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ABSTRACT: Lead salt quantum dots (QDs) have emerged
as attractive materials for solar energy conversion because of
their broad spectral response, long exciton lifetime, and
efficient multiexciton generation. However, charge separa-
tion dynamics from these QDs remain poorly understood.
In this study we investigate charge separation and recombi-
nation dynamics in PbS—methylene blue (MB ™) complexes
by femtosecond transient absorption spectroscopy. We
show that while the 1S electrons and holes in excited PbS
QDs lead to overlapping transient absorption features in the
visible and near-IR regions, their intraband absorptions in
the mid-IR can be monitored independently to directly
follow the charge separation and recombination processes.
The charge separation and recombination rates in PbS-MB*
complexes were found to be (2.7 £ 0.2) x 10"*and (1.1 &
0.2) x 10" s~ ", respectively. The ultrafast charge separation
rate suggests the possibility of hot electron injection and
multiexciton dissociation from these strongly quantum
confined QDs, consistent with recent reports of these
phenomena at lead salt QD/TiO, interfaces.

Lead salt (PbS, PbSe, and PbTe) quantum dot (QD)-based
solar cells have been intensively investigated in recent
years because of the many unique photophysical properties of
these materials.' * These properties include tunable and
broad spectral responses extending from the visible to near-
IR regions,z’s’6 long exciton lifetimes,”® multiple exciton
generation (MEG), 2 and hot carrier extraction."> MEG
and hot carrier extraction provide potential new ways to
improve the conversion efficiencies of QD-based solar cells
by reducing the loss of high-energy carriers.'* Parkinson and
co-workers reported MEG induced 2-fold photocurrent en-
hancement in solar cells based on PbS QD-sensitized TiO,
single crystals." Zhu and co-workers reported hot electron
injection from PbSe QDs to TiO, single crystals."> These
reports imply ultrafast interfacial electron-transfer rates from
PbSe and PbS QDs to TiO, that are competitive with the fast
exciton—exciton annihilation (10—100 ps'®'¢) and the even
faster hot electron relaxation (~0.2—6 ps'”'®) processes.
However, recent time-resolved spectroscopy studies have
reported interfacial electron-transfer rates on a much slower
time scale (~100 ns) in PbS-TiO, complexes’ and a lack of
hot electron transfer from PbSe to TiO, nanoparticles."’
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These discrepancies may be caused in part by different QDs
and QD—TiO, linkages used in these studies. Systematic
studies of the factors that control the rate of charge transfer
from lead salt QDs are needed.

In this paper, we report a transient absorption (TA) study of
the charge carrier separation and recombination dynamics
between PbS QDs and an adsorbed electron acceptor, methy-
lene blue (MB™). TA spectroscopy in the visible region has
been shown to be a powerful tool for studying charge separa-
tion dynamics from CdX (X = S, Se, Te) QDs to various
acceptors (including MB ™), because the 1S exciton bleach in
excited CdX QDs is dominated by the state filling of the 1S
electron level and provides a convenient probe of the dy-
namics of the 1S electron.”’® > In excited PbS QDs, both 1S
electrons and holes contribute to overlapping TA features
(18 exciton bleach and induced absorption) in the visible and
near-IR regions that cannot be easily separated. However, we
observed that the 1S electrons and holes have distinct intra-
band absorption features in the mid-IR, which can be used to
directly follow their interfacial charge-transfer dynamics. We
show that the charge separation (electron-transfer) and re-
combination (hole-transfer) rates are (2.7 & 0.2) x 10'? and
(1.1 £0.2) x 10" s7', respectively.

The sample preparation procedures and the TA measure-
ment setup are described in the Supporting Information (SI).
The steady-state absorption spectra of PbS QDs and PbS-
MB™ complexes in heptane solutions are shown in Figure la.
The PbS QDs used in this study show a first (1S,—18S,.) exciton
absorption band at 930 nm, corresponding to an estimated
diameter of 3.6 nm.” Compared to free QDs, the QD-MB™
complexes show the same QD first exciton band at 930 nm and
an additional absorption feature centered at 660 nm that corre-
sponds to the ground-state absorption of MB" molecules. The
average number of MB™ per QD was estimated to be ~9, as
described in the SI. Following the recent reports of Wise and
co-workers,* the 1S, and 18, energy levels were estimated to be
—3.7 and —5.0 eV (vs vacuum), respectively, as shown in
Figure 1b. Compared with the reduction potential of MB™
(—4.5 eV vs vacuum),” the estimated Gibbs free energy changes
(or driving forces) for electron transfer from the excited PbS to
MB™ and the subsequent char§e recombination processes are —0.8
and —0.5 eV, respectively.”*”

To determine the charge separation and recombination
rates, we measured the TA spectra of the PbS and PbS-MB™"
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Figure 1. (a) UV—vis absorption spectra of free PbS QDs (black
dashed line) and PbS-MB™ complexes (red solid line). (b) Schematic
diagram of relevant energy levels (relative to vacuum) involved in the
interfacial charge separation (kcg) and recombination (kcg) processes
in PbS-MB™" complexes.
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Figure 2. Visible and near-IR transient absorption spectra of (a) PbS
QDs and (b) PbS-MB™ complexes in heptane at indicated delay time
windows after 800 nm excitation. Upper panels, 0.1—1.2 ps; lower
panels, 2—150 ps.

complexes in the visible, near-IR, and mid-IR after 800 nm
excitation. The expected processes in this system are summar-
ized in eq 1,

ki
PbS**-MB" —= PbS*(1S,, 1S, )-MB"

koo ke
—>PbS*(1S;)-MB® —> PbS-MB* (1)

where PbS**-MB ™ represents an excited complex with the QD
in the initial excited state generated by the excitation pulse. It
relaxes with a rate constant kg to form PbS*-MB™, in which the
QD is in the 1S exciton state. Charge separation in the excited
complex (with a rate constant kcg) generates the charge-
separated state (PbS*-MB®), which recombines (with a rate
constant kcgr) to regenerate the complex in the ground state
(PbS-MB™).

The visible and near-IR TA spectra of PbS and PbS-MB™
measured under the same conditions are compared in Figure 2.
The TA spectra of free QDs show a bleach of the 1S exciton band
(~930 nm) and a broad positive band from 450 to 800 nm. The 1S
exciton bleach is caused by the state-filling of the 1S electron and
hole levels.* The broad positive absorption has been attributed to
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Figure 3. Comparison of 1S exciton bleach recovery kinetics (at
930 nm) of free PbS QDs (red circles) and PbS-MB™" complexes
(green squares). Also shown are the normalized kinetics of the MB™
ground-state bleach (GSB at 655 nm, blue diamonds) and the 1S,— 1P},
intraband transition (at 5 #m, purple triangles) in PbS-MB ™ complexes.
These kinetics were normalized to match those of the 1S exciton bleach
at the later delay times. Solid lines are fits to a kinetics model described in
the Supporting Information. The dotted curve is the instrument response
function. The x axis is in linear scale in the left panel (—0.5 to 2 ps) and in
logarithmic scale in the right panel (2 to 100 ps).

the Stark effect-induced red-shift of the higher energy bands in the
presence of the 1S exciton.”' "> These exciton-induced absorp-
tion and bleach features show only a small decay (<15%) within
150 ps. It indicates that most excited QDs are in long-lived (>1 ns)
single exciton states under these experimental conditions, which is
in agreement with the estimated average number of excitons per
QD of 0.4—0.8 (see SI).

The TA spectra of the PbS-MB ™ complexes (Figure 2b) show
an ultrafast (<0.6 ps) formation of the MB ™ ground-state bleach
(GSB) at 660 nm in addition to the PbS 1S exciton-induced TA
features. The amplitude of the 1S exciton bleach at 0.6 ps is
considerably (~30%) smaller than that in free PbS QDs under
the same conditions. This can be more readily seen in Figure 3, in
which the kinetic traces of the 1S exciton bleach (at 930 nm) in
PbS-MB™ complexes and free PbS QDs are compared. The
observed ultrafast exciton bleach recovery and MB™ bleach
formation indicate ultrafast quenching of the PbS excitons by
MB™. From the energetics shown in Figure 1b, exciton quench-
ing by hole transfer and energy transfer is not possible in this
system. Therefore, it can be attributed to ultrafast electron
transfer from the PbS to MB™. The ET process should generate
reduced MB* molecules (MB radicals) with an absorption band
at around 420 nm,”* a spectral region that is unfortunately not
accessible in this study due to the strong (OD > 2) QD
absorption (see Figure 1a). Further support for this assignment
will be provided below by directly probing the electron and hole
intraband transitions.

The TA spectra after 2 ps show the simultaneous recovery of
the MB" GSB and the decay of the QD TA features (1S exciton
bleach and induced absorption). As shown in Figure 3, the
recovery of the MB™ GSB and 1S exciton bleach follow the same
kinetics, suggesting that the spectral evolution after 2 ps can be
attributed to recombination of the electron in the MB radical
with the 1S hole in the PbS QD (to regenerate both MB™ and
QD ground state). These kinetics differ at t < 2 ps due to the
overlapping contributions of the 1S electron-induced TA fea-
tures (bleach at 930 nm and induced absorption at 655 nm) and
MB" GSB. The electron-transfer process leads to the initial
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Figure 4. Comparison of mid-IR kinetics of free PbS QDs (black line)
and PbS-MB* complexes at (a) 3.0 (blue line), (b) 4.0 (green line), and
(c) 5.0 um (red line). (d) Kinetics of 1S electrons (blue circles) and 1S
holes (red triangles) in PbS-MB™ complexes. The 1S hole kinetics is
monitored at 5.0 um, where the IR absorption is dominated by the
1S,—1Py, transition. The 1S electron kinetics is obtained by subtracting
the hole contribution to the total signal at 3.0 #m. Solid and dashed lines
are fits according to eqs S4 and SS, respectively, in the Supporting
Information. The x axis is in linear scale in the left panel (—0.5 to 2 ps)
and in logarithmic scale in the right panel (2 to 100 ps).

ultrafast recovery of the 1S electron-induced bleach at 930 nm
and the formation of the MB™ GSB at 655 nm. As will be
discussed later, the 1S electron dynamics can be extracted by
global fitting of these kinetic traces.

Clearly, the 1S exciton-induced bleach and absorption in the
visible and near-IR contain contributions from both 1S electrons
and holes, consistent with a previous electrochemical study of
charged PbS QDs.>* This previous study also showed that the
electron (1S.—1P,) intraband transition in the mid-IR has a
slightly higher energy than the hole (1S,—1P;,) transitions. In this
work, we utilize this energy separation to independently probe the
electron and hole dynamics in the PbS-MB™" complexes, enabling
us to follow directly the charge separation and recombination
processes, respectively. The kinetics of mid-IR absorption of free
PbS QDs and PbS-MB™ complexes are compared in Figure 4a—c.
The free QD mid-IR absorptions are long-lived (only the first
10 ps are shown), consistent with the presence of long-lived single
excitons. Similar absorptions were previously observed in PbSe
QDs.>*** The kinetics of PbS-MB™ complexes show much faster
decays. The initial mid-IR absorptions in PbS-MB™ are about 30%
and 50% of those in free PbS QDs at 3.0 and 4.0 ©m, respectively,
suggesting an ultrafast decay (<0.5 ps) due to the ultrafast
electron-transfer process. This ultrafast decay component is
absent at 5.0 um, where the initial signal amplitude is the same
as that in free PbS QDs. Therefore, the absorption at 5.0 #m can
be attributed to the hole 1S,—1P;, intraband transition and is a
direct probe of the 1S hole dynamics. This assignment is
supported by the comparison in Figure 3, which shows that the
kinetics at this wavelength are identical to those of the 1S exciton
bleach and MB™ bleach recovery after 2 ps.

As shown in Figure S1 (SI), a normalized comparison of the
mid-IR absorptions at 3.0, 4.0, and 5.0 #m in PbS-MB ™" com-
plexes indicates that after 2 ps these kinetics are identical and
probe the population of the 1S hole (ie., the charge recombina-
tion process). They differ in the amplitudes of the ultrafast decay
component, which increases at higher energy due to an increased
contribution from the electron 1S,—1P, transition. The electron

kinetics can be obtained by subtracting the hole contribution
(represented by the normalized kinetics at S #m) from the total
signal at 3.0 um, as shown in Figure 4d. The electron kinetics
show an ultrafast decay within 2 ps, consistent with the observed
ultrafast 1S exciton recovery and MB " bleach formation shown
in Figures 2 and 3. Our data also suggest that it should be possible
to identify a spectral window (<3 m) that monitors only the
1S electron dynamics.

To quantify the charge separation and recombination rates
in the PbS-MB* complexes, we fit the kinetics shown in Figures
3and 4 according to eq 1. A detailed kinetics model that describes
the time-dependent concentration of various species and the
fitting procedure is given in the SI. The kinetics of free QDs at
930 nm were first fit to obtain the hot excited-state relaxation rate
kg (5.9 x 10" s 1), which is assumed to be the same for the PbS-
MB™ complexes. The normalized kinetics at 5.0 4m were then fit
to obtain the charge recombination rate (kcg). Finally, the
kinetics at 930 nm (1S exciton bleach), 655 nm (MB™ ground
state), and 3.0 um (1S electron and hole) were fit simultaneously,
with the charge separation rate (kcs) as the only fitting para-
meter. As shown in Figures 3 and 4, these kinetics are well fit by
this model. Biexponential functions were needed to satisfactorily
describe both the charge separation and recombination kinetics,
reflecting the heterogeneities of these interfacial processes. From the
biexponential fits, amplitude-weighted average time constants were
calculated, yielding average charge separation and recombination
rates of (2.7 02) x 10" and (1.1 £0.2) x 10"'s™ ", respectively,
in the PbS-MB" complexes. The error bars reflect standard
deviations of rates determined from three sets of data.

In this fitting model, we have assumed that electron transfer
occurs from the 1S electron level in PbS-MB™" complexes, and
compared to free PbS QDs, the ultrafast electron-transfer rate
in the complexes gives rises to the reduced electron intraband
absorption (Figure 4) and interband features (bleach at 930 nm
and broad absorption from 450 to 800 nm, Figures 2 and 3) at
early delay times. The average charge separation rate is approxi-
mately a factor of 2 slower than the electron relaxation rate,
suggesting that in some of the complexes charge separation may
have occurred prior to electron relaxation to the 1S level, which
can also lead to the reduced 1S electron features shown in
Figures 2—4. Ultrafast electron transfer and possible hot
electron extraction are consistent with a recent study of PbSe
QDs on TiO, single crystals, in which hot electron transfer from
PbSe to TiO, and ultrafast (~10 ps) charge recombination
were observed."> The observed ultrafast charge separation rate
also suggests the possibility of dissociating multiple excitons
prior to the exciton—exciton annihilation process.” > Our
results are also consistent with the efficient multiexciton
collection reported for solar cells based on PbS QD-sensitized
TiO, single crystals, assuming the charge recombination pro-
cess can be suppressed under device operation conditions.' A
recent report of the formation of a depleted heterojunction
between PbS and TiO, offers a possible mechanism for
preventing the charge recombination process in these devices.
It should be pointed out that the driving force for electron
transfer from PbS to MB™ is considerably larger than that to
TiO,. Direct TA measurement of charge separation rates at the
PbS and PbSe/TiO, interfaces, which is ongoing, should offer a
better comparison with the reported hot electron injection and
multiexciton collection in these materials.""> Our study de-
monstrated that charge separation and recombination pro-
cesses can be directly measured by monitoring the electron
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and hole intraband transitions. This approach should be gen-
erally applicable to lead salt and other QDs.*

In summary, charge separation and recombination in PbS-
MB™ complexes have been studied by transient absorption
spectroscopy. While the 1S electron and hole contribute to
overlapping TA features in the visible and near-IR regions, they
have distinct intraband transitions in the mid-IR that can be used
to follow their dynamics independently. We show that the charge
separation and recombination rates are (2.7 & 0.2) x 10'* and
(1.1 £ 02) x 10" s7', respectively. The ultrafast charge
separation rate suggests the possibility of hot electron injection
and multiexciton dissociation from these strongly quantum con-
fined QDs, consistent with recent reports of these phenomena."'?
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