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ABSTRACT: Carrier multiplication—the generation of multiple electron—hole pairs by a single
photon—is currently of great interest for the development of highly efficient photovoltaics. We
study the effects of infilling PbSe quantum-dot solids with metal oxides by atomic layer deposition
on carrier multiplication. Using time-resolved microwave conductivity measurements, we find, for
the first time, that carrier multiplication occurs in 1,2-ethanedithiol-linked PbSe quantum-dot
solids infilled with AlL,O; or Al,O;/ZnO, while it is negligible or absent in noninfilled films. The
carrier-multiplication efficiency of the infilled quantum-dot solids is close to that of solution-
dispersed PbSe quantum dots, and not significantly limited by Auger recombination.

SECTION:

C olloidal semiconductor quantum dots (QDs) currently

receive a great deal of interest for applications in
photovoltaics." ™ This is due to their tunable band gap,
cheap solution-based synthesis and processing, and, most
promisingly, the occurrence of carrier multiplication (CM; also
called multiple exciton generation),*”® where the absorption of
one photon of sufficiently high energy results in the generation
of multiple electron—hole pairs of lower energy. In the presence
of CM, the optimal band gap for harvesting the solar spectrum
shifts from 1.34 eV (Shockley—Queisser limit: no CM) to 0.7
eV (ideal CM).*”'° Lead chalcogenide QDs have a band gap
tunable over this range,11 which makes them ideal candidates
for utilizing CM in photovoltaics. CM has been observed for
PbSe QDs in dispersion.”"*~'*

In thin-film QD solids for photovoltaic applications, QDs are
electronically coupled by replacing the bulky passivating ligands
used during synthesis by shorter molecules. In this way, band
gap tunability is maintained, and charge mobility is increased
due to the decreased width of inter-QD tunneling barriers.' >
Applications suffer from the rapid degradation in air of such
films because the short linker molecules provide almost no
protection against oxidation.'” Recently, infilling the interstitial
space of 1,2-ethanedithiol-linked PbSe (PbSe-EDT) QD solids
with inorganic matrices (AL O; or AL,O; followed by ZnO) by
atomic layer deposition (ALD) was shown to produce air-stable
films by suppressing oxidative and photo—thermal degradation
of the QDs.'”"® Furthermore, infilling PbSe-EDT QD solids
enhances charge mobility by up to an order of magnitude,
attributed to a passivation of charge trap states.'®
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Here we investigate the yield of multiple free electrons and
holes that result from CM in PbSe-EDT QD solids infilled with
Al,O; or Al,O; followed by ZnO. Note that this multiple free
charge generation (MFCG) yield is not necessarily the same as
the CM yield. CM leads to the generation of multiple electrons
and holes that initially reside in close proximity. These charges
can undergo Auger recombination unless they quickly move
away from each other. The MFCG yield is determined by the
extent to which the latter occurs. MFCG thus requires both
CM and a subsequent escape of charges from Auger
recombination. We find that ALD infilling activates the
MFCG efliciency: from weak or absent before infilling, due
to negligible CM,"”™>' to approaching the intrinsic CM
efficiency reported for isolated PbSe QDs in dispersion.*
Infilling is thus an important technique for the realization of
cheap, robust CM-enhanced photovoltaics.

Three infilled PbSe-EDT QD solids were prepared (6.3 nm
QD diameter; see Methods section). One QD solid was infilled
with AL, O,, a second with AL,O;(1 nm)/ZnO(S nm) (i.e., 1 nm
of AL,O; followed by S nm of ZnO), and a third with ALO,(3
nm)/ZnO(S nm). The films were then overcoated with 20—30
nm AlOj; to guarantee their stability in air. The resulting QD
solids have a band gap energy of 0.64 eV (1 = 1930 nm) and
retain quantum confinement on infilling (cf. Figure S1,
Supporting Information). A noninfilled PbSe-EDT QD solid
(6.0 nm QD diameter) was studied as a control.
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The charge mobility of the QD solids was determined by
time-resolved microwave conductivity measurements (TRMC;
see Methods),?”?* similar to a previous study on films of PbSe
QDs with 1,2-ethanediamine ligands.** The samples were
mounted in a microwave cavity (8.5 GHz resonance frequency)
and excited with a 3 ns laser pulse of tunable wavelength.
Photogeneration of mobile charge carriers leads to absorption
of microwave power. The latter can be related to the product of
the mobility y and yield of mobile charge carriers per incident
photon #, summed for photogenerated electrons and holes:
ne®pe + ny(Huy; see Methods. Figure 1 shows typical
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Figure 1. Effect of varying photoexcitation density on charge decay in
an Al Os-infilled PbSe-EDT QD solid. The vertical axis displays the
product of the mobility 4 and yield of mobile charge carriers per
incident photon 7, summed for photogenerated electrons and holes:
7.(Opte + mu(t)uy, (see Methods). Photoexcitation (4 = 500 nm, i.e., hv
= 3.9E,) was performed with a density varied from 2 X 107* to 6 X
1072 photons per QD.

microwave conductivity transients for photoexcitation of the
Al Oj-infilled PbSe-EDT QD solid at varying excitation density.
The signal initially rises due to the generation of mobile charges
during the laser pulse, reaches a maximum at time ¢ = £, and
subsequently decays due to first-order processes or higher-
order Auger recombination of electrons and holes. Auger
recombination becomes faster at higher excitation density, as
expected, and it becomes negligible for photoexcitation
densities below 2 X 107* photons per QD (see Methods).
The decay kinetics are independent of photoexcitation energy
at low excitation density. The noninfilled PbSe-EDT QD solid
behaves similarly (data not shown).

The yield of mobile charge carriers per incident photon, 7, is
proportional to the magnitude of the transients as shown in
Figure 1. The latter was determined at sufficiently low
excitation density so that nongeminate charge recombination
does not play a role within the 3 ns time resolution. The results
are displayed in Figure 2 (red symbols, left axis) together with
the fraction of absorbed photons, F, (black curve, right axis), as
a function of photon energy. The curve of # follows the shape
of the low-energy absorption peak (due to the 1S,1S,
transition), implying a constant quantum yield of free charges
per absorbed photon, ¢ = 5/F,, for this transition. At higher
photon energies 7 increases faster than the fraction of absorbed
photons, F,, implying an increase of the quantum yield, ¢.

Figure 3 shows the quantum yield, ¢, for the Al,O;-infilled
PbSe-EDT QD solid, normalized to the mean value in the
interval (1.75—2.70)Eg. Photoexcitation of the 1S,1S, and
1P, 1P, transitions (hv < 1.25E,) gives an identical quantum
yield to within experimental uncertainty. For photon energy in
the range (1.25-1.75)E, the quantum yield undergoes a
sigmoid rise centered at the third electronic transition. Since
CM is energetically forbidden at these energies, this implies
that third-transition electron—hole pairs more easily lead to
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Figure 2. Action spectrum of the Al,O;-infilled PbSe-EDT QD solid.
The left axis shows the yield of mobile charge carriers per incident
photon: 77, which is proportional to 77.(t = tyu)He + Mn(t = tma)in The
right axis shows the fraction of incident photons absorbed by the
sample, Fy. The horizontal axis displays hv/E,, with E, the band gap
energy of the QD solid (determined from Figure S1). The yield of
mobile charge carriers per incident photon increases more strongly
with photon energy than F, does. Inset: for excitation near the band
gap, the yield is proportional to F,.

2

-|- Third Transition -

Normalized ¢

Photon Energy (Eg)
Figure 3. Normalized quantum yield versus band gap normalized
photon energy for the Al,Oj-infilled PbSe-EDT QD solid. The
quantum yield, ¢, is the yield of free charges per absorbed photon: ¢
= 1/F,. The first three electronic transitions of the film are indicated
by dashed lines (see Note 1, Supporting Information). The normalized
quantum yield saturates to unity at 1.7SE,, and MFCG occurs with
threshold energy 2.70E,.

mobile charges than 1S,1S, or 1P, 1P, pairs. Such an effect has
been observed previously in devices of noninfilled PbSe-EDT
QD solids, and was tentatively attributed to the production of
more trapped excitons at lower photon energy.*' It could also
be that electron—hole pairs of the third transition and higher
have a larger spatial delocalization, thus increasing the effective
distance between electron and hole and decreasing the
Coulomb attraction. For photoexcitation in the range (1.75—
2.70)E,, the quantum yield shows no further increase with
photon energy. This is likely due to a saturation of the
dissociation yield at unity, a value as reported for a 1,2-
ethanediamine (EDA)-linked PbSe QD solid excited at
L7SE.>

For photoexcitation above a threshold energy hvy, = 2.70E,,
the quantum yield increases with photon energy. This is
attributed to MFCG (note: carrier mobility is independent of
excitation energy since hot charges thermally relax within the
present time resolution).?® It has an associated MFCG
efficiency of 0.35 =+ 0.01 (standard deviation), quantified by
the slope for hv > 2.70E, in Figure 3: A¢/A(hv/E,), analogous
to the CM efficiency as defined in the literature.”” While CM
has not been observed for noninfilled PbSe-EDT QD solids (cf.
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Figure 4 the present results show for the first time that

infilling leads to the generation of free charges by CM.
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Figure 4. Infilled PbSe-EDT QD solids exhibit a significant effect of
CM on the charge yield, in contrast to a noninfilled sample. Results for
PbSe-EDT QD solids: noninfilled (black), infilled with AL,O; (red),
infilled with ALO;(1 nm)/ZnO(5 nm) (blue), and infilled with
ALO;(3 nm)/ZnO(S nm) (green).

Effects of infilling on the efficiency of charge carrier
generation via CM were investigated by comparing results for
three differently infilled PbSe-EDT QD solids to that of the
noninfilled PbSe-EDT QD solid (see Figure 4). Note that the
quantum yield values were normalized to their mean value in
the interval (1.75—2.70)E,, as in Figure 3. The quantum yield
for the noninfilled PbSe-EDT QD solid (black symbols, Figure
4) shows no effects of CM, in agreement with earlier findings
for noninfilled PbSe-EDT QD solids.'” "' However, in contrast
to earlier device measurements>' and in contrast to the three
infilled QD solids, it does not increase on going from the
1S,,1S, and 1P, 1P, transitions to the third electronic transition.
The reason for this difference is unclear, but is outside the
scope of the present work.

The dependence of the yield of mobile charge carriers on
photon energy is seen to be similar for the differently infilled
films, with the MFCG efficiency being equal to 0.35 + 0.03.
This is close to the 0.41 CM efliciency measured for isolated
PbSe QDs in dispersion on a picosecond time scale prior to
Auger recombination,* which occurs within ~100 ps.”® The
similarity of these efficiencies implies that Auger recombination
does not play a large role in an infilled PbSe-EDT QD solid.
Escape of charges from Auger recombination in the infilled
PbSe-EDT QD solid is facilitated by the high charge mobility of
~2 cm® V' s7' (see Supporting Information, Note 2 for
mobility determination).

In conclusion, we show an activation of CM in PbSe-EDT
QD solids by ALD infilling with AL,O; or Al,O3/ZnO. The
yield of free charges produced via CM is close to the yield of
electron—hole pairs reported for dispersed PbSe QDs.” In the
infilled films, Auger recombination does not severely limit the
formation of multiple free electrons and holes by a single
photon.

B METHODS

QD Synthesis. PbSe QDs were synthesized and purified using
standard air-free techniques. In a typical synthesis, a solution of
1.09 g PbO (4.9 mmol), 3.45 g oleic acid (12.2 mmol), and
13.5 g 1l-octadecene was degassed in a three-neck flask and
heated at 180 °C for 1 h to dissolve the PbO and dry the
solution. Fifteen milliliters of a 1 M solution of trioctylphos-

1768

phine selenide containing 0.14 g diphenylphosphine (0.75
mmol) was then rapidly injected into this hot solution. The
QDs were grown for 1 min, and the reaction was then
quenched with a water bath and 20 mL of anhydrous hexane.
The QDs were purified by three rounds of dispersion/
precipitation in hexane/ethanol and stored in a glovebox as a
powder. The particle size and size distribution were determined
from transmission electron microscopy images of at least 100
QDs.

QD Film Preparation. PbSe QD solids were prepared via
layer-by-layer dip coating using a mechanical dip coater
mounted inside of a glovebox (DC Multi-4, Nima Technology).
Quartz substrates were cleaned by subsequently sonicating in
acetone, rinsing with acetone and isopropanol and drying under
an N, flow. Clean substrates were alternately dipped into a 2
mg mL™" dispersion of QDs in dry hexane and then a 1 mM
solution of EDT in dry acetonitrile. Resulting QD solids have a
18,18, absorption peak at 1930 nm (0.64 eV; see Figure S1).

Atomic Layer Deposition Infilling. This procedure is detailed
elsewhere.'® Briefly, the interstitial space of a PbSe-EDT QD
solid was infilled with amorphous Al,O; (for some samples
followed by crystalline ZnO) using low-temperature ALD. This
improves carrier mobility and environmental stability of the
QD solids. Al,O; was deposited by ALD of trimethylaluminum
and water, and ZnO was deposited by ALD of diethylzinc and
water. A substrate temperature of 75 °C, pulse (purge) duration
of 20 ms (90—120 s), and operating pressure of ~2 X 10™* bar
were used. Synthesis of a 25 nm ALD film requires ~9 h with
these parameters.

Steady-State Optical Absorption. Absorption spectra were
measured with a Perkin—Elmer Lambda 900 spectrometer
equipped with integrating sphere. Infilled films were measured
in air inside the integrating sphere. The noninfilled film was
kept under N, atmosphere. The absorption spectrum of this
film was obtained from the measured transmission and
reflection spectrum. The band gap energy of the QD solid,
E,, is taken as that photon energy at which the lowest-energy
absorption peak shows a maximum.

Time Resolved Microwave Conductivity. Photoconductivity was
measured using the time-resolved microwave conductivity
technique.”>** Samples were mounted in an N-filled micro-
wave cavity (8.5 GHz resonance frequency) at the position of
maximum electric field (~100 V cm™). This limits the time
resolution to 16 ns due to the response time of the cavity.
However, transients were deconvolved for the known cavity
response function (see Supporting Information, Note 2),
resulting in a time resolution limited by the 3 ns laser pulse.
Samples were photoexcited at a 10 Hz repetition rate using 3 ns
pulses of tunable wavelength obtained by pumping an optical
parametric oscillator with the third harmonic (355 nm) of a Q-
switched Nd:YAG laser (Opotek Vibrant 355 II). The laser has
a wavelength accuracy of +5 nm (determined at 1000 nm). An
excitation fluence of 2 X 10™* photons per QD was found to be
sufficiently low that higher-order Auger recombination of
electrons and holes was insignificant. This fluence was
determined as I(1 — Fgp)o, with I, the incident excitation
fluence, Fy the fraction of incident light reflected by the film
surface, and o the absorption cross section'' of a PbSe QD in
dispersion.

The product of the mobility 4 and time-dependent yield of
mobile charge carriers per absorbed photon ¢(t), summed for
photogenerated electrons and holes, is related to the change in
probe power P as
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du + ¢, (Op, =

1 [pon(t)_Poff)
eKpI,Fy Py

with t the pump—probe delay time, e the elementary charge, K
the frequency-dependent sensitivity factor,” S = 2.08 the
aspect ratio of the rectangular waveguide, I, the fluence incident
on the sample, F, the fraction of photons absorbed by the
sample, P, the microwave probe power after passing through
the photoexcited sample, and P4 the microwave probe power
after passing through the ground-state sample. The yield per
incident photon # is related to the yield per absorbed photon ¢
as § = ¢F,. The MFCG efficiency is determined from the
increase of the quantum yield ¢ with photon energy. Hence a
constant fraction of charge trapping does not lead to
misinterpretation of the efficiency, which is not the case>® for
ultrafast transient absorption experiments employing the peak—
tail method.

B ASSOCIATED CONTENT
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Steady-state absorption spectra and electronic transition energy
determination; deconvolution of microwave conductivity
transients and determination of lower limit to charge mobility;
chemicals used. This material is available free of charge via the
Internet at http://pubs.acs.org.
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