance signal will be measured from photoexcited excitons
component is the same on both Bi@nd ZrQ substrates (26 in the InP QDs and electrons injected into the T&@nduction
and 28 ps), this component cannot be attributed to an electronband. Thus, for InPTiO,, the signal measured in the mid-IR
transfer event, and is likely a result of the different dielectric will be comprised of the decay of the InP exciton and a rise
environment the QDs experience in the oxide films versus being time associated with electron arrival in the BiOrhus, a
solvated in toluene. Because the TA dynamics are largely comparison of the visible bleach to the mid-IR absorbance may
unaffected by adsorption to TiDthese data suggest that yield information on the InPTiO, charge-transfer event.
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We measured the visible bleaching dynamics and mid-IR InP QDs to TiQ occurs primarily from trap states on the surface
absorbance dynamics for 36-A InP QDs on Zi®he results of the QDs. No evidence is found for electron injection from
of this comparison are shown in Figure 5b. While the bleach core-confined levels of the QDs. These results should be useful
dynamics and mid-IR dynamics appear similar, a small but for further studies on QD-sensitized titanium dioxide composites
reproducible positive offset is seen for the IR dynamics. As and QD charge-transfer studies in general.
discussed above, this offset is due to the electrons injected into
the TiO, conduction band, which absorb at 3.8 Because of Acknowledgment. All authors wish to thank the U.S.
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