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urrently, there is a great interest in
the development of cheap, solution-
processable organic materials for ap-
plication in photovoltaic devices."? In this
context, conjugated polymers as light ab-
sorbers with fullerene derivatives as elec-
tron acceptors are attracting a great deal
of attention.>* Unfortunately, the near-
infrared (NIR) portion of the solar spectrum
remains largely unabsorbed by these
materials. The spectral sensitivity can be ex-
tended by including lead-chalcogenide
quantum dots (QDs) as sensitizers, which
have a high absorption coefficient with an
onset that can be tuned throughout the NIR
by variation of their size.’ Indeed, it was
recently concluded that electrons and holes
can be extracted from excited PbS-oleate
QD:s in a bulk heterojunction (BHJ) with the
fullerene derivative [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM) and the conju-
gated polymer regioregular poly(3-hexyl-
thiophene) (P3HT).%” However, the NIR
power-conversion efficiency of QD-sensi-
tized BHJ photovoltaics remains orders of
magnitude lower than that of either fully
organic or fully QD-based devices® The
poor performance of a BHJ containing sphe-
rical QDs may be due to inefficient charge
separation. The latter has been associated
with the nanoparticle shape, and it was
demonstrated that the charge separation
efficiency increases when going from sphe-
rical QDs to rods or tetrapods.’ Another way
of achieving efficient charge separation is
by creating a layer of linked spherical
QDS.8,‘IO/11
The question remains why BHJ photovol-
taics comprising lead-chalcogenide QDs, a
conjugated polymer, and/or PCBM have a
poor NIR power-conversion efficiency. In
this paper we aim to explain the poor per-
formance of lead-chalcogenide QDs as
NIR sensitizers in BHJ photovoltaics. This is
achieved by quantifying the efficiency of
charge transfer by means of ultrafast transient
absorption spectroscopy measurements (TA)
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ABSTRACT Organic semiconductors are
of great interest for application in cheap
and flexible solar cells. They have a typical

absorption onset in the visible. Infrared light  p3nr

can be harvested by use of lead-chalcogenide

quantum dot sensitizers. However, bulk-heterojunction solar cells with quantum-dot

sensitizers are inefficient. Here we use ultrafast transient absorption and time-domain

terahertz spectroscopy to show that charge localization on the quantum dot leads to enhanced

coulomb attraction of its counter charge in the organic semiconductor. This localization-

enhanced coulomb attraction is the fundamental cause of the poor efficiency of these

photovoltaic architectures. It is of prime importance for improving solar cell efficiency to

directly photogenerate spatially separated charges. This can be achieved when both charges

are delocalized. Our findings provide a rationalization in the development of photovoltaic

architectures that exploit quantum dots to harvest the near-infrared part of the solar spectrum

more efficiently.
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and by measuring the mobility of the
charges using ultrafast time-resolved tera-
hertz spectroscopy (THZ);'>'3 see Methods.
Combined use of these two experimental
techniques on a series of samples of differ-
ent composition enables a direct character-
ization of charge-carrier behavior. Charge
transfer from photoexcited PbS QDs to the
organic material components was found to
occur; however, the charges produced in
this way have a negligible mobility com-
pared to those produced in a fully organic
BHJ. We conclude this to be due to coulomb
attraction between the charge transferred
from a QD and the remaining opposite
charge that is localized on a single QD. Thus
we reach a general finding that explains the
data presented here and other literature
data.

RESULTS AND DISCUSSION

The PbS QDs studied in this work have an
average diameter of 2.5 nm and contain
oleic acid as passivating surface ligand,
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Figure 1. Energy diagram showing HOMO and LUMO levels
of PbS QDs’ of the size as studied and P3HT and PCBM.>*
Electron transfer to PCBM and hole transfer to P3HT (dashed
arrows) is energetically feasible from a photoexcited PbS
QD. Excitation of the charge-transfer (CT) state, in which an
electron is transferred from the P3HT HOMO to the PCBM
LUMO, is also possible at our excitation wavelength. The
P3HT levels depend on P3HT crystallinity,>*® which may
differ in the proximity of QDs.

similar to earlier device and spectroscopic studies.®”'*

The first optical absorption peak is at 780 nm. It is
inferred from the long photoluminescence lifetime
that charge trapping at surface defects is negligible
(Figure S1). The small PbS QD size ensures a favorable
driving force for electron transfer'® from a photoex-
cited PbS QD to PCBM and hole transfer to P3HT in
m-stacked domains (cf. Figure 1). A pure QD film and
BHJs of PbS QDs with P3HT and/or PCBM and of P3HT
with PCBM were prepared by drop-casting from solu-
tion with equal weight fraction of each material. The
optical absorption spectra of the BHJs exhibit a clearly
discernible optical absorption peak due to PbS QDs
with the band gap being retained upon blending
(Figure S2).

Quantum Yields of Charge Transfer. Ultrafast optical
pump—probe spectroscopy was used to determine
the yields of charge transfer from photoexcited PbS
QDs to PCBM and P3HT (see Methods). Both pump and
probe laser pulses were centered at 800 nm in order to
photoexcite and probe excitons or excess charges at
the band gap of our PbS QDs. Figure 2a shows the
transient change of the optical absorption cross sec-
tion per absorbed pump photon, & = Z¢;A0; (see
Methods), with ¢; being the quantum yield for photo-
generation of species i and Ag; the change in absorp-
tion cross section due to this species.

The change in absorption cross section at the band
gap of the PbS QDs due to the presence of excitons or
excess charges was obtained from a TA measurement
on a neat film of PbS QDs (solid black curve, Figure 2a).
An exciton in a PbS QD results in a reduced ground-
state absorption due to the presence of a hole and
stimulated emission from the excited electron. The
bleach at the band gap is determined by state-filling
effects, within the approximation that transition
strengths are not affected by a spectator charge. In
this case, the cross sections for bleach, Aopys, of the
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Figure 2. Time-resolved spectroscopic data of four BHJs of
different composition and a pure PbS QD film. (a) Transient
change of optical absorption per absorbed excitation
photon. The vertical axis displays the weighted mean of
the changes in cross section associated with the photo-
generated species: ¢ = X¢;Ao; (see Methods). (b) Time-
resolved terahertz conductivity per absorbed excitation
photon. The vertical axis displays the weighted mean of
the charge mobilities: i = Z;¢;u; (see Methods). Color coding
as in panel “a”. From comparing results (dashed) of a simple
model (see text) with the ternary blend data (yellow) we
conclude that charges transferred from QDs have negligible
mobility.

electron and hole are equal. This is found to agree with
experiment.'® Therefore, the initial bleach is given by
Opps = 2A0pps. The amplitude of the TA transient of the
PbS QD film yields Acpys = —0.51 % 0.02 A? (standard
error of mean, SEM). The optical bleach exhibits no
decay on the time scale of 20 ns, in agreement with the
long exciton lifetime of 1.5 us in solution (Figure S1),
from which we infer an absence of exciton decay at
defects. Interestingly, the bleach of the PbS QD film
appears to slightly increase during time, which is
attributed to energetic relaxation of excitons by diffu-
sion to larger QDs with a smaller band gap and larger
cross section for optical bleach.

Photoexcitation of the charge-transfer state (CT) in
the P3HT:PCBM BHJ at 800 nm leads to promotion of a
valence electron from the highest occupied molecular
orbital (HOMO) of P3HT to the lowest unoccupied
molecular orbital (LUMO) of PCBM."” The TA probed
at 800 nm (green curve, Figure 2a) is due to the P3HT*
cation only, since at this wavelength the PCBM™ anion
does not give a change in optical transmission.'®~°
The initial magnitude of the TA is equal to the cross
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section for absorption by P3HT; ie., Gpsyrpcam =
A0p3r+ = 3.9 & 0.1 A% (SEM). The decay of the TA after
100 ps is due to geminate electron—hole recombina-
tion, while the remaining absorption for times exceed-
ing a few nanoseconds is due to free charges that
decay on a millisecond time scale.®

The optical cross sections, as determined above, are
used below to obtain the quantum yields of charge
transfer from photoexcited PbS QDs to PCBM and P3HT
from TA measurements on BHJs.

The TA for the PbS:PCBM BHJ (blue curve, Figure 2a)
is less negative than that for the PbS QD film, which is
due to electron transfer from photoexcited PbS QDs to
PCBM. The amplitude of the bleach for the PbS:PCBM
BHJ is determined by excitons in PbS QDs that have not
undergone charge transfer and holes remaining in a
PbS QD after electron transfer to PCBM with quantum
yield ¢¢; i.e., Gpps.pcem = (2 — ¢e) ATpps. The amplitude of
the TA for the PbS:PCBM BHJ (Gppspcam = —0.81 +
0.02 A%, SEM) and the value of Adpps determined above
result in ¢ = 041 & 0.06 (SEM). The step-like kinetic
behavior implies that electron transfer takes place
within ~100 fs, while charge recombination occurs
on times exceeding 20 ns. The high rate for electron
transfer from a photoexcited PbS QD to PCBM can be
understood on the basis of the classical Marcus rate for
electron transfer,®’ given by k = 27/%/[A(4nikgT)"?]
exp[—(AG + 1)*/(4AkgT)], with J being the electronic
coupling matrix element, A the reduced Planck con-
stant, A the reorganization energy, AG the driving
force, kg the Boltzmann constant, and T the tempera-
ture. Figure 1 shows that AG = —0.2 eV, which is close
to the negative of the reorganization energy involved
in electron transfer to a PCBM molecule,?? so that AG +
A is negligible and the Marcus rate is close to opti-
mal. To obtain a transfer rate exceeding (100 fs) ' for
A =0.2 eV, the electronic coupling must be J > 16 meV,
which is not particularly high for charge transfer
between organic molecules.”® Hence, the high rate
for electron transfer in the present system stems from
(near) cancellation of AG and 4.

The amplitude of the TA change for the PbS:P3HT
BHJ (red curve, Figure 2a) is less negative than for the
PbS QD film, which is attributed to reduced bleach due
to hole transfer from photoexcited PbS QDs to P3HT
and induced absorption by P3HT*. The step-like kinetic
behavior implies that hole transfer occurs promptly
within 100 fs, while charge recombination plays no role
on the 20 ns time scale. The absence of decay implies
that charge recombination is slower than 20 ns. The
amplitude of the transient of the PbS:P3HT BHJ is given
by Gppspart = (2 — Pp)A0pps + GhATpspT- Where ¢y, is
the quantum yield for hole transfer. Using the cross
sections for bleach due to a charge in a PbS QD and
absorption by P3HT, itis found that ¢, = 0.091 4 0.008
(SEM). This value agrees with the internal quantum
efficiency range of 5—119% found for a PbS-butylamine:
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P30T photovoltaic device upon illumination with
720 nm light.?* The quantum efficiency for hole trans-
fer to P3HT is lower than for electron transfer to PCBM,
in agreement with earlier results.® The low quantum
yield for hole transfer is likely due to limited interfacial
contact between P3HT chains and the PbS QD surface
that contains bulky oleic acid capping molecules. In
addition, local structural disorder in the form of kinks
and torsions along a P3HT chain enhances the ioniza-
tion potential, which may cause the driving force for
hole transfer to become energetically unfavorable.

For the ternary PbS:P3HT:PCBM BHJ a fraction X =
0.86 (see Supplementary Note 1 in the SI) of the
absorbed 800 nm pump photons causes excitation of
PbS QDs, while the remaining fraction of absorbed
photons promotes an electron from the HOMO of P3HT
to the LUMO of PCBM. The TA for the ternary BHJ
(yellow curve, Figure 2a) exhibits absorption at shorter
times followed by a small bleach at longer times. The
absorption at short times is due to a dominant con-
tribution of P3HT", while at longer times charges or
excitons in PbS QDs dominate to give a net bleach. The
crossover from absorption to bleach of the ternary BHJ
occurs after ~1 ns, which is the same time scale as the
geminate charge recombination in the P3HT:PCBM BHJ
(green curve) and can thus be attributed to reduction
of absorption by P3HT'. Indeed, the dashed black
curve in Figure 2a shows that the TA of the ternary
BHJ can to a good approximation be reproduced by a
linear combination of the decaying transient for the
P3HT:PCBM BHJ (green curve) and a step-like contribu-
tion due to initial photoexcitation of PbS QDs (solid
black curve); Gppsparrecam(t) = (1 — X)Fpanrpcamlt) +
X2 — ¢pe — P AOPps + PnATp3HT-(1)]. The transient
composed in this way (dashed black curve) agrees with
that measured for the ternary BHJ (yellow curve) to
within the expected uncertainty of +-0.05 A2 (SEM). This
implies that the quantum yields for electron and hole
transfer from PbS QDs in the ternary and binary BHJs
are comparable.

Mobility of Charges. The mobility of charges was
investigated by time-domain THz photoconductivity
measurements. The sample is photoexcited by a laser
pulse centered at 800 nm, and the attenuation of the
THz electric field waveform is measured as a function of
delay time. This yields the sum of the products of the
quantum yield for generation of charges of type i and
their mobility u;; i.e., g = Zipu; (see Methods). This
quantity is presented in Figure 2b as a function of
pump—probe delay time for different BHJs.

The THz photoconductivity of the P3HT:PCBM BHJ
(green curve, Figure 2b) is predominantly due to
photoexcitation of an electron from the HOMO of
P3HT to the LUMO of PCBM and to a small extent to
photoexcitation of P3HT."”?*> The generation of
mobile charges by excitation of the CT state is under-
stood in terms of immediate charge delocalization.?*?’
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The ultrafast decay of the photoconductivity within
~1 ps may be due to relaxation of the charge mobility
resulting from coupling with nuclear vibrations (polaron
formation) and possibly recombination of electrons and
holes that are generated within a P3HT domain. The
initial decay is followed by arise of the photoconductivity,
which may be due to relaxation of charges into more
ordered domains where the mobility is higher, or possibly
may result from separation of electrons and holes out of
their coulomb attraction. However, our following conclu-
sions are independent of the interpretation of this rise
and only require the combined electron and hole mobil-
ity value at a single, arbitrarily chosen pump—probe
delay time. Taking this time directly after the initial
relaxation, the sum of the electron and hole mobility is
found to be tte + 1 = 0.34 £ 0.01 cm? V™" s (SEM). This
is used as a reference value for comparison with the
mobilities of charges in the PbS-QD-containing BHJs.

As expected, the photoconductivity of the PbS QD
film (black curve, Figure 2b) is negligible due to the
bulky oleic acid surface ligands, leading to larger
interdot distances and smaller electronic coupling
between QDs. For the PbS:PCBM BHJ (blue curve) the
product of the quantum yield for electron transfer and
the electron mobility is gette <3 x 103 cm? V="' s7,
with the upper limit determined as the sum of the
mean and standard error. For the PbS:P3HT BHJ (red
curve) it is found that ¢pup <5 x 1074 em? V' s,
Using the quantum yields determined from the TA
data, the mobilities of electrons and holes originat-
ing from PbS QDs are determined to be e <7 x 107>
em? V7' s and up <5 x 1073 cm? V7! 57, These
values are significantly smaller than microwave mobi-
lities of electrons and holes in a P3HT:PCBM BHJ.?% In
agreement with this, the sum of the THz mobilities of
electrons and holes originating from charge transfer
from a photoexcited PbS QD is almost 30 times smaller
than for direct charge generation within a P3HT:PCBM
BHJ. Such an effect is also found for the ternary PbS:
P3HT:PCBM BHJ. The fraction of absorbed photons
within a P3HT:PCBM domain (CT excitation of an
electron from the HOMO of P3HT to the LUMO of
PCBM; see Figure 1) is given by (1 — X) = 0.14. Scaling
of the THz photoconductivity transient for P3HT:PCBM
with this fraction overestimates the THz transient for
the ternary BHJ; see dashed black curve in Figure 2b.
Hence, those charges that are generated via photo-
excitation of PbS QDs do not significantly contribute to

METHODS

Quantum-Dot Synthesis and Quality Determination. Small PbS-
oleate QDs were synthesized>**' with a mean diameter of 2.5 +
0.1 nm (standard deviation, SD) as inferred from the central wave-
length of the first absorption peak, using an empirical sizing
relation® (the accuracy of which has been confirmed for small
QDs*). Chemicals used are listed in Supplementary Note 3.

TEN CATE ET AL.

the THz photoconductivity. Furthermore, the average
mobility of charges directly generated in a P3HT:PCBM
domain via CT excitation is negatively affected by the
presence of QDs in the ternary blend. A uniformly
increased value of the dielectric constant of the blend
would decrease the coulomb interaction and hence
increase the charge mobility. However, the local in-
crease of the dielectric constant due to the PbS QDs
may work as a localizing agent for charges in P3HT:
PCBM, as these may be attracted to their induced image
charge. Furthermore, charges may also become local-
ized in the vicinity of an oppositely charged QD. The
localization of charges in P3HT:PCBM around PbS QDs
leads to restricted charge motion.

CONCLUSION AND IMPLICATIONS

We infer that charge transfer from a PbS QD in a BHJ
with PCBM or P3HT leads to a charge localized within a
QD and a counter charge in the organic material. The
localized charge in a QD coulombically attracts the
counter charge in the organic material, which strongly
reduces its mobility and ability to escape from eventual
recombination. This finding allows additional under-
standing of literature observations. The inefficient
operation of a photovoltaic device based on a BHJ
consisting of CdSe QDs and P3HT was previously
attributed to fast electron trapping at QD defects.?®
According to the present work the device efficiency
will be limited by the coulomb interaction between the
electron on a CdSe QD and the hole in P3HT, even in
the absence of charge trapping at QD defects. Re-
cently, it was found that an external electric field is
needed to obtain an appreciable photocurrent from an
NIR-sensitive photodiode based on a ternary BHJ
identical to that in the present work." According to
the findings from the current study, the external electric
field is needed to separate coulombically bound gemi-
nate charge pairs. An interesting observation from the
literature is that the NIR power-conversion efficiency of
photovoltaic devices based on a BHJ of lead-chalcogen-
ide QDs and an organic charge acceptor is orders of
magnitude lower than for devices based on an organic
BHJ or a QD film.2 The efficient operation of QD films is
hereby rationalized, since the strong coupling between
QDs allows for charge delocalization and separation of
opposite charges. Charge delocalization plays the impor-
tant role of increasing the effective separation between
geminate charges, thereby reducing coulomb attraction.

Sample Preparation. Blend solutions were prepared by weigh-
ing PbS QDs, P3HT, and PCBM under ambient conditions (small
PbS QDs are air stable®”) and adding the solvent mixture (9:1
chloroform/chlorobenzene by volume) under inert gas to result
in a QD concentration of 5 mg mL™". The solutions were
magnetically stirred overnight at room temperature. One series
of films was drop cast for measurements of optical absorption

VOL.6 = NO.10 = 8983-8988 = 2012 K@}Nﬁ@i{\j

WWwWW.acsnano.org

8986



spectra under ambient conditions. A second film series was
prepared for transient absorption and THz spectroscopy under
N, atmosphere to ensure sample stability. The solutions were
desiccated in a glovebox to remove oxygen, redispersed in the
solvent mixture, and again stirred overnight. Films were drop
cast and continually kept under N,. Quartz substrates and
magnetic stirrers were ultrasonically cleaned in two 10-minute
cycles: one with ethanol, followed by one with hexane. Drop
casting was performed in a glovebox and on a level surface. Per
substrate, 100 uL of solution was deposited and allowed to
slowly dry. After the films had dried under atmospheric pres-
sure, they were left under vacuum for 1 h to ensure that all
solvents were removed.

Sample Stability. QDs in PCBM-containing BHJs required a
low-oxygen atmosphere during laser excitation in order to avoid
a blue shift of the QD band gap absorption peak. We ascribe the
blue shift to an oxidation of the outer layers of the QD by singlet
oxygen, which is likely produced by PCBM upon photoexcitation,
since Ceo is known to be a potent generator of singlet oxygen.3®

Transient-Absorption Spectroscopy. BHJs were photoexcited and
probed using pulses from a Ti:Sapphire chirped-pulse amplified
laser system (Libra-USP-HE, Coherent Inc.) running at 1.5 kHz,
delivering <50 fs, 3.5 mJ pulses with a central wavelength of
800 nm. The probe beam was imaged onto a silicon PIN
photodiode (Vishay BPW34). The pump was spatially separated
from the probe downstream of the sample, and orthogonal polariza-
tion of the beams allowed further separation by means of a polarizer.
The incident pump fluence of 44 x 10" photons cm~2 was
found to be sufficiently low for higher-order interactions be-
tween excitons or charges to be insignificant. For small changes
in absorption cross section, the normalized change in optical
transmission due to photoexcitation of the sample is

- Ton — Toff 1
= - = —— —L ) NiAg;) —1
o ToffloFA IOFA [eXp( Z i (7!) ]
L
~ —3 NiAg; = Y ¢;Ac; Q)]
loFa i i

where T, is the transmission through the sample in the excited
state, Tofr is the transmission through the sample in the ground
state, o is the incident fluence, F is the fraction of incident light
absorbed by the sample, L is the film thickness, N; is the volume
number density of excited species i, Ag; is the change in the
absorption cross section associated with excited species i, and
¢i = NiL/loFa is the quantum yield of excited species i. Hence,
Ao; > 0 for photoinduced absorption of probe light and Ag; < 0
for enhanced transmission of probe light due to stimulated
emission and/or ground-state bleach.

Time-Domain Terahertz Spectroscopy. The ultrafast photocon-
ductivity of samples was measured by time-domain terahertz
photoconductivity. In this technique, the probe pulse is an
electric field waveform of picosecond duration in the terahertz
frequency range. Interaction with mobile charge carriers in the
photoexcited sample leads to absorption of the probe to an
extent that is determined by the conductivity. This experimental
technique is detailed elsewhere.'®'® Samples were photoex-
cited with a <50 fs laser pulse from the laser described above
and probed by a picosecond terahertz pulse. Terahertz pulses
were generated by optical rectification in a ZnTe crystal. The
excitation beam (diameter 5 mm) was aligned on the sample
with the focused terahertz beam (diameter <2 mm). The
terahertz field transmitted through the samples was detected
by means of the Pockels electro-optic effect in a 0.5 mm ZnTe
crystal. The incident fluence was taken as 1.17 x 10
photons cm ™ for all samples. This fluence was found to be
sufficiently low for linear response (i.e., absence of second or
higher order decay of charges or excitons). The product of the
quantum yield of charge-carrier photogeneration, ¢; and the
mobility, u;, summed over all charge carrier species i, is related
to the change in the transmission of electric field at the
maximum of the terahertz waveform as'*33

2nceg Eon — Eoff
e EofloFa

.1; = Z‘Piﬂi = (2
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where n is the effective refractive index of the BHJ, ¢ the speed
of light in vacuum, eo the vacuum dielectric constant, e the
elementary charge, E,, the amplitude of the THz field at the
maximum of the THz waveform, as transmitted through the
photoexcited sample, and E.¢ the amplitude of the THz field at
the maximum of the THz waveform, as transmitted through the
sample in the ground state. The effective terahertz refractive
index is calculated by Maxwell—Garnett theory,>* where the
volume-weighted average over the different constituent com-
ponents is used for the medium refractive index, and the bulk
optical refractive index is used for the QDs.

Steady-State Absorption. See Supporting Information, Note 1,
for details.

Photoluminescence Spectroscopy. See Supporting Information,
Note 1, for details.
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