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ABSTRACT

We have spectrally resolved the intraband transient absorption of photogenerated excitons to quantify the exciton population dynamics in
colloidal PbSe quantum dots (QDs). These measurements demonstrate that the spectral distribution, as well as the amplitude, of the transient
spectrum depends on the number of excitons excited in a QD. To accurately quantify the average number of excitons per QD, the transient
spectrum must be spectrally integrated. With spectral integration, we observe efficient multiple exciton generation in colloidal PbSe QDs.

The generation of cost-effective and environmentally benign
sources of energy represents a critical challenge for sustaining
and advancing human well fair throughout the world while
simultaneously reducing greenhouse gas emissions. Despite
the tremendous potential of solar energy, the high cost of
solar energy relative to conventional sources of electrical
power limits solar energy to a minor component of the
present global energy supply. This creates an enormous
incentive to develop novel materials and approaches to light
harvesting and power conversion.

The maximum single band gap solar cell conversion
efficiency is calculated to be 31%, termed the Shockley-
Queisser limit.! This calculation assumes that only one band
edge electronic excited state can be generated per absorbed
photon, with all photon energy in excess of the band gap
energy being dissipated as heat. In bulk inorganic semicon-
ductors this limitation has been shown to be an accurate
assumption,2 but the increased interaction between excitons
in nanostructured inorganic semiconductors makes multiple
exciton generation (MEG) potentially more efficient.> Should
efficient MEG and carrier extraction be achievable in a solar
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cell, the theoretical photovoltaic device efficiency could be
increased significantly to 43%.%>

The report of highly efficient MEG in PbSe QDs by
Schaller and Klimov®’ has stimulated significant interest in
using MEG to improve photovoltaic efficiency. Ellingson et
al.® also observed efficient MEG in PbSe, and a variety of
groups reported efficient MEG in a variety of semiconducting
QDs.”"!2 These initial claims, however, have been followed
by a series of measurements that observe much weaker or
nonexistent MEG.!3 71

Measurements in support of efficient MEG have been
based primarily on time-resolved transient absorption (TA)
measurements.*®!® A schematic of the experiment and data
analysis method utilized to extract exciton multiplicity
appears in Figure 1. In Figure 1A, the reduction in ground-
state absorption, represented by the crossed-out upward green
arrow, and the presence of stimulated emission, represented
by the downward green arrow, result in an increased
transmission of the probe pulse at the interband transition
energy. When more than one exciton resides in a QD, the
multiple exciton state decays quickly due to Auger recom-
bination on the many tens to hundreds of picoseconds time
scale,>772% until only one exciton remains in the QD. In
PbSe, this single exciton state decays radiatively on the
hundreds of nanoseconds time scale,?! generating a nearly
time-independent offset on the hundreds of picoseconds time
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Figure 1. Schematic depiction of multiple exciton generation. (A)
Electronic levels of the quantum dot, with loss of ground-state
absorption at the band gap, E,, shown as the crossed-out upward
green arrow and stimulated emission as the downward green arrow.
Excitons generation will lead to excited-state absorption (red arrow)
in the mid-IR and a decreased absorption at the band gap energy.
(B) As discussed in the text, the ratio of the maximum change in
probe light transmission scaled by the long time change in
transmission provides the exciton multiplicity.

scale, as shown in Figure 1B. This offset, Aas, has been
used as a proxy for the single exciton TA signal intensity
and is used to scale the maximum change in absorption,
A, at early times to determine the average exciton
multiplicity, N, = A0na./A0s. This analysis assumes equal
oscillator strength for the ground-state absorption and the
stimulated emission and also assumes that the stimulated
emission oscillator strength per exciton does not change when
multiple excitons reside in a single QD. While these
assumptions hold for weakly interacting excitons, the legiti-
macy of these assumptions has been brought into question
for quantum-confined excitons.

The uncertain cross section for spontaneous and stimulated
luminescence adds uncertainty to the interpretation of
experimental data. Nair and Bawendi have performed time-
resolved luminescence measurements and observed no
evidence for efficient exciton multiplication in CdSe or PbSe
QDs.!>22 Schaller et al.?* have also performed time-resolved
luminescence studies of exciton multiplication in CdSe QDs
and conclude that time-resolved luminescence supports the
conclusion that exciton multiplication occurs efficiently in
CdSe. These CdSe luminescence studies are of particular
relevance, since Klimov? and Bawendi'® observe similar
experimental results but draw opposite conclusions regarding
the efficiency of exciton multiplication. The dependence of
the oscillator strength on exciton multiplicity for photon
emission represents a key source of disagreement. For
strongly confined excitons in a QD, the presence of two or
more excitons will change the rate of spontaneous emission.
The excited electrons will see multiple hole states into which
the electrons can decay. Minimally, this results in a biexciton
with twice the emission rate. Schaller et al.>* account for
this effect in their time-resolved luminescence study of CdSe.
Nair et al.,’> however, conclude that the emission rate for a
biexciton exceeded that of the monoexciton by a factor of
3—5 due to details in the electronic structure. In quantum
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chemical calculations of the electronic transitions in CdSe,?
Shumway, Franceschetti, and Zunger found that the transition
dipole matrix elements for emission from the biexcitonic state
exceeds that of the monoexcitonic state by roughly a factor
of 9. The exciton multiplicity dependence of the emission
cross section influences not only the spontaneous emission
but also the stimulated emission, since the two processes
involve the same transition dipole matrix elements.

Strong exciton—exciton interactions and electronic relax-
ation following photon absorption have the potential of
generating very different stimulated emission cross sections
for mono- and multiexciton states in transient absorption
measurements.’® Quantum mechanical calculations in PbSe
QDs predict the first excited state to be weakly emissive,
with a radiative decay dominated by thermal excitation to
the strongly emissive second excited state.?” As a conse-
quence, the scaling used by Klimov and Nozik for transient
absorption measurements performed at the band edge®® may
be inappropriate since the cross section for stimulated
emission from the biexciton may not be twice that of the
single exciton. While the cross section for the ground-state
bleach likely shows a comparatively weak exciton multiplic-
ity dependence since the probe field will always connect
optically active states within the probe pulse spectrum, the
ground-state bleach and excited-state emission cannot be
separated in a pump—probe measurement. This means that
the exciton multiplicity dependent cross section for stimulated
emission must be accounted for in the analysis of interband
transition pump—probe measurements, not just in photolu-
minescence measurements of spontaneous emission.

The complexity of the electronic structure of QD*>?"28 and
the uncertain impact this complexity has on the luminescence
rate of multiple exciton states make it difficult to interpret
the transient absorption measurements at the band gap energy
and time-resolved luminescence measurements. We propose
to avoid this difficulty by using the excited-state absorption
to measure exciton populations and robustly determine the
efficiency of MEG. This absorption will also be referred to
as an intraband transition. Figure 1A schematically shows
the excited-state absorption with an upward red arrow. This
approach to characterizing multiple exciton generation has
two significant advantages: the probed absorption (1) only
exists in the presence of excited states and (2) will always
connect optically active states assuming such transitions can
be reached within the probe pulse spectrum. For PbSe QDs
the excited-state absorption (intraband absorption) resides
in the mid-IR.

Ellingson et al.} used 5 um probe light to measure the
strength of the excited-state absorption and concluded from
these measurements that exciton multiplication occurs with
high efficiency. Ellingson et al. did not spectrally resolve
the observed signal, though they did report that the transient
behavior was not probe frequency dependent. This conclusion
contrasts with the work of Wehrenberg et al.*® where a
significant shift in the intraband transient absorption spectrum
occurred on the picosecond time scale. These time-dependent
changes in the transient spectra can have significant impact
on the extracted MEG efficiency. For the interband transition
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in PbSe QDs, Trinh et al.?” have demonstrated that spectral
evolution can be significant and the accurate determination
of the exciton multiplicity necessitates spectral integration.
To clarify the importance of spectral dynamics on the
intraband excited-state absorption, we have spectrally re-
solved the transient intraband absorption spectrum. These
measurements clearly demonstrate that the intraband absorp-
tion spectrum displays a significant spectral evolution for
triexcitonic and higher concentrations. As will be demon-
strated, these spectral dynamics can have a significant impact
on the interpretation of MEG when more than two excitons
reside in a single QD.

Experimental Procedures. We followed the standard
procedure of Talapin and Murray to prepare the PbSe QDs
used in these experiments.’® We precipitated the QDs from
solution more than four times to remove the residual oleic
acid to minimize the vibrational absorption of the oleic acid
in the energy range of the probe pulse. We carefully dried
the centrifuged QDs in a nitrogen gas stream and dissolved
the QDs in carbon tetrachloride. The linear absorption
spectrum shows a first exciton peak at 0.94 eV with a
calculated diameter of 3.9 nm®' and a 10% size dispersion
(see Supporting Information). We used a sample with optical
density of 0.07 at 800 nm and 0.68 at 400 nm.

We generated pump and probe pulses with a regenerative
amplified laser system (Spitfire, Spectra Physics) with a 1
kHz repetition rate and 35 fs full width at half-maximum
(fwhm) pulse duration at 800 nm. We produced 400 nm
pulses by frequency doubling the amplifier output with a 0.1
mm thick BBO crystal. Tunable mid-infrared pulses were
generated by difference frequency generation of the near-
infrared signal and idler from an optical parametric amplifier
(OPAS8OOCF, spectra physics). These mid-IR pulses have a
duration of 60 fs fwhm with spectral width of about 300
cm™!. Focusing these mid-IR pulses in a 2 mm thick Ge
plate led to self-phase modulation and a significant broaden-
ing of the spectral width of the pulses. The probe spectrum
(—) can be found in Figure 3A. This broadened spectrum
provided an excellent probe with a spectral range extending
from 1900 to 3100 cm™!. We crossed the pump and probe
beams in a 500 um thick sample cell, with a probe diameter
of 100 um and a pump diameter of 400 um at 800 nm and
3 mm at 400 nm. We used a static sample cell, without
stirring®? or flowing of the sample in our measurements. The
magnitude of the intraband absorption at negative time delays
confirms that the steady state concentration of charged QD
does not exceed 5%. We dispersed the probe beam with a
grating spectrometer (iHR320, Horiba Jobin Yvon) onto a
liquid N; cooled 32 x 2 MCT pixel array detector with a
spectral resolution of 20 cm™! per pixel. The cross-correlation
between the pump and probe pulse shows a duration of ~100
fs on each pixel.

Poissonian Behavior without MEG. A reliable study of
MEG requires a correct measurement and control of the
average number of photon absorbed per QD Ny = Jpump0i,
where J,.,, represents the pump laser fluence and o;
represents the absorption cross section at the pump wave-
length. Here, we made use of the Poissonian absorption at
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Figure 2. Poissonian behavior at pump photon energy below the
MEG threshold. (A) TA at long delay time —Ao(800 ps)L as a
function of pump power and a fit using scheme A and eq 1. (B)
Exciton multiplicity N, as a function of pump power and a fit using
scheme B and eq 2. Refer to the text for detailed discussion of the
fitting schemes. We extract N, from the fits.

800 nm. A Poisson distribution of excitons results because
two excitons cannot be generated from the absorption of a
single 1.55 eV photon (~1.6 times the band gap energy).
We did a careful pump power dependent measurement with
spectral integration and extracted the value of the absorption
cross section, o, using the linear relation between N, and
the pump power. The Poisson distribution dictates both the
early and long time signals, thus we utilized two fitting
schemes to extract g;. First, we focus on the long time TA
signal. For small optical density, we have

(1—e™My=ca—e*h
(D

— Aa(800 PS)L = NopL0 e

where
PN
(D*/4)(he/A)f
and P represents the pump power (uW), f the laser repetition
rate (1 kHz), D the pump beam diameter at the sample (400
um), and A the pump wavelength (800 nm).

A fit of the data to eq 1 yields K = (1.8 £ 0.2) x 1073
uW™!, as shown in Figure 2A. Alternatively, the maximum
TA can be used to extract 0;. The standard method for
determining the maximum number of excitons per excited
QD, N,, takes the maximum change in absorption, Aca(2 ps),
and scales this transient signal by the change in absorption,
A0o(800 ps), at a time delay where Auger recombination has
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Figure 3. Spectrally resolved intraband TA data. (A) Experi-
mental TA spectra at different probe delay times, the spectra at
longer delay times do not differ from the one at 200 ps. The
dashed line represents the broad probe spectrum. (B) Calculated
exciton multiplicity N, vs probe frequency for various pump
powers (expressed in terms of Ny). We annotate these pump
power dependent curves with the spectrally integrated multiplic-

ity, (N.).

eliminated all multiple exciton states, but before appreciable
radiative recombination, N, = Aou(2 ps)/Aa(800 ps). This
exciton multiplicity is given by

_Aaps) _ N kP 2
TAUBOOPS) [ M |- M

A fit of the data to eq 2 generates K = (1.9 £ 0.1) x 1073
uW~! as shown in Figure 2B. Both methods provide very
similar values for K from which we estimate 0ggoym = 5.6 &
0.7 A2, Furthermore, by using the relative absorption at 800
and 400 nm, we can determine the cross section at 400 nm
to be Oyoomm = 54 + 7 A2, similar to the theoretical value3!
of O400nm — 60 Az.

Time and Spectrally Resolved Excitonic Intraband
Absorption. With a higher 800 nm pump fluence and Ny =
3—5, the intraband absorption spectrum clearly evolves with
time. This can be clearly seen in Figures 3—5. As mentioned
above, the standard method for determining the average
number of excitons per excited QD, N, = Aa(2 ps)/Aa(800
ps). As shown in Figure 3, the spectral dynamics makes N,
probe frequency dependent. The TA signal decay faster at
higher frequencies, and the spectral difference becomes more
significant with larger N,. Integrating the TA spectra allevi-
ates this problem and demonstrates the insensitivity of the
intraband absorption cross section to the exciton multiplicity.
Assuming that only one exciton can be generated from the
absorption of a single 800 nm photon, the average number
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Figure 4. Two-dimensional pump—probe data at Ny = 5. (A)
Experimental TA signal as a function of probe delay time and
frequency. (B) The resultant data after the feature with a time delay
independent spectrum has been subtracted.
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Figure 5. Exciton multiplicity dependent peak shift for the signal
displayed in Figure 4B. We extract N, from the spectrally integrated
TA traces. The figure shows two pump powers for comparison.

of excitons per QD will be determined by the sample depth
averaged Ny. As can be seen in Figure 2B, the N, and N,
excitonic concentrations exhibit the expected correlation
predicted by eq 2 over a wide range of excitonic multiplicity.
This clearly demonstrates that the intraband absorption
remains proportional to the number of excitons for multi-
plicities up to four and supports using the spectrally resolved
intraband transition to characterize the exciton multiplicity
in PbSe QDs.

Inspection of the TA spectrum shown in Figure 4 supports
the assignment of the transient signal to two components.
One component has a spectrum that does not evolve with
time and can be accurately modeled by the intraband
absorption spectrum measured at long time delays when only
monoexcitonic states persist. The second component has been
modeled with a Gaussian line shape that possesses a time-
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Figure 6. Data indicating the occurrence of MEG. TA traces
measured with 1.55 and 3.1 eV pump photon energies at low photon
fluences. We chose pump powers so that the long time TA tails
roughly overlap. Inset shows the power scaling of the exciton
multiplicities at the two pump photon energies.

dependent peak shift. Figure 4B shows the time dependence
of this second Gaussian component. In order to link the
magnitude of the peak shift to the number of excitons per
excited dot, we correlate the two for each delay time. Spectral
integration of the 2D transient gives a time-dependent
multiplicity N,(f), and the fitting of the second component
gives time-dependent peak position wq(f); thus we can
correlate @y and N,. Interestingly, a significant shift in the
peak position only occurs when the average number of
excitons per QD exceeds 2. This can be seen in Figure 5,
which shows the time-dependent spectral component peak
maximum as a function of N,. We believe the time-dependent
spectrum results from Coulomb and exchange interactions
between excitons, though further studies must be performed
to confirm and characterize the origin of this apparent time-
dependent electronic structure. These data clearly indicate
that for MEG in excess of two excitons per QD, spectral
integration must be performed to accurately determine the
exciton multiplicity. In the following discussion of MEG,
we have spectrally integrated the intraband transient absorp-
tion to determine the exciton multiplicity.

Investigation of Multiple Exciton Generation. We have
investigated MEG in PbSe with laser excitation at 400 nm,
which corresponds to 3.26 times the PbSe band gap energy
of 0.94 eV. As we have emphasized, accurate determination
of the MEG efficiency requires a probe signal that is
proportional to the number of excitons per QD and spectral
integration of the transient signal to effectively account for
population-dependent spectral shifts in the transient signal.
The accurate determination of the MEG efficiency also
requires assurance that electron and hole trap states do not
influence the TA signal and robust demonstration that Ny <
1. We do not believe trap states play an important role in
our measurements for two reasons. One, we see no evidence
of traps when exciting with low fluence at 800 nm. This can
be seen in Figure 6, where the 800 nm signal has no time
dependence for short delay times. Most importantly, we can
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use the magnitude of the mid-IR absorption at negative time
delays to determine the concentration of charged QD. This
measurement insures we have a charged QD concentration
of less than 5%.

We have used multiple methods to ensure that Ny < 1.
Figure 6 shows the TA signal for low fluence excitation at
800 and 400 nm. The absence of any early time signal in
the 800 nm signal ensures that Ny << 1 at 800 nm and the
overlap of the 800 and 400 nm generated signals at long
delay times provides evidence that the same number of
photons has been absorbed at 400 nm.?’ However, this might
be insufficient, since the average number of absorbed photons
depends on the optical thickness

<N > =N, £
ol =NoT 0T
Instead of using (No);, we took the more stringent quantity,
Noy. This ensures that the number of photons absorbed per
QD at the front surface of the sample will also be much less
than 1. Given the different absorptions at 400 and 800 nm
used in the experiment, (Np); must be a factor of 2 lower at
400 nm to achieve the same N,.

As shown in the inset of Figure 6, we observe a laser
fluence independent exciton multiplicity when exciting at 400
nm greater than 1, confirming the presence of MEG. For a
photon energy equal to 3.26 E,, we observe an average of
1.6 & 0.2 excitons per absorbed photon. This MEG efficiency
matches the efficiency observed by Schaller et al. when
exciting at 400 nm and using a PbSe QD with a similar
E, %22 and exceeds the efficiency measured by Ellingson
et al. at the same photon energy in a PbSe QD with a similar
E,.® As emphasized by Nair and Bawendi,* this efficiency
does not significantly exceed the bulk efficiency measured
by Smith and Dutton at 3.1 eV photon energy.* Whether
quantum confinement has a significant impact on the
observed efficiency cannot be assessed yet.??

The creation and harvesting of multiple carriers from a
single photon absorption represent an appealing and poten-
tially important route to increasing the conversion efficiency
of photovoltaic devices. While we remain far from identify-
ing how to efficiently extract the generated carriers from the
photoexcited quantum dots, before tackling such a difficult
scientific and engineering challenge, we need to verifty MEG
efficiency warrants the effort. We believe the spectrally
resolved intraband transition provides an excellent means of
characterizing the efficiency of multiple exciton generation
in PbSe and also provides an excellent opportunity to
investigate the physical and chemical properties of PbSe QDs
that determine the efficiency. At a minimum our results
support further investigation and provide reason for optimism
that multiple exciton generation may provide a valid means
of enhancing solar cell efficiency beyond the Shockley—
Queisser limit.
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