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O
rganic semiconductors that can
be processed from solution into
flexible thin films have emerged

as attractive materials for use in low-cost so-
lar cells.1 Colloidal semiconductor nanocrys-
tal quantum dots can also be processed
from solution and incorporated into de-
vices ranging from light-emitting diodes2�4

to solar cells5�15 while retaining some of the
traditional advantages of bulk inorganic
materials such as increased photostability,
broad absorption spectra, and mobilities
approaching 1 cm2/(V · s).9,16 Additionally,
the band gaps of quantum dots are size-
tunable, permitting chemical control over
the energies of their conduction and va-
lence bands, much as the energy levels of
organic materials can be tailored via chemi-
cal substitution. Though there are few pres-
ently available organic semiconductors
with band gaps that can be tuned to har-
vest the large fraction of solar radiation fall-
ing in the infrared, colloidal quantum dots
with band gaps spanning 1000�2000 nm
are easily synthesized,17�19 making them at-
tractive materials for solution processable
infrared sensitizers in optoelectronic
devices.11�15 More recently, colloidal quan-
tum dots have attracted increased interest
due to reports of multiple exciton genera-
tion from absorption of a single photon,20,21

though the efficiency of this process is a
matter of current debate.22�26

Currently, the most efficient reported or-
ganic solar cells are bulk heterojunction
cells based on polymer blends, with power
conversion efficiencies greater than 5%.27

Similar structures using colloidal quantum
dots as electron acceptors and sensitizers
have shown promise, and blending conju-
gated polymers such as alkoxy-PPVs and
polythiophenes with semiconductor quan-
tum dots is an easy and attractive way to in-

corporate them into functional photo-
diodes. Already, bulk heterojunction blends
of CdSe quantum dots,5 nanorods,6 tetra-
pods,7 and starbursts8 with regioregular
poly-3-hexylthiophene (P3HT) have
achieved power conversion efficiencies as
high as 2% and external quantum efficien-
cies (EQEs) of 55%.6 However, efficient pho-
todiodes utilizing blends of conjugated
polymers with IR-absorbing quantum dots,
such as PbSe, have proven more elusive.
Bulk heterojunction devices incorporating
blends of PbSe quantum dots and conju-
gated polymers have produced only 0.1%
reported overall power conversion effi-
ciency with less than 5% EQE in the visible
and much lower EQE in the infrared.11,12

While researchers have had success with IR
band gap quantum dots in structures such
as Schottky diode cells28�33 and tandem
cells,34 it is still not clear why bulk hetero-
junction blend devices based on CdSe and
PbSe quantum dots exhibit such widely dif-
fering efficiencies.

A successful bulk heterojunction solar
cell consists of a blend of two materials
that form a type-II heterojunction so that
photoinduced charge separation takes
place at the interface between the
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ABSTRACT We use photoluminescence (PL) quenching and photoinduced absorption (PIA) spectroscopy to

study charge transfer in bulk heterojunction blends of PbSe quantum dots with the semiconducting polymers poly-

3-hexylthiophene (P3HT) and poly[2-methoxy-5-(3=,7=-dimethyloctyloxy)-para-phenylene vinylene] (MDMO-

PPV). PIA spectra from the PbSe blends are compared to spectra from similar blends of the polymers with phenyl-

C61-butyric acid methyl ester (PCBM) and blends with CdSe quantum dots. We find that the MDMO-PPV PL is

quenched, and the PL lifetime is shortened upon addition of PbSe quantum dots, while the PL of the P3HT is

unaffected upon blending. However, for PbSe blends with both polymers, the PIA spectra show very little polaronic

signal, suggesting that few, if any, long-lived charges are being produced by photoinduced charge transfer.

KEYWORDS: lead selenide · nanocrystal · charge transfer · bulk heterojunction ·
Förster energy transfer · organic solar cell · photovoltaics
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materials.35 The resulting blend must have sufficient in-
ternal surface area so that a majority of photoexcita-
tions can encounter a donor/acceptor interface, and the
photoinduced charges generated at the interfaces must
also be sufficiently long-lived so that they can be col-
lected before they recombine. It is not clear if blends of
PbSe quantum dots with commonly studied polymers
meet these criteria. For instance, it is difficult to deter-
mine if PbSe forms a type-II heterojunction with the
commonly studied polymers P3HT and poly[2-
methoxy-5-(3=,7=-dimethyloctyloxy)-p-phenylene
vinylene] (MDMO-PPV) by simply consulting reported
redox potentials. Not only are the reported values for
the conduction band of colloidal PbSe quantum dots
scattered from 5.2 to 4.2 eV11,12,36,37 relative to vacuum
but also, due to interfacial chemistry and interactions
between the materials in blends, the relative alignment
of two materials when blended in working solid-state
devices can differ from those estimated from cyclic vol-
tammetry in solution or photoelectron spectroscopy
measurements on thin films of the pure materials.38,39

In this paper, we use photoluminescence (PL) and
photoinduced absorption (PIA) spectroscopies to deter-
mine if long-lived photoinduced charge transfer oc-
curs between PbSe quantum dots and the widely stud-
ied polymers P3HT and MDMO-PPV. We compare these
polymer/PbSe blend spectra to PIA spectra obtained
from blends of each polymer with phenyl-C61-butyric
acid methyl ester (PCBM) and also to blends with CdSe
quantum dots since these blends are known to produce
functional bulk heterojunction solar cells.

RESULTS AND DISCUSSION
For the purposes of IR sensitization, one would be in-

terested in charge transfer from PbSe quantum dots to
the polymer host. However, the purpose of this study is
to determine if PbSe blends support photoinduced
charge separation across the PbSe/conjugated poly-
mer interface. Since charge transfer is supported in
both directions for a type-II heterojunction, we first ex-
amine the change in the polymer photoluminescence
intensity in polymer blend films incorporating PbSe
quantum dots.5,40

Figure 1 shows the integrated polymer photolumi-
nescence (PL) of both MDMO-PPV and P3HT as a func-
tion of PbSe quantum dot loading for blends of these
two polymers with 3.5 nm diameter PbSe quantum
dots. The quantum dots have been ligand-exchanged
to replace the oleic acid leftover from the synthesis with
butylamine, which has a shorter alkyl chain to facilitate
charge transfer. At high PbSe loading, the PL from
MDMO-PPV films (Figure 1A) quenches by nearly 80%
relative to that of the pristine polymer film. Figure 1B,
on the other hand, shows that blending PbSe quantum
dots into P3HT films results in insignificant PL quench-
ing; less than 20% of the PL is quenched even at high
PbSe loadings. Though the MDMO-PPV blends show

fairly strong quenching, we attribute the small degree

of quenching in the P3HT films to absorption or scatter-

ing of the 455 nm excitation light by the PbSe quan-

tum dots, consistent with the UV�vis spectrum of the

blend (Supporting Information Figure S1).

Figure 2 shows the time-resolved polymer PL de-

cays for blend films of PbSe quantum dots with (A)

MDMO-PPV and (B) P3HT, excited at 470 nm and mea-

sured using time-correlated single photon counting.

The decays for the MDMO-PPV blends show a marked

decrease in lifetime upon addition of PbSe quantum

dots. This is consistent with the quenching exhibited

in Figure 1A and demonstrates that the addition of

PbSe quantum dots to MDMO-PPV films provides the

polymer exciton with alternative relaxation pathways to

PL. In contrast, the P3HT film PL lifetimes (Figure 2B)

Figure 1. (A) MDMO-PPV and (B) P3HT integrated film PL as
a function of quantum dot weight fraction.

Figure 2. Polymer film PL decays for (A) PPV and (B) P3HT
blends containing 0% (red), 25% (blue), 50% (green), and
75% (brown) PbSe QDs by weight.
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do not exhibit a decrease upon addition of PbSe quan-
tum dots. This is consistent with our hypothesis that the
small amount of quenching observed in Figure 1B is
due to absorption or scattering of the 455 nm excita-
tion beam by the PbSe rather than by charge or energy
transfer from the polymer to the PbSe host (PIA data
for samples used in Figure 1 are in the Supporting Infor-
mation, Figures S2�S4).

Though the MDMO-PPV films clearly show disrup-
tion of the normal radiative decay of the polymer exci-
tons upon addition of PbSe quantum dots, PL quench-
ing alone cannot differentiate between photoinduced
charge transfer and other nonradiative decay pathways,
such as energy transfer. Using only the PL results then,
it is still difficult to determine if bulk heterojunction
blends with PbSe are exhibiting poor photovoltaic per-
formance due to lack of long-lived charge generation or
some other mechanism, such as poor charge trans-
port. Therefore, we employ quasi-steady-state photoin-
duced absorption (PIA) spectroscopy as a direct probe
of charge transfer states.40�46 Quasi-steady-state PIA
monitors the change in the transmission spectrum of a
film due to absorption by long-lived species (�10 �s)
such as polarons and triplet excitons. When a conju-
gated polymer acts as an electron donor (or hole accep-
tor), a positive charge is created on the polymer back-
bone. This positive charge and the associated structural
relaxation of the polymer backbone around it are col-
lectively termed a positive polaron and exhibit charac-
teristic subgap absorption spectra in conjugated poly-
mers (Supporting Information, Scheme 1).47 PIA probes
these subgap absorptions, which provide a spectro-
scopic fingerprint of positive polarons and thus can
confirm the occurrence of long-lived photoinduced
charge transfer in bulk heterojunction blends. Photoin-
duced charge transfer can be followed by fast
recombination,48�50 but quasi-steady-state photoin-
duced absorption is useful in that it probes carriers with
lifetimes long enough to be harvested in a photovol-
taic cell.

Figure 3A shows the X-channel (in phase) PIA signal
for three MDMO-PPV blends photoexcited at 455 nm
with a modulation frequency of 200 Hz: the red circles
are the data from the MDMO-PPV and PCBM blend; the
blue squares are the MDMO-PPV and 3.8 nm CdSe
blend; and the green diamonds are the MDMO-PPV
with 3.5 nm PbSe blend. The spectra for blends of
MDMO-PPV with PCBM and with CdSe quantum dots
show a broad feature between 1.0 and 2.1 eV with a
maximum at �1.35 eV characteristic of the reported
high-energy polaronic absorption spectra of alkoxy-
PPVs45 and similar to previously reported PIA spectra
on CdSe blends with similar alkoxy-PPVs.40,41 The onset
of the low-energy polaron feature (which should peak
farther into the IR) is also evident below 1 eV. In contrast
to the spectra from CdSe and PCBM blends, no fea-
tures are evident in the PbSe blend (green diamonds)

above the noise of our experiment (2�3 ppm). This

was observed for blends of MDMO-PPV with PbSe

quantum dots ranging in size from 3.5 nm (Eg � 1 eV)

to 4.8 nm (Eg � 0.73 eV).

Figure 3B shows the PIA spectra for the P3HT blends.

Similar to the MDMO-PPV samples, we see strong po-

laronic features in the PIA spectra from both the PCBM

(red circles) and 3.8 nm CdSe quantum dots (blue

squares) blends with P3HT, but not for the blend with

3.5 nm PbSe quantum dots (green diamonds). The

P3HT/PCBM and P3HT/CdSe spectra both have a broad

absorption from 1.0 to 2.1 eV with a peak at �1.25 eV.

These spectra correspond well with previous literature

reports on the polaronic absorption features in P3HT.44

As with the MDMO-PPV blends, no characteristic P3HT

polaron features are detected in the spectra from the

PbSe blends above our noise limit. We observed no po-

laron features for any blends of P3HT with all PbSe

quantum dots studied ranging in size from 3.5 nm (Eg

� 1 eV) to 6 nm (Eg � 0.69 eV).

These PIA experiments put an upper limit on the

amount of long-lived photoinduced charge that could

be generated in both the P3HT and MDMO-PPV blends

with the sizes of PbSe we studied. Considering the

�2�3 ppm noise in our experiment, we can make esti-

mates for the maximum amount of charge generated

in these blends relative to the blends of the polymers

with PCBM and CdSe. Since the P3HT/PCBM and P3HT/

CdSe blends consistently exhibit signals between 70

and 100 ppm, we conclude that the PCBM and CdSe

blends are generating at least 30 times more long-lived

charge than the PbSe blends. Similarly, the signal from

the MDMO-PPV/PCBM and MDMO-PPV/CdSe blends

peaks at 200 ppm, and we conclude that at least 60

times more long-lived charge is being generated in

Figure 3. X-Channel PIA spectra for (A) PPV and (B) P3HT
blends with PCBM (red circles), CdSe QDs (blue squares),
and PbSe QDs (green diamonds).
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MDMO-PPV blends with PCBM or CdSe compared with

those using PbSe.

One explanation for the lack of a strong PIA signal

in the polymer/PbSe blends could be that the PbSe

quantum dots are phase separated on a length scale

much larger than the exciton diffusion length, 4.5�6

nm in MDMO-PPV51,52 and 5�8.5 nm in P3HT.53�55 Al-

though the polymer/PbSe blends are of good optical

quality, showing little scattering that would be sugges-

tive of large-scale phase separation, we also performed

high-resolution transmission electron microscopy to ex-

amine the nanoscale morphology of the PbSe/polymer

blends. Figure 4 shows TEM images of both PbSe/

MDMO-PPV (Figure 4A,B) and PbSe/P3HT (Figure 4C,D)

films spin-coated from the same solutions used to pro-

duce the films for the PIA data in Figure 3. Similar to pre-

vious reports of CdSe/polymer blends,5,40,56 the PbSe

nanoparticles show some aggregation, but a high load-

ing is achieved, and there is extensive polymer/PbSe in-

terfacial area to support photoinduced charge transfer.

To explain the almost complete lack of PL quenching or

long-lived polaronic PIA signals in the P3HT blends
solely on the basis of morphology, most of the poly-
mer volume would need to be contained in polymer
domains that are free of any PbSe and are several tens
of nanometers across. While some unmixed void areas
are evident in Figures 4A�D, a far larger percentage of
the film appears to contain PbSe quantum dots mixed
on the 5�10 nm scale comparable to the reported ex-
citon diffusion lengths for both polymers. Since these
TEM micrographs appear similar to those reported for
CdSe/polymer blends,5,40,56 which do show significant
PL quenching and PIA signals, we conclude that mor-
phology alone cannot be the primary cause of the lack
of spectroscopic signatures for charge transfer in these
PbSe/polymer blends.

For the PbSe/P3HT blend, the absence of polymer
PL quenching, the absence of any change in the poly-
mer PL lifetime, and the lack of a detectable PIA signal
all indicate that P3HT does not undergo either photoin-
duced charge transfer or energy transfer to PbSe quan-
tum dots in the 3.5�6.0 nm size range. Since our quasi-
steady-state PIA experiment probes only long-lived
charges, it would not detect charge transfer followed
by fast recombination. However, in such a case, we
would expect to see quenching of the P3HT PL, accom-
panied by a decrease in the P3HT PL lifetime.

For the PbSe/MDMO-PPV blends, however, the lack
of a detectable PIA signal in the presence of strong PL
quenching and changes in the PL lifetime for the
MDMO-PPV suggests two possible explanations. The
PbSe/MDMO-PPV blend could be generating charge
that is recombining on rapid time scales and is thus un-
detectable in our quasi-steady-state experiment. If true,
the presence of a fast recombination pathway would
also explain the poor device performance of PbSe/PPV
blends. However, given the similarity in energy levels
between the MDMO-PPV and P3HT polymers, we be-
lieve it unlikely that one polymer would support charge
separation for the entire range of PbSe particle sizes
studied while the other polymer does not exhibit
charge transfer for PbSe quantum dots of any size.

A second, and in our view more likely, explanation
for the observed PL quenching and lifetime changes in
the MDMO-PPV/PbSe blends is energy transfer from the
polymer to the PbSe. Förster resonance energy trans-
fer (FRET) is a nonradiative, dipole�dipole interaction
that depends on the overlap between the absorption
spectrum of the acceptor with the fluorescence emis-
sion spectrum of the donor, close physical proximity be-
tween the two materials, and the donor’s fluorescence
quantum yield.57 The first two criteria are met for both
polymers, as the PbSe quantum dots absorb strongly in
the visible range, across their emission spectra and, as
discussed above and shown in Figure 4, the materials
are blended in close proximity. Quenching by energy
transfer for MDMO-PPV but not P3HT would also be
consistent with the known differences in radiative life-
time for these two polymers. Given the known quantum
yields and the measured PL lifetimes for P3HT and
MDMO-PPV, it can be deduced that P3HT has a much
longer (10�20�) radiative lifetime than MDMO-PPV
(consistent with the formation of H-aggregates in P3HT
films).58 Since Förster transfer rates are inversely propor-
tional to the radiative lifetime of the emitter,57 we
would expect much faster Förster transfer from MDMO-
PPV to PbSe than from P3HT to PbSe.

CONCLUSIONS
We have studied charge transfer at the interface be-

tween PbSe quantum dots and the conjugated poly-
mers MDMO-PPV and regioregular P3HT using photolu-
minescence and PIA spectroscopies. We have

Figure 4. TEM images of (A,B) PPV/PbSe blend and of (C,D)
P3HT/PbSe blend with 55% w/w PbSe. The P3HT films are
�30 nm thick, and the PPV films are �20 nm thick.
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contrasted the spectroscopic properties of the polymer/

PbSe blends with polymer/CdSe and polymer/PCBM

blends. While PbSe quantum dots quench the photolu-

minescence and decrease the photoluminescence life-

time of MDMO-PPV films, we observe no photolumines-

cence quenching or change in photoluminescence

lifetime for the PbSe/P3HT blends. Photoinduced ab-

sorption spectra of both MDMO-PPV and P3HT blends

with PbSe quantum dots show no evidence of long-

lived photoinduced charge transfer between the PbSe

quantum dots and either polymer. In contrast, blends of

both polymers with either PCBM or CdSe quantum

dots show PIA spectra indicative of long-lived polarons.

We interpret these results as being consistent with en-

ergy transfer but not long-lived charge transfer in the

MDMO-PPV/PbSe quantum dot blends and a near com-

plete lack of either charge transfer or energy transfer

in the P3HT/PbSe quantum dot blends. We thus infer

that PbSe quantum dots do not form suitable junctions

for photovoltaic applications with either MDMO-PPV

or P3HT.

Although the wide range of reported LUMO posi-

tions for PbSe nanocrystals would suggest a large driv-

ing force exists for electron transfer from typical conju-

gated polymers to PbSe nanocrystals,11,12,36,37 it is

possible that interfacial chemistry effects (surface

ligands, chemical changes in the PbSe surface, or poly-

mer/PbSe interactions) either alter the relative band

alignments in the solid state compared to solution mea-

surements or present kinetic barriers to electron trans-
fer from the polymer.

Our results suggest that the reason blends of
PbSe quantum dots with widely studied polymers
have so far performed poorly in bulk heterojunction
devices compared to polymer/PCBM and polymer/
CdSe blends is that there is little to no photoinduced
generation of long-lived charge in PbSe/polymer
systems.

Note Added in Proof. We recently learned that Tobias
Hanrath and Rene A. Janssen have observed PL quench-
ing in MDMO-PPV/PbSe blends consistent with our re-
sults63 as well as polaron signals in PIA spectra of blends
of P3HT and pyridine-treated PbSe.64 This second obser-
vation could suggest that pyridine-capped and
butylamine-capped quantum dots exhibit qualitatively
different behavior; however, we have observed strong
PIA signals with butylamine-capped CdSe in polymer
blends (Supporting Information Figure S6). We thus be-
lieve the primary difference between the experiments
is that their PIA spectra were conducted at cryogenic
temperatures with larger signal to noise. The dT/T val-
ues from their polymer/PbSe blends64 seem to be
smaller than dT/T values from blends of polymers with
PCBM,65 with nanocrystalline ZnO,66 and with nanocrys-
talline TiO2

67 reported from the Janssen lab. We be-
lieve at this point that their results, showing smaller
polymer polaron yields in PbSe blends relative to
blends with other electron acceptors, are consistent
with our own conclusions.

METHODS
Chemicals: Lead(II) oxide powder (PbO 99.999%), cadmium(II)

oxide powder (CdO, 99.99�%), selenium powder (Se, �100
mesh, 99.99%), trioctylphosphine (TOP), oleic acid (technical
grade, 90%), octadecyl amine (ODA), n-trioctylphosphine oxide
(TOPO, 90%), octadecene (ODE 90 and 95%), and butyl amine
(�99.5%) were purchased from Sigma Aldrich. Pyridine and all
of the solvents were purchased from EMD. MDMO-PPV was syn-
thesized in house using a Gilch polymerization route via dehy-
drohalogenation of appropriate precursors as outlined in the lit-
erature.59 P3HT (Mw � 50 000, rr � 90�93%) was purchased
from Rieke Metals. PCBM (99.5%) was purchased from Nano-C.

Synthesis: We synthesized PbSe quantum dots using stan-
dard Schlenk line techniques and a protocol modified from Yu
et al.19 PbO (0.8920 g, 4.00 mmol), oleic acid (2.825 g, 10.00
mmol), and ODE (12.83 g, �51 mmol) are stirred together in a
three-neck flask and heated to 180 °C under continuous N2 flow;
6.4 g of 10% w/w selenium solution in TOP is prepared in a nitro-
gen drybox. This selenium precursor solution is rapidly injected
into the lead solution, dropping the temperature to about 150
°C, where it is set for the remainder of the growth process. The
reaction is quenched by placing the reaction vessel in ice, rap-
idly dropping the temperature. The resulting solution is mixed
with an approximately equal volume of acetone to precipitate
the dots, which are then isolated by centrifugation (3000 rpm for
1 min). The precipitate is then dissolved in as little hexanes as
possible, typically 3�4 mL. The hexanes solution is extracted
three to five times in a separatory funnel using equal volumes
of methanol. The final, purified product is isolated by precipitat-
ing with a large fraction of methanol, centrifuging, and drying
under N2 flow.

In a typical CdSe synthesis,60,61 0.077 g of CdO is heated to
220 °C with 0.68 g of oleic acid (90% Sigma Aldrich) in 2 g of
(95%) ODE to form Cd-oleate, and when the solution turns clear,
it is removed from heating and allowed to cool to room temper-
ature. Subsequently, 1.5 g of ODA and 0.5 g of TOPO are added
to the mixture and heated. When the solution reaches 280 °C, 3 g
of Se-TBP solution (1.4 g Se, 3.84 g of n-tribuytlphosphine (TBP),
12.33 g of ODE previously prepared in a glovebox) is swiftly in-
jected. The temperature is then lowered to 260 °C, and the quan-
tum dots are grown at this temperature. Upon reaching the de-
sired size, the solution is removed from heating. All reactions are
performed under nitrogen on a Schlenk line. After cooling to
	70 °C, the quantum dots are extracted with methanol and
hexanes.

Quantum dots are characterized using UV/vis/NIR absorp-
tion spectroscopy with the first exciton peaks used to deter-
mine sizes of both PbSe19 and CdSe quantum dots.62

Ligand Exchange: We exchange the oleic acid ligands with bu-
tyl amine, which presents a smaller barrier to charge transfer.14

A typical PbSe ligand exchange is performed by dissolving a
batch of washed quantum dots in butylamine to a concentra-
tion of �50 mg/mL and sonicating for 30 min. They are then pre-
cipitated with ethanol or isopropyl alcohol, isolated with cen-
trifugation (3000 rpm, 1 min), and partially dried with N2(g). This
process is performed three times total, and the dots are then dis-
persed in chloroform with the aid of sonication. If the solution
appeared turbid, it was centrifuged and decanted to remove any
undissolved material.

The ligands on the CdSe are similarly exchanged for pyri-
dine. In a typical ligand exchange, a synthesis batch is dispersed
in hexanes (�100 mg/mL) and precipitated with methanol three
times. The resulting precipitate is dried and then sonicated in py-
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ridine for �1 h. The solution is precipitated with hexanes, and
the process is performed a total of three times.5,40

Film Processing: Concentrations of all polymer, PCBM, and
quantum dot solutions were determined by evaporating known
volumes to dryness and weighing the remaining material. Poly-
mer/PCBM and polymer/QD films were spin-coated from distilled
chloroform solutions in a nitrogen drybox. The films were loaded
into a sealed sample chamber inside the drybox, and the cham-
ber was immediately vacuum pumped to below 10 mTorr before
beginning measurements. The films are kept under dynamic
vacuum, at pressures lower than 10 mTorr, throughout the PIA
and PL experiments.

PL and PIA Spectroscopy: PL and PIA spectra were measured si-
multaneously using standard lock-in techniques.40 A 455 nm
LED was electronically modulated by an Agilent 33120A Arbi-
trary Waveform Generator and a home-built driver circuit and
was used to optically pump the sample while the change in
transmitted light induced by the pump was probed with a
monochromated tungsten lamp. A Si/InGaAs photodetector
with sensitivity from the visible to the near-IR coupled with an
SR830 lock-in amplifier was used to detect these changes, which
are reported as dT/T values. The phase of the lock-in was set
such that polymer PL or scattered LED pump light appeared en-
tirely as a positive signal in the X-channel. Thus, a fast absorp-
tion induced by the pump appears as a negative dT/T signal in
the X-channel. Corrections were made to subtract any film PL or
scattered pump light from the PIA spectra.

PL Lifetimes: Fluorescence decays of the blend thin films were
obtained using the time-correlated single photon counting (TC-
SPC) technique on a PicoQuant FluoTime 100 spectrometer
equipped with a PicoHarp 300 TCSPC module. The instrument
utilizes a fast Hamamatsu (model PMA 182-N) photomultiplier
tube as the detector and a 470 nm pulsed diode laser (LDH-P-C-
470, PicoQuant) as the excitation source. The decay curves were
analyzed using the FluoFit software package provided by Pico-
Quant. Reduced 
2 values, weighted residuals, and autocorrela-
tion of the residuals were used as the goodness-of-fit criteria. All
decay curves measured were adequately described by a double-
exponential model. Single-exponential lifetime distribution and
stretched exponential models each gave poorer fits. All measure-
ments were done at room temperature under N2 flow.
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