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early half of the energy from the

sun lies in the near-infrared (near-IR)

region of the electromagnetic spec-
trum. Crystalline silicon solar cells have achi-
eved 25%' power conversion efficiency in
part because the low band gap of silicon
enables these devices to efficiently utilize
much of the solar energy in the near-IR
region—but at a high energetic and eco-
nomic cost. Efficient utilization of the near-
IR region of the solar spectrum remains
elusive for inexpensive alternatives to sili-
con solar cells such as amorphous silicon,
dye-sensitized or organic thin film solar
cells. Colloidal quantum dot (CQD) photo-
voltaics represent a unique pathway to high
efficiency solar cells because they are po-
tentially inexpensive and offer size-tunabil-
ity, enabling multijunction cells but with the
simplicity of uniform chemistry and proces-
sing conditions.>*

Rapid advances in power conversion effi-
ciency of CQD photovoltaics have occurred
in recent years. The first types of test struc-
tures with efficiencies greater than 1%
utilized a Schottky junction to generate a de-
pletion layer between p-type PbS,* 7 PbSe,2 or
ternary PbS,Se;_,> CQD films and low work
function metal contacts such as aluminum or
calcium. Charge collection in the photovoltaic
active layers was most efficient in the deple-
tion layer. Consequently, the optimal thickness
of the active layer was determined to be
close to the depletion width with corre-
sponding power conversion efficiencies
varying between 1.8 and 3.6% depending
on the exact implementation. Subsequently,
a depleted heterojunction architecture was
utilized consisting of a p-type CQD film in
contact with an n-type wide band gap semi-
conductor such as TiO, or ZnO."°~" The de-
pleted heterojunction architecture overcame
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Colloidal quantum dot (CQD) photovoltaics offer a promising approach to harvest the near-IR region
of the solar spectrum, where half of the sun's power reaching the earth resides. High external
quantum efficiencies have been obtained in the visible region in lead chalcogenide CQD
photovoltaics. However, the corresponding efficiencies for band gap radiation in the near-infrared
lag behind because the thickness of CQD photovoltaic layers from which charge carriers can be
extracted is limited by short carrier diffusion lengths. Here, we investigate, using a combination of
electrical and optical characterization techniques, ligand passivation strategies aimed at tuning the
density and energetic distribution of charge trap states at PhS nanocrystal surfaces. Electrical and
optical measurements reveal a more than 7-fold enhancement of the mobility-lifetime product of
PbS CQD films treated with 3-mercaptopropionic acid (MPA) in comparison to traditional organic
passivation strategies that have been examined in the literature. We show by direct head-to-head
comparison that the greater mobility-lifetime products of MPA-treated devices enable markedly
greater short-circuit current and higher power conversion efficiency under AM1.5 illumination. Qur
findings highlight the importance of selecting ligand treatment strategies capable of passivating a
diversity of surface states to enable shallower and lower density trap distributions for better

transport and more efficient CQD solar cells.

KEYWORDS: colloidal quantum dot - photovoltaics - mobility-lifetime products
- charge trapping - time-resolved infrared spectroscopy

limitations of Schottky test structures by per-
mitting somewhat thicker active layers and
moving the depletion layer to the front
contact to suppress recombination losses,
resulting in power conversion efficiencies as
high as 5.1%."° Yet, maximum reported EQE
values for band gap excitation of planar PbS
CQD test structures remain below 30% be-
cause charge collection is most efficient in
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the depletion layer, again prompting the thickness of
optimized test structures to be similar to the width of
the depletion layer. 581618

The power conversion efficiency of CQD photovol-
taics is determined in part by the efficiency at which
photons are absorbed and converted into indepen-
dently diffusing charge carriers and by the quantum
yield for collecting those charge carriers in an external
circuit>'® Optimized test structures must balance
competing demands of these processes because each
is optimized under different conditions. For example,
an active layer thickness of 1 um is required to absorb
90% of incident photons at the band gap of CQDs
(ignoring reflection losses and with an absorption
coefficient at the band gap of 10* cm~').2 On the other
hand, charge collection efficiency decreases as the
active layer increases in thickness because charge
carriers are susceptible to recombination if their transit
time exceeds the charge recombination lifetime. This
competition between electrical transport and charge
recombination sets an effective electrical length of a
few hundred nanometers in current optimized devices.
The need to balance these processes makes it challen-
ging to construct CQD test structures that absorb all
incident photons, especially those in the near-IR close
to the band gap. Nanostructured interfaces,'82°
wires,?" and hyperbranched? structures have been
proposed as pathways to navigate the competing de-
mands of efficient light absorption and charge collection.

A promising approach to increase the external quan-
tum efficiency particularly at the band gap of PbS CQD
films is to enhance the diffusion length of charge
carriers so that charges can be harvested from thicker
photovoltaic active layers.? The diffusion length, /, of
charge carriers is related to the square root of the
mobility-lifetime product, uz, according to
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where kg, T, and e are Boltzmann's constant, tempera-
ture, and the elementary charge. We recently demon-
strated enhancement in CQD power conversion effi-
ciency to 5.1% under AM1.5 illumination using a novel
ligand strategy based on 3-mercaptopropionic acid
(MPA) that passivates metal PbS nanocrystal surfaces.'®
Herein, we show that the superior photovoltaic
performance of MPA-treated PbS CQD devices is a
direct result of improved passivation with this ligand
strategy leading to greater mobility-lifetime products
and enhanced minority carrier transport. Analysis of
defects and charge recombination dynamics using
time-resolved infrared (TRIR) spectroscopy coupled
with electrical measurements of minority carrier mo-
bility reveals that the MPA ligand treatment strategy
significantly reduces the density and energetic dis-
tribution of defects below the conduction band in
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Figure 1. (A) Structures of ligands used to passivate 3.7 nm
PbS CQD surfaces that are examined in this study: oleic acid
(OA), ethanedithiol (EDT), and 3-mercaptopropionic acid
(MPA). (B) Infrared spectra of films treated with various
ligand strategies. The loss of carboxylate absorptions at
1400—1550 cm ™' in EDT-treated films demonstrate efficient
removal of OA from PbS surfaces. The loss of CH stretching
vibrations at 2900 cm " in MPA-treated films also indicates
efficient removal of OA. The absence of an absorption peak
at 1700 cm ™' indicates that all carboxylate groups are
bonded to PbS surfaces.

comparison to ethane dithiol (EDT)-treated devices.
The reduction in defect density coupled with greater
mobility results in superior minority carrier transport in
MPA-treated CQD films. We show by direct head-to-
head comparison of CQD devices processed under
identical conditions and with identical architectures
that improved transport in MPA-treated CQD devices
translates to markedly higher short-circuit current and
power conversion efficiency in comparison to EDT-
treated devices. The comparison of MPA and EDT
treatment strategies reveals that it is the ability of
MPA to present two types of functional groups, both
thiols and carboxylate groups, to CQD surfaces that
enables superior passivation for lower defect densities
and energetic distributions. Our findings highlight the
importance of ligand strategies that provide chemical
diversity to passivate a variety of surface states com-
bined with strong interparticle coupling to enable
improved transport and higher power conversion effi-
ciency in CQD photovoltaic devices.

RESULTS

PbS CQD films passivated by the original oleic acid
(OA) ligands used during synthesis exhibit extremely
low mobility as a result of the insulating nature of the
long alkyl chains.?®> To make high mobility solids, it is
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necessary to replace the original ligands with shorter
molecules that increase the electronic coupling be-
tween neighboring nanocrystals.' Several ligand ex-
change strategies have been explored in the literature
that include replacement of the original ligands with
ethanedithiol,>®'" '3 benzenedithiol,”'>'” hydrazine,>**
and pyridine, > among others.®'%126729 These ligand
exchange treatments have led to impressive enhance-
ments of carrier mobilities.?>?*?*?” To explore the
impact of various ligands on mobility-lifetime products
in PbS CQD films, we examined solid state ligand
exchange procedures utilizing EDT® and MPA'® treat-
ments of nominally 3.7 + 0.18 nm PbS quantum dots.
The size distribution of quantum dots was determined
from the half-widths at half-maxima of the exciton
absorption peaks in near-IR spectra of the dots in
octane solution. The detailed analysis procedures are
described in Supporting Information. Structures of
these ligands are represented in Figure 1A. Top view
SEM images of CQD films fabricated using eight suc-
cessive layer-by-layer ligand exchange treatments with
EDT and MPA are represented in Figure S2 (Supporting
Information). In both cases, the solid state ligand-
treated films exhibit only a small degree of surface
roughness because the successive layer-by-layer treat-
ment method fills in the cracks formed in previous
layers (see Figure S3).

The IR spectra of the PbS CQD films before and after
ligand exchange displayed in Figure 1B reveal highly
efficient removal of the original oleate ligands in all
cases. Solvent was allowed to evaporate from the dry
films in an antechamber of a glovebox for 24 h prior to
the measurements which were conducted in transmis-
sion geometry. For EDT-treated films, the removal of
oleate is most clearly observed by the loss of the
carboxylate symmetric and asymmetric stretching vi-
brational absorption bands at ~1400 and ~1550 cm ™.
The amplitude of the C—H stretch peak in the MPA-
treated film spectrum is similar to that of the C—H
stretch peak in the EDT-treated film spectrum. EDT
and MPA have the same number of C—H bonds per
molecule, and the EDT and MPA films have approxi-
mately the same thickness in this study. Thus, the
similarity of their C—H stretch peak amplitudes
indicates comparably complete removal of OA. MPA
also has a carboxylate group and therefore exhi-
bits the corresponding absorption bands. It is interest-
ing to note that the strong absorption bands at ~1400
and ~1550 cm~ " in the vibrational spectrum of the
MPA-treated film indicate that essentially all of the
carboxylates are—like the thiol groups—bonded to
quantum dot surfaces.® Free carboxylate groups not
bonded to PbS surfaces would appear in the IR spectra
around 1700 cm™" (Figure S4). The IR spectra of MPA-
treated films demonstrate the absence of free MPA
ligands in the ligand-exchanged films. The relatively
small frequency difference between the symmetric and

JEONG ET AL.

Figure 2. STEM images of 5.0 + 0.3 nm PbS CQDs passi-
vated by EDT and MPA ligands. Image analysis of the
micrographs reveals that the center-to-center spacing of
quantum dots depends on the passivating ligand: PbS-MPA
films —6.8 + 0.5 nm and PbS-EDT films —7.1 4 0.6 nm. From
this analysis, average interparticle separations of 1.8 and
2.1 nm are obtained for MPA- and EDT-passivated PbS
CQD films, respectively.

asymmetric vibrational modes is consistent with both
oxygen atoms of the carboxylate groups being
bonded to metal atoms in either chelating or bridg-
ing geometries.>® The absorption features in the
spectra at 2350 cm ™" arise from small variations in
the carbon dioxide content in the infrared spectro-
meter during the experiments.

The removal of oleate from the nanocrystal surfaces
permits the interparticle spacing to decrease, facilitat-
ing enhanced electronic coupling between the nano-
crystals.'® The scanning transmission electron micro-
scopy (STEM) images displayed in Figure 2 reveal that
the decrease of the average spacing between nano-
crystals depends sensitively on the nature of the ligand
used to replace OA. The images represent 5.0 & 0.3 nm
PbS nanocrystals that have been treated by 1.15 molar
MPA in methanol (top)® and 0.119 molar EDT in aceto-
nitrile (bottom).'® Using image analysis, the average
center-to-center spacings of the nanocrystals are de-
termined to be 6.8 & 0.5 and 7.1 & 0.6 nm for top and
bottom panels, respectively. From these measure-
ments, we estimate the interparticle separation of MPA-
treated quantum dots to be 1.8 nm, smaller in compar-
ison to interparticle spacing of 2.1 nm for EDT-capped
dots. We note that we used larger 5.0 nm quantum
dots for the STEM image analysis because the larger
dots are easily observed in the STEM images. Further-
more, the average distance between CQDs in single
layers on STEM grids may differ from the average dis-
tance between dots in CQD films because the packing
of CQDs on STEM grids is less constrained than in solid
films. Consequently, the average distances obtained
from the STEM images are larger in comparison to
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recent measurements of interparticle distances by
Nozik and co-workers.3' Nevertheless, we observe a
trend of 10—15% closer packing using MPA compared
to EDT when the same metrology is employed.

The mobilities of electrons in the PbS CQD films
treated with EDT and MPA were characterized using
the ion-gel field-effect transistor geometry. We restrict
ourselves to mobility measurements of these two
ligands in this discussion because we wish to maintain
direct relevance to CQD photovoltaics that we re-
ported recently.>'° Using 50 nm layers of the PbS films
and a gate electrode consisting of a LiClO,/polyethy-
lene oxide gel contacted by an evaporated gold elec-
trode, n-type current (electron conduction) between
the source and drain electrodes, /4, was measured at a
drain voltage of V4 = 1 V. Use of the ion-gel technique
to measure the minority carrier (electron) mobility in
the p-type PbS CQD films is described in detail in
Supporting Information. Drain current, Iy, versus gate
voltage, V, for MPA- and EDT-treated PbS CQD films
are represented in Figure 3. The inset displays the drain
current of EDT-treated films on a logarithmic scale. The
drain current of MPA-treated films is more than an
order of magnitude larger than that measured in EDT-
treated films. The drain current was typically 1000-fold
larger in comparison to the gate current, Iy. The field-
effect mobility, u, of the EDT- and MPA-treated films
was calculated using the method established by the
Frisbie group according to
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where L, W, n, A, V;, and V, are the gate length and
width, the accumulated carrier density in the channel,
the area of the gate electrode, and the initial and final
gate voltages about which I4—V, and capacitance versus
voltage curves are measured, respectively. These mea-
surements in conjunction with eq 2 were used to cal-
culate the electron mobilities in MPA- and EDT-treated
CQD films as indicated in Table 1.

Also displayed in Table 1 are the band-tail density of
states below the conduction band in MPA- and EDT-
treated PbS CQD films. These metrics were reported
previously>'® being obtained from measurements of
the electron acceptor state density (band-tail density)
by zero-bias capacitance, depletion width, and built-in
voltage of the films. Here, we utilize these previously
reported values because we are examining films pre-
pared using identical procedures as those used in the
earlier reports. Below, we show that the MPA-and EDT-
treated films examined here exhibit similar photovol-
taic performance in comparison to materials reported
earlier, demonstrating that the mobility and band-tail
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Figure 3. Drain current, Iy, versus gate voltage, Vg, mea-
sured for minority carriers (electrons) in MPA- and EDT-
treated 3.7 nm PbS CQD films measured using the ion-gel
field-effect transistor geometry. The inset shows the
Iq versus V, curve for EDT-treated films on a logarithmic scale
for clarity. The greater drain current of the MPA-treated film
is a result of the higher mobility in the CQD film.

TABLE 1. Electrical Properties of PbS CQD Films Treated
with EDT and MPA Ligands

PbS-EDT PbS-MPA
() product (arb. unit) 0.022 0.16
w (c?N-s) 24 %107 51%x10°
(7) (us) 3 31
6 (V) 0.29 0.27
band-tail density of states
TRIR (arb. unit) 33 1.0
(—Vy (™) 8 % 10'° 2% 10"

density of states established in those earlier reports>'°

are applicable to the present materials.

Time-resolved infrared spectroscopy was used to
examine PbS CQD films treated with various ligand
strategies. The experimental geometry of the TRIR
measurements is represented in Figure 4A. A 10 ns
duration 532 nm optical pump pulse is used to excite
the band gap of the PbS CQD films, resulting in fast
generation of electrons and holes that are examined by
a continuum infrared probe. The transient IR spectra
displayed in Figure 4B were measured in MPA- and
EDT-treated PbS CQD films 500 ns following the ex-
citation laser pulse. The transient spectra have been
scaled to account for small differences in absorbance at
the pump excitation wavelength such that the ampli-
tudes of the spectra can be quantitatively compared.
As the time delay following the excitation pulse in-
creases, the amplitudes of the spectra decrease while
their shapes remain constant in all cases.

Two characteristic features are observed in the
transient spectra: narrow vibrational features of ligands
attached to the PbS CQD surfaces and broad electronic
transitions. As we show in the Discussion section, the
electronic transitions provide information about charge
trapping and charge recombination in the ligand-
treated CQD films. The PbS CQD films used in the TRIR
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Figure 4. (A) Schematic diagram of the TRIR spectrometer
configuration used to measure infrared transient absorp-
tion spectra of 3.7 nm PbS CQD films. (B) TRIR spectra of PbS
CQD films passivated by EDT and MPA ligands. The narrow
spectral features appearing at 0.15-0.2 eV (1200—
1600 cm™") arise from transient vibrational features of
ligands that are perturbed by the formation of charge traps
at the ligand—nanocrystal interfaces. The broad absorption
features correspond to electronic transitions where trapped
electrons (holes) are excited back into delocalized states of
the quantum dots. The average frequencies of the PbS CQD
films, indicated by the dashed lines, depend sensitively on
the ligand used to passivate the PbS quantum dot surfaces.
(C) Schematic diagram illustrating how ligand vibrational

modes are perturbed by changes in charge distribution at
quantum dot surfaces when electrons become trapped.

measurements were fabricated using the same proce-
dures and number of layer-by-layer cycles as those
used to fabricate test structures for the electrical mea-
surements (see Methods section).

DISCUSSION

Assignment of Trap-to-Band Transitions. We turn now to
consider the correlation of the electrical and optical
measurements that enable us to obtain mobility-
lifetime products of the CQD films. We first consider
the assignment of transient absorption features appear-
ing in the TRIR spectra displayed in Figure 4B. Two distinct
types of transient absorption features are apparent in
the spectra: first, characteristically narrow vibrational
features of the ligands appear between 0.15 and 0.2 eV

JEONG ET AL.

(1200—1600 cm™~'); and second, broad absorptions
arising from electronic transitions. On ultrafast (picosecond)
time scales, band gap excitation of CQDs has been
shown to give rise to broad intraband transitions in the
mid-IR in which electrons (holes) in their lowest energy
delocalized 1S¢(, states transition to higher energy
1P States within the electronic state manifold.>* 2
The average frequencies at which such intraband tran-
sitions occur have been shown to be strongly corre-
lated with the band gap or interband transitions of
quantum dots.>® Broad, long-lived absorptions in the
mid-IR have also been observed on the microsecond
time scale similar to those represented in Figure 4B.33
These absorptions were initially assigned to intraband
transitions but later were reinterpreted in terms of
absorptions due to trapped carriers.>>*® The rationale
was that, on longer time scales, delocalized electrons
(holes) may become localized in charge trap or surface
states as they are given time to fully sample their
energetic landscape. Trap-to-band transitions can be
distinguished from intraband transitions on the basis
of their relative sensitivity to the surface chemistry of
the CQDs. For example, Guyot-Sionnest showed that
spectra of intraband transitions are not strongly sensi-
tive to the chemical treatment of CdSe CQDs in solu-
tion, > although surface ligands do strongly influence
the intraband relaxation dynamics.>> These trapped
electrons (holes) can be excited back into delocalized
states by absorbing photons of energy greater than or
equal to their trapping energy.*®

To establish the origin of the broad absorption
features appearing in Figure 4B that are observed on
longer time scales (500 ns), we investigated correla-
tions between the average frequency of the mid-IR
absorptions and the corresponding band gap absorp-
tions of a series of PbS CQD films treated with various
ligands. We measured the 1S,—1S. band gap transi-
tions of CQD films treated with the ligand series: MPA,
EDT, 1,3-propane dithiol (PrDT), 1,4-butane dithiol (BDT),
1,5-pentane dithiol (PnDT), 1,6-hexane dithiol (HDT),
orthobenzene dithiol (1,2-BzDT), and parabenzene
dithiol (1,4-BzDT). We based the ligand exchange pro-
cedures for the dithiols on those used to fabricate EDT-
treated CQD films.> The IR absorption spectra of the
films demonstrating complete removal of the original
oleic acid ligands are represented in Figure S4.

We measured near-IR absorption spectra of the
ligand-exchanged PbS CQD films to characterize their
band gap (1S,—1S,) transitions. Although the same
batch of oleic-acid-capped PbS CQDs were used as the
starting materials for each film, the near-IR spectra
represented in Figure S5 demonstrate about 0.07 eV
variation in the band gaps of the CQD films. The ob-
served range of band gaps arises from variations of the
interdot coupling®® in the films, variations of ligand—
nanocrystal interactions, and possibly the influence of
ligands on the dielectric properties of the films.***' For
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example, EDT-treated CQD films exhibit lower energy
band gap transitions than do HDT-treated films, con-
sistent with a larger average interparticle separation
obtained from the HDT treatment. The bulkier HDT
ligands reduce the electronic coupling between neigh-
boring quantum dots, giving rise to a greater degree of
quantum confinement and a higher energy band gap
transition in comparison to EDT-treated films.

We measured spectra of the broad electronic transi-
tions in the mid-IR arising from band gap excitation of the
corresponding PbS CQD films treated with the set of
ligands using TRIR spectroscopy. The TRIR spectra repre-
sented in Figure S6 display significant variation in shape
and intensity of the electronic transitions measured in the
set of ligand-exchanged films. In particular, we observe
approximately 0.13 eV variation of the peak of the mid-IR
transition energies among the ligand-treated films. It is
notable that the device relevant ligand treatment
strategies (MPA and EDT) exhibit the lowest TRIR signal
amplitudes and the lowest mid-IR transition energies.

We correlated the band gap transitions of the ligand-
treated CQD films with the corresponding mid-IR elec-
tronic transition energies measured with TRIR spec-
troscopy. We reasoned that if the electronic transitions
observed in the TRIR spectra arise from intraband tran-
sitions, similar to recent reports by Guyot—Sionnest,36
then we should observe clear correlations between the
band gap and mid-IR transition energies. Figure 5
correlates the center of the 1S,—1S. band gap transi-
tions obtained from near-IR spectra of the PbS CQD
films (displayed in Figure S5) with the corresponding
average transition energies measured from the TRIR
spectra. The average transition energies are calculated
from the TRIR spectra in Figure S6 according to

(Ey = / Eg(E)dE/ / g9(E)dE ®3)

where g(E) represents the broad absorption line shape
in the TRIR spectra expressed in terms of the transition
energy, E. We chose to compare the spectra using their
weighted average transition energies because the
approach does not require us to adopt a particular line
shape in order to quantify the center frequencies of the
mid-IR electronic transitions.

The data in Figure 5 indicate that some correlation
may exist between the band gap and the mid-IR
transition energies of the ligand-exchanged films, but
any correlation present is overwhelmed by scatter due
to variation of ligand—nanocrystal interactions asso-
ciated with changes in ligand molecular structure. The
dotted line in the figure reflects the expected correla-
tion with the 1S,—1S, transition energies if the broad
absorption in the TRIR spectra arose from intraband
transitions.>® The dominant influence of ligand molec-
ular structure on the mid-IR electronic absorption fea-
tures indicates that the absorption arises from states
that are more strongly influenced by the chemical
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Figure 5. Comparison of the band gap transition energies
with the corresponding average mid-IR transition energies
of 3.7 nm PbS CQD films treated with various ligands: MPA,
EDT, 1,3-propane dithiol (PrDT), 1,4-butane dithiol (BDT),
1,5-pentane dithiol (PnDT), 1,6-hexane dithiol (HDT), ortho-
benzene dithiol (1,2-BzDT), and parabenzene dithiol (1,4-BzDT).
The average mid-IR transition energies are obtained accord-
ing to eq 3. The data exhibit a trend with variation of the
band gap, but the trend is overwhelmed by scatter due to
variation in ligand—nanocrystal interactions with changes
in molecular structure.

identity of the ligands than by the band gap of the
quantum dots. Although TRIR spectroscopy is not sur-
face-specific and so cannot directly distinguish surface
from bulk states, we believe that the states involved in
the broad electronic transitions primarily reside at CQD
surfaces because purely surface modifications have
such a strong influence on the spectra of the transi-
tions. On the basis of these observations, we assign the
broad electronic transitions in the TRIR spectra to
transitions of electrons (holes) from localized states
(band-tail or trap states) to delocalized core states of
the CQDs.

The observation of ligand vibrational features
superimposed on the broad electronic transitions in
the TRIR spectra (Figure 4B) provides further evidence
in support of the trap to delocalized state transition
assignment. The schematic in Figure 4C depicts picto-
rially the photophysical sequence that gives rise to the
vibrational features for the case of electrons. Photo-
excitation of the band gap of the CQDs creates excitons
(vertical arrow). On the submicrosecond time scale,
electrons (holes) become trapped, changing the charge
distribution experienced by ligands near the localized trap
states (dashed arrow). The mid-IR probe beam probes the
transitions of the localized electrons (holes) back into
delocalized core states (small diagonal arrow).3®

The corresponding changes in charge distribution
at quantum dot surfaces due to charge trapping give
rise to two sets of vibrational features in the TRIR spec-
tra. The vibrational features are most pronounced in
the case of MPA-treated films because carboxylate
groups are strong infrared chromophores and they are
directly connected to the quantum dot surfaces. Sharp
negative-going features around 0.18 eV (1405 and
1520 cm™ ") indicate the vibrational spectra of the
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Figure 6. Schematic diagram illustrating the dependence of
intraband versus trap-to-band transitions on quantum dot
band gap and surface chemistry. The spectra of intraband
transitions vary with the band gap but are relatively in-
sensitive to variation of ligand—nanocrystal interactions. In
contrast, trap-to-band transitions are sensitive to both the
band gap and ligand—nanocrystal interactions. The large
ligand-related scatter in Figure 5 coupled with the pertur-
bation of ligand vibrational modes (Figure 4B) indicates that
the mid-IR absorption results from trap-to-band transitions
rather than intraband transitions.

carboxylate group of MPA before electrons (holes) are
localized in the vicinity of the ligands. These features
have a negative sign because photoexcitation of the
CQDs reduces the concentration of the unperturbed
MPA ligands that are found in the ground state of the
system. Near these vibrational features in the spectra
are small positive-going peaks indicating the spectra of
ligands that are in the vicinity of localized charges.
They are new absorptions resulting from photoexcita-
tion and so have a positive sign in the spectra. It is
useful to point out that, if the broad electronic transi-
tions in the TRIR spectra arose from intraband transi-
tions, it is unlikely that vibrational features would be
observed because there would not be large changes in
charge distribution at the quantum dot surfaces. In-
deed, no discernible vibrational features are observed
in the spectra of intraband transitions of CdSe CQDs in
solution reported by Guyot-Sionnest.>®

It is the combination of the dominant influence of
ligands on the mid-IR transition energies (Figure 5)
with the appearance of vibrational features in the TRIR
spectra (Figure 4B) that lead us to assign the broad
electronic transitions as trap to delocalized state tran-
sitions rather than intraband transitions. We will hence-
forth refer to the mid-IR electronic transitions obser-
ved in the TRIR spectra as trap-to-band transitions.

The energy diagram appearing in Figure 6 sum-
marizes the observations and interpretation detailed
above. Energy diagrams of two CQDs of differing band
gaps are depicted focusing on electrons. Equivalent
diagrams exist for holes. Intraband transitions such as
those reported by Guyot-Sionnest are represented as
E1s.1p in the diagram.®® The energy of these transitions
increases with larger band gaps as has been repor-
ted.3*3% Trap-to-band transitions are also depicted in
the diagram as Erg that involve promotion of electrons
(holes) from localized trap states to delocalized core
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Figure 7. Transient absorption kinetics traces of 3.7 nm PbS
CQD films passivated with MPA and EDT ligands. The
kinetics traces were measured at the peaks of the trap-to-
band electronic transitions measured in the TRIR spectra
and have been normalized to facilitate comparison of their
decay dynamics. Analysis of the kinetics traces according to
eq 4 reveals that MPA-passivated PbS CQD films undergo
charge recombination 3-fold faster in comparison to EDT-
passivated films (see Table 1).

states.>® Weak mixing of localized states with deloca-
lized core states causes the localized state energies to
change little with variation in the quantum confined
band gap. Therefore, trap-to-band transitions exhibit
some correlation with the band gaps of quantum dots
because the energy of the final state in the transition
does depend on the band gap.*® However, ligand—
nanocrystal interactions strongly influence the ener-
gies of localized states residing primarily at surfaces
such that a range of ligand structures results in a signi-
ficant span of surface state energies, represented as
AE,, in Figure 6. Therefore, trap-to-band transitions are
more strongly influenced by the chemical identity of
the ligands than by the band gap of the quantum dots,
unlike intraband transitions.>

We point out that the underlying origin of surface
state energy variation with ligand molecular structure
is a topic of ongoing investigation. One possibility is
that ligand—nanocrystal interactions that depend sen-
sitively on ligand structure influence the polarization of
electronic wave functions of the CQD cores*? giving
rise to variations in trap-to-band transition energies.
This subject will be the topic of a forthcoming publica-
tion. The average transition energies, (E), obtained
from TRIR spectra displayed in Figure 4B for EDT- and
MPA-treated PbS CQD films are tabulated in Table 1.

Variation in Mobility-Lifetime Products. Having estab-
lished that the broad absorption features in the TRIR
spectra in Figure 4B and Figure S6 arise from trap-to-
band transitions, we interpret the time-dependent
decay of these signals as a direct measure of the charge
recombination kinetics. We plot in Figure 7 the time-
dependent amplitudes of trap-to-band transitions in
MPA- and EDT-treated CQD films that were measured
at the maxima of the absorption features. Because the
transient spectra undergo negligible change in shape
within our time resolution (~300 ns), an amplitude
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measurement is sufficient to characterize the transient
population dynamics. The kinetics traces have been
normalized to facilitate comparison of their relative
decay profiles.

To quantify the charge recombination kinetics, we
calculated the average lifetime from kinetics displayed
in Figure 7 according to

) = /w o/ | " Hode @
0 0

where f(t) represents the experimental kinetics decay
trace for a given sample. Average lifetimes, (t), of
93 and 31 us for EDT and MPA are obtained from eq 4
and tabulated in Table 1. It is interesting to note that
the electron mobility comparing EDT- and MPA-trea-
ted films increases more than a factor of 20, while the
recombination lifetime decreases by only a factor of 3.

We note that charge recombination has been ob-
served on the submicrosecond time scale in fully
depleted PbS CQD photodetectors treated with ben-
zene dithiol using time-dependent short-circuit cur-
rent measurements.*> The difference in time scales
obtained from the TRIR and transient short-circuit
current measurements is likely a result of the dissimilar
sensitivity of the measurement techniques to charge
trapping. For example, it is challenging to distinguish
charge trapping from charge recombination in time-
dependent short-circuit current measurements be-
cause both processes lead to a loss of photocurrent.
In contrast, mobile carriers (which likely undergo intra-
band transitions) and trapped carriers still contribute to
the signal in TRIR experiments. Indeed, if charge trap-
ping does occur on the submicrosecond time scale, we
would observe the tail end of this process as a fast spike
convolved with the ~300 ns response function of the
TRIR instrument. The analysis scheme we employ
minimizes potential interference from intraband tran-
sitions by calculating a time constant via integration of
the entire kinetic decay. Using this approach, we find
that charge recombination occurs more quickly in the
higher mobility MPA-treated CQD films as expected
from a diffusion controlled process.**

Comparison of mobility and lifetime data in Table 1
reveals that the mobility-lifetime products of charge
carriers increased by a factor of more than seven
comparing EDT- and MPA-treated PbS CQD films. The
increase in the mobility-lifetime products is counter to
predictions from mean field theories of diffusion-con-
trolled bimolecular charge recombination that predict
an inverse proportionality between the charge recom-
bination lifetime and the carrier mobility.** Such pro-
portionality of mobility and lifetime has been observed
in certain organic photovoltaic materials, for example.*> =%

We suggest that the charge recombination life-
times do not decrease as steeply as the mobilities
increase because of changes in the density of charge
traps in the PbS CQD films. Previous measurements of
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the band-tail density of states below the conduction
band in MPA'®- and EDT>-treated PbS CQD films reveal
that MPA-treated films possess approximately one-
fourth as many charge traps below the conduction
band edge in comparison to EDT-treated films (Table 1).
The variation in band-tail density of states is in good
agreement with the integrated areas of the transient
spectra represented in Figure 4B that arise from the
absorption of trapped charges (that are trapped in
band-tail states). The ratio of electrically measured
band-tail densities is Nepr:Nwmpa = 4:1, and the ratio of
integrated areas of the TRIR spectra is Agpr:Ampa = 3.3:1.
We therefore conclude that the band-tail density of
states is proportional to the density of trapped charges
as determined by TRIR spectroscopy. Thus, although
EDT-treated PbS CQD films have lower electron mobi-
lity, the average separation between trapped charges
is smaller, resulting in proportionately faster recombi-
nation. The lower trap density in MPA-treated PbS CQD
films results in, on average, larger separation between
trapped carriers giving rise to proportionately slower
charge recombination. In total, these observations
lead us to conclude that it is the combination of three
factors, smaller interparticle spacing, lower charge trap
depth, and lower charge trap density, that favorably
influences both the carrier mobility and recombina-
tion lifetime resulting in the 7-fold increase in the
mobility-lifetime product comparing EDT- and MPA-
treated films.

Influence of Mobility-Lifetime Products on Devices. The
fundamental study described above suggests that
MPA-treated CQD films should exhibit markedly better
transport in comparison to EDT-treated films due to
lower band-tail density of states and energetic distri-
bution near the conduction band. We sought to in-
vestigate whether these improvements translate into
the expected enhancement in photovoltaic perfor-
mance. We built devices consisting of a Zr-doped
TiO, electrode on which the quantum dot films were
deposited. The devices were capped using a Au con-
tact. In these devices, a depleted heterojunction is
formed at the {n-type-TiO,}-to-{p-type-quantum-dot-
film} interface, resulting in electron extraction into the
titania and hole extraction via the gold ohmic contact.

To quantitatively compare the impact of improved
transport on device performance, we kept all aspects of
the devices identical including matching the thickness
of the quantum dot layers so that they have the same
optical densities for equal light absorption. The only
property of the devices we varied was the treatment of
the quantum dot film between MPA and EDT. Figure
8A,B depict current—voltage curves measured in
MPA- and EDT-treated devices under simulated AM1.5
solarillumination, respectively. The detailed conditions
under which the photovoltaic performance was mea-
sured are described in Supporting Information. The
most striking improvement in the case of MPA is in the
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Figure 8. Current—voltage characteristics of MPA-treated
(A) and EDT-treated (B) PbS CQD devices with the bias
voltage swept in both the increasing and decreasing direc-
tions (see arrows). The MPA-treated device produces short-
circuit current, Js¢, that is twice as large as that produced by
the EDT-treated device, consistent with improved transport
in the MPA-treated device. The open-circuit voltage, Vo, of
the MPA-treated device is slightly greater than the V¢ of
the EDT-treated device. Plot of the temporal stability of
maximum power conversion efficiency (PCE) point for MPA-
treated (C) and EDT-treated (D) devices. Interestingly, the
MPA-treated device is more stable in comparison to the
EDT-treated device.

short-circuit current density, Jsc, which is twice as large
as the Jsc measured in the EDT-treated device, con-
sistent with improved transport due to higher minority
carrier (electron) mobility and superior reduction of
band-tail states as reported above and in Table 1. The
overall performance of the MPA-treated device (see
Figure 8C,D) was substantially better due to the higher
Jsc and slightly greater open-circuit voltage. Interest-
ingly, the stability of the MPA-treated device power
conversion efficiency in time is superior in comparison
to the EDT-treated device.

CONCLUSIONS AND IMPLICATIONS

Through a combination of electrical and optical
measurements, we have demonstrated that the choice

METHODS

PbS CQDs were synthesized according to published pro-
cedures.*® TiO, substrates were fabricated from zirconium-doped
titania synthesized using a sol—gel technique. The titania sol—gel
was spin-cast onto fluorine-doped tin-oxide-coated substrates and
sintered to remove the organic phase. PbS CQD films were
deposited onto the titania substrates using layer-by-layer assem-
bly. Films passivated by EDT and MPA were prepared under
ambient conditions according to literature procedures.>'° Identi-
cal steps were used to deposit PbS CQD films for both the electrical
and TRIR characterization experiments. For the electrical measure-
ments, contacts consisting of 20 nm of Au followed by 100 nm of
Ag were deposited with an active area of 6.07 mm>.
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of ligand passivation strategy strongly influences the
charge carrier mobility and recombination properties
of PbS CQD films. In particular, a new passivation stra-
tegy based on 3-mercaptopropionic acid (MPA) en-
ables significant enhancement of the mobility-lifetime
products of PbS CQD films leading to increases in both
the diffusion lengths of charge carriers and the power
conversion efficiencies of PbS CQD photovoltaic test
structures. The origin of the enhanced mobility-life-
time products enabled by the MPA passivation strat-
egy is traced to a lower density and energetic distri-
bution of charge traps in MPA-treated PbS CQD films as
determined from time-resolved infrared spectroscopy
and capacitance measurements. The shallower trap
state energy distribution enables higher carrier mobi-
lity for faster charge transport. Simultaneously, the
lower density of charge traps decreases the bimolecu-
lar charge recombination rate in comparison to the
rate expected from the increase in carrier mobility.
Direct comparison of devices with identical architec-
tures and differing only by the ligand treatment strat-
egy reveals that improvements of the mobility-lifetime
products do in fact translate into superior photovoltaic
performance.

An important implication of the present findings is
that judicious selection of novel ligand passivants
and processing conditions is a promising route to
greater charge carrier diffusion lengths in CQD films.
For example, MPA provides greater chemical diver-
sity in comparison to EDT (presenting both thiol and
carboxylate functional groups to PbS surfaces) and is
therefore able to passivate a broader distribution of
surface states. Our findings suggest that the ideal
ligand passivant should be capable of passivating a
diversity of surface states that are found in CQDs
while maintaining close contact between neighbor-
ing dots for fast electrical transport. This combined
electrical and optical investigation demonstrates
conclusively that development of novel ligand pas-
sivation strategies providing longer diffusion lengths
will enable more efficient utilization of the near-IR
region of the solar spectrum in PbS CQD photo-
voltaic devices.

Current—voltage measurements were conducted with Keithley
2400 source meters in N, environment using the ion-gel
field-effect transistor configuration developed by Frisbie.*>°
One source meter acquired the drain—source current, while
a second source meter measured the gate—source current.
Capacitance—voltage measurements were performed on field-
effect transistor test structures in nitrogen atmosphere using an
Agilent LCR meter set to 20 Hz ac signal.

TRIR spectroscopy experiments were performed on a home-
built instrument that has been described elsewhere.®' Briefly, a
nanosecond duration 532 nm excitation pulse was used to
excite the band gap of PbS CQD films. The films were deposited
onto an aluminum-coated mirror, and a reflective optical geo-
metry was utilized for the TRIR experiments, as has been
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described previously.”>** The excitation energy density of
500 uJ/cm? was selected such that approximately one photon
impinged on the sample per quantum dot in the film. The same
excitation density was used for both EDT- and MPA-treated
films, and both films exhibited similar optical absorptions at
532 nm. TRIR spectra were measured using a continuous wave
infrared glowbar light source. The infrared continuum was dis-
persed in a monochromator, and transient absorption kinetics
traces were measured at each wavelength using a mercury
cadmium telluride (MCT) detector tied to a fast digitizer. PbS
CQD films examined in the TRIR experiments were prepared
under identical conditions as were the films prepared for the
electrical measurements.
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