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ABSTRACT The power conversion efficiency of quantum-dot-sensitized solar cells (QDSSCs) hinges on
interfacial charge transfer. Increasing quantum dot (QD) loading on the Ti0, anode has been proposed as a
means to block recombination of electrons in the Ti0, to the hole transport material; however, it is not
known whether a corresponding increase in QD-mediated recombination processes might lead to an overall
higher rate of recombination. In this work, a 3-fold increase in PbS QD loading was achieved by the addition
of an aqueous base to negatively charge the Ti0, surface during Pb cation deposition. Increased QD loading

improved QDSSC device efficiencies through both increased light absorption and an overall reduction in

recombination. Unexpectedly, we also found increased QD size had the detrimental effect of increasing

recombination. Kinetic modeling of the effect of QD size on interfacial charge transfer processes provided

qualitative agreement with the observed variation in recombination lifetimes. These results demonstrate a
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robust method of improving QD loading, identify the specific mechanisms by which increased QD deposition impacts device performance, and provide a

framework for future efforts optimizing the device architecture of QDSSCs.
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ye-sensitized solar cells (DSSCs) have
D a highly modular architecture,' com-

posed of a nanostructured metal
oxide anode, sensitized with a light-absorb-
ing dye, and infiltrated with a hole-transport
material (HTM). The DSSC device structure
has served as the basis for other solar cell
architectures due to the ease of exchanging
any given component, such as the electron-
transporting anode, the absorber, or the HTM.2
Quantum-dot-sensitized solar cells (QDSSCs)
are an attractive variation on DSSCs, in which
the monolayer of dye molecules is replaced
by a single layer of quantum dots (QDs)
as the absorber3™® QDs are semicondu-
ctor nanocrystals with sizes small enough
to fall in the quantum-confined regime, and
have drawn interest as a next-generation
absorber material.” One benefit is that the
QD band gap varies with size, allowing
the absorption onset to be tuned while
employing the same absorber material,
simply by changing the nanocrystal size.
QDs have higher absorption coefficients
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and potentially greater stability than high-
performance dye molecules.”® Due to their
size-dependent band gap, QDs of semicon-
ductor materials with bulk band gaps below
1 eV can have the nanocrystal band gap
tuned by quantum confinement to harvest
the optimal range of photons from the solar
spectrum, whereas it remains difficult to
synthesize dye molecules with low-energy
absorption onsets, since extensive conjuga-
tion is required.” Typically, the nanostructured
metal oxide anode employed in QDSSCs is
TiO,, and promising metal chalcogenide QD
materials for high-efficiency QDSSCs include
Cds,’CdSe,'°CdTe,'" PbS,'* CulnSe,S, '™
In,S5,'® and Sb,S;'® Despite the promising
optical properties of QDs, QDSSCs have
reached record efficiencies of only 8.6%,'”
still lagging behind the efficiencies of 12.3%
in DSSCs."®

QDSSCs are part of an overall trend in
the field toward inorganic-absorber, all-
solid-state devices.>' Replacing the organic
dye molecules with inorganic absorbers in
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DSSC-inspired architectures has led to the develop-
ment of QDSSCs, extremely thin absorber (ETA) solar
cells,*® and, most recently, perovskite solar cells.?'2*
A solid-state device architecture refers to the re-
placement of the traditional liquid electrolyte with
solid-state HTMs, e.g., ionic species such as CuSCN?>
or organic semiconductors such as spiro-OMeTAD
(2,2,7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-
spirobifluorene).2® Employing solid-state HTMs avoids
problems of leakage or corrosion of the absorber that
can occur with liquid electrolytes.>” The use of liquid
electrolytes is a real and significant barrier to commer-
cialization in these devices.?® Photovoltaic technologies
for utility power generation need lifetimes approaching
25 years to compete with the cost of grid electricity;
even for technologies like QDSSCs with potentially
lower materials costs, the balance of system cost is still
high.?®3° As can be seen from the example of disposable
batteries, the issues associated with liquid electrolytes
will limit device lifetimes.’ Moreover, nonutility appli-
cations of QDSSCs, such as portable or flexible solar cells,
typically involve direct use by consumers for which the
safety concerns of liquid electrolytes are a problem. This
is especially true for flexible solar cells, where low-cost
encapsulation techniques will be a challenge.?
However, the incorporation of a solid-state HTM
introduces new challenges; a major issue is reducing
charge recombination at the anode/QD/HTM interface
and improving charge transport to the electrodes.
These effects are especially critical in devices with
solid-state HTMs, which have more severe rates of
recombination relative to liquid electrolytes®’*33* and
lower mobilities>> Due to these issues, solid-state
QDSSCs have reached device efficiencies of only
1.5%,*® and the majority of research in the field is on
QDSSCs with liquid electrolytes. We believe that for
commercialization of QDSSCs the issues in solid-state
devices need to be solved and that one of the first
challenges to tackle is to decrease interfacial recombi-
nation in these devices. A common approach used to
decrease recombination is to modify the QD absorber
orTiO, anode, e.g., through increased QD loading of the
TiO, surface, doping of the QDs to optimize interfacial
band alignment, or deposition of additional materials
such as insulating metal oxide layers at the TiO, surface ?
Increasing QD coverage strikes at the heart of a primary
problem in the QDSSC design: QDSSCs struggle to
achieve high QD loading.>”*° While DSSCs realize nearly
complete dye coverage of the TiO,,*** QD coverage
of 15% of the TiO, surface is high for QDSSCs,** with, for
example, only 6% coverage achieved in the highest-
efficiency ss-QDSSCs.*® Increased QD deposition has
the clear benefit of increased absorption; previous stud-
ies on in situ**® and ex situ** synthesized QDs indicate
thatincreased QD deposition increases external quantum
efficiency (EQE), which the authors attributed to increased
adsorption. Bare regions of the TiO, surface, not covered
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by an absorber, contribute significantly to recombina-
tion due to the close proximity to the HTM.*” Increasing
QD loading could prevent recombination by limiting
exposed TiO, surface. In the DSSC system, increases
in dye coverage have been found to have a positive
effect on electron lifetimes, through the suggested
mechanism of blocking recombination from the TiO,
to the HTM.*® In QDSSCs, such a beneficial effect of
increased absorber coverage cannot be assumed, as
interfacial charge transfer is expected to be significantly
different3 For instance, in some of the highest-
performing dye molecules, after electron transfer the
HOMO orbital of the dye molecule (where the hole is
localized) is shifted away from the TiO, surface, thus
helping to decrease recombination of TiO, electrons
with the dye cation.*® Conversely, QDs introduce multi-
ple new recombination pathways, due to defects and
trap states at the TiO,/QD interface, through which TiO,
electrons can recombine with holes in the QD or in the
HTM. In fact, studies have shown in a few systems that
the rate of QD-mediated recombination is higher than
that of TiO,, electrons directly recombining with the HTM
(i.e,, through bare regions on the TiO, surface).*’~*° Other
studies suggest that while recombination to the HTM
dominates initially, there is a regime change to favor QD-
mediated recombination at higher deposition cycles of
the QD.>" Accordingly, it is not obvious if increasing QD
loading will decrease or increase the loss of photocur-
rent due to recombination.

QDSSCs can be fabricated by the ex situ synthesis of
QDs via colloidal methods or by the in situ growth of
QDs directly on the anode surface. QDs synthesized by
ex situ methods can be infiltrated into the nanoporous
TiO, substrate by simply soaking in a suspension of
colloidal QDs,**** by employing linker molecules to
attach the QDs to the TiO,,**° or by electrophoretic
deposition.>”*® Despite this variety of infiltration tech-
niques, the ex situ method gives lower QD loading than
in situ QD growth, because it relies on the infiltration of
preformed QDs into the nanostructured anode, rather
than the infiltration of the chemical precursors for QD
growth.® In situ QD growth techniques include chemi-
cal bath deposition (CBD),**®° atomic layer deposition
(ALD),®' 3 and, perhaps the most common technique,
successive ion layer and adsorption reaction (SILAR) 365
In one SILAR deposition cycle, the anode is first dipped
in a solution containing the metal cation precursor,
followed by a rinsing step, and then the anion precursor
solution, with a final rinse. Additional SILAR cycles
can introduce two types of deposition: the continued
growth of existing nanocrystals or the nucleation of
new nanocrystals.>*%° A fairly broad distribution of QD
sizes is characteristic of the SILAR process.36646¢

Several approaches have been taken to improve
QD nucleation and growth on the TiO, anode during
SILAR. An intrinsic difficulty with SILAR deposition on
nanoporous substrates is that the precursor ions easily
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reach and deposit on the outer region of the nano-
porous film, but have a more difficult time diffusing
into the interior region of the film. Thus, at higher SILAR
cycles, QDs growing on the outer region of the TiO, film
can actually block the pore channels to the inner regions,
hindering any further QD nucleation on the interior.5”®
This phenomenon is referred to here as pore-blocking.
Strategies to improve the ion transport to and reaction
with the anode surface include potential-induced solu-
tion deposition techniques,® improving the wetting of
precursor solutions on the anode surface,*® and sulfidiz-
ing the anode (for better growth of metal sulfide QDs).”
A recent study by Park and colleagues focused on
Hg-doped PbS QDs and found that adding a base to
the Pb™ cation solution increased QD loading.”" The
authors hypothesize that the lower pH of the cation
precursor solution causes the TiO, surface to be nega-
tively charged, encouraging the adsorption of Pb cations
and leading to the observed increase in QD loading.

In this work we use base-assisted SILAR deposition
to investigate the impact of increased PbS QD loading
on device performance, with particular focus on the
impact of QD coverage of the TiO, surface on inter-
facial recombination. We demonstrate a robust
method of improving initial QD loading through the
use of three different bases, NaOH, ethylenediamine
(ED), and triethanolamine (TEA), and examine the mech-
anism by which the addition of a base to the cation
precursor solution influences QD deposition. The QD-
coated films are used to fabricate solid-state QDSSCs
with spiro-OMeTAD as the HTM, since in solid-state
devices decreasing interfacial recombination is of even
greater importance than in devices with liquid electro-
lytes. Increased QD coverage is shown to increase
recombination lifetimes by over an order of magnitude,
revealing the beneficial impact of higher QD loading.
The effects of increased QD deposition are complicated
by the variation in both the number of QDs and the QD
size with increased SILAR cycles; increased QD size is
found to decrease recombination lifetimes. The effect
of changing QD size, i.e., QD band gap, is modeled
based on the expected change in rate constants with
shifts in the QD band energy levels, providing a poten-
tial explanation for the observed trend in recombina-
tion lifetimes. While previous studies have reported
recombination in CdSe®"”2 and PbS”® QDSSCs as a func-
tion of SILAR cycle, this is the first work to combine
recombination measurements with a technique to signifi-
cantly enhance QD loading without further deposition
cycles. This has provided the new insight that two oppos-
ing effects are at play with QD deposition in this system:
higher QD loading reduces recombination, while increased
QD size can actually increase interfacial recombination.

RESULTS AND DISCUSSION

QD Characterization. We first characterized the lead(ll)
sulfide QD growth as a result of adding different bases
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Figure 1. UV—vis spectroscopy of nanoporous TiO, films
sensitized by PbS QDs. Shown are (a) blank TiO, films and
2 SILAR cycles of QDs grown by the standard process (solid
line) and in the presence of NaOH, ED, and TEA (dashed
lines). Also shown (b) is the trend with 2, 4, 6, and 8 SILAR
cycles comparing the standard process and TEA-assisted QD
growth, with the corresponding Tauc analysis curves shown
in the inset.

to the cation solution during SILAR; NaOH, ED, and TEA
were explored. In each case, the concentration of the
base in the aqueous Pb(NO3), solution was adjusted to
reach a pH of 9 (for TEA the pH was 9.2). Figure 1a plots
the UV—vis absorption measurements of QD-coated
nanoporous TiO, films in which 2 SILAR cycles of QDs
are grown with the addition of NaOH, ED, TEA, or by the
standard process. In terms of the absorption response,
all three bases were found to increase PbS deposition
to a similar extent.

Figure 1b tracks the progression in the UV—vis
spectra with increasing SILAR cycles, comparing the
standard process to the case of TEA. The analogous
UV—uvis spectra for NaOH and ED with increasing SILAR
cycles are shown in Supporting Information Figure S1
and match that of TEA at a given cycle. In all cases,
increasing the number of SILAR cycles leads to absorp-
tion onsets at longer wavelengths. This demonstrates
the quantum effect that increasing the QD size decreases
the band gap, until bulk conditions are approached,
although we note that higher QD loading causing
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stronger absorption or aggregation of the QDs can also
contribute to the apparent shift in absorption onset. PbS
is a desirable QD absorber material, as it has a large Bohr
exciton radius (18 nm) and confinement occurs up to
a relatively large QD radius, permitting greater control
over the band gap for a given change in radius. The bulk
band gap of PbS is 0.37 eV, and confinement increases
the band gap through the optimal point of interest
for capturing the solar spectrum (~1.1 eV). The UV—vis
results show at each SILAR cycle anincreased absorption
for QDs grown with TEA compared to those grown
without. To isolate the effect of QD size, the inset in
Figure 1b plots the Tauc analysis of the UV—vis spectra,
from which the QD band gap was determined for each
condition (Supporting Information Table S1). We note
that the Tauc analysis of these substrates is susceptible
to interpretation as to where the tangent line is drawn
due to the extended curvature of the absorption onset,
which is caused both by the distribution in QD size (and
thus band gap) in a given substrate and by sub-band-
gap absorption from defect states in the QDs. Therefore,
the band gaps extracted from the Tauc analysis should
be taken as nominal values indicative of trends rather
than absolute values. The QD diameters expected for
these band gaps, as calculated through band gap/size
calibration curves for PbS QDs found in the literature,
can be found in the Supporting Information (Table 51).74
Higher band gaps are observed with TEA, indicating that
the increased absorption at a given SILAR cycle is due at
least in part to a shift toward an earlier absorption onset
from larger QDs. A greater number of QDs may also
be present, but this cannot be determined conclusively
from the UV—vis results.

To directly observe the impact of high-pH cation
solution on QD nucleation and growth, samples from
QD-sensitized nanoporous TiO, films were examined
by TEM. Representative TEM images are shown in
Figure 2, with the extracted QD size and coverage
summarized in Figure 3. The PbS QDs are shown by

HRTEM (Supporting Information Figure S2) to be in the
rocksalt crystal structure, and that near-stoichiometric
PbS is indeed deposited is further confirmed by Auger
electron spectroscopy analysis presented below. A
rough calculation of absorbance as predicted from
the TEM loading, using literature extinction coefficient
values for PbS, matches the absorbance measured in
the UV—vis data (see Supporting Information). At 2
SILAR cycles, increased QD loading and larger QDs were
observed for NaOH, ED, and TEA, as compared to the
standard process. TEM images were analyzed to deter-
mine the portion of the TiO, surface area covered by
QDs, as well as the average QD diameter for each condi-
tion, shown in Figure 1. There is a fair match between the
QD size extracted from the Tauc analysis of the UV—vis
spectra and the average QD size observed in TEM
(Table S1), although we note that TEM measurements of
QD size are more reliable than band gaps extracted from
UV—vis spectra due to the intrinsic difficulties of Tauc
analysis of nanocrystals, discussed above. However, it is
encouraging that the bulk measurement technique of
UV—vis spectroscopy and the inherently local sampling
technique of TEM are in agreement here.

Tracking the continued deposition in the case of
TEA, higher QD loading is still apparent at 4, 6, and 8
SILAR cycles, although the effect diminishes with in-
creasing SILAR cycles and is close to the range of error
by 6 cycles. The diminished gains in coverage with TEA
at higher SILAR cycles seem to indicate a self-saturating
process, in which QD deposition has an upper limit
that is approached by the TEA-assisted growth sooner
than by the standard process. The self-saturation in QD
growth could be due to pore-blocking, as discussed
above, or due to epitaxial growth of the QDs, where
the nanocrystal size limit is ultimately determined by any
lattice mismatch between the TiO, substrate and the
QD.”® Another possible explanation for the saturation of
QD growth is that once some QDs are nucleated in the
first cycle or two, additional Pb*>" and S~ adsorption

Figure 2. Representative TEM images of PbS QDs grown on TiO, nanocrystals, at the same magnification. Shown are 2 SILAR
cycles comparing (a) the standard process with that with (b) NaOH, (c) ED, and (d) TEA. Also shown are higher SILAR cycles by
(e, g, and i) the standard process and (f, h, and j) that with TEA.
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occurs on the already nucleated QDs, which may be the
case if PbS strongly prefers to grow on itself over TiO..
Overall, the largest gains in QD coverage of the TiO,
surface with base-assisted growth were seen initially at
2 SILAR cycles, and each of the three bases investigated
produced similar gains in the number and size of QDs.
Figure 4 shows Auger electron spectroscopy (AES)
line scans of the cross-section of TiO, films infiltrated
with PbS QDs grown by the standard SILAR process as
compared to that with TEA-assisted growth; the raw
intensity data are included in the Supporting Informa-
tion Figure S3. The AES line scans confirm the TEM and
UV—vis results that base-assisted QD growth gives
a higher QD loading, with roughly twice as much Pb
and S as in the standard process. In both cases, higher
amounts of Pb can be observed near the TiO, film
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Figure 3. PbS QD size and loading calculated from TEM
images, showing the average QD diameter and percent of
the TiO, surface area covered by QDs. QDs were deposited
for varying SILAR cycles by the standard process and with
NaOH-, ED-, and TEA-assisted growth. At each SILAR
cycle the points are staggered for visibility. Six TEM images
were analyzed for each sample, corresponding to roughly
0.03 um? of TiO, surface area and 300 QDs; error bars show
the standard deviation.
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Figure 4. Auger electron spectroscopy line scan of sample
in cross-section for nanoporous TiO, films on FTO, sensi-
tized with 6 SILAR cycles of PbS QDs grown (a) by the
standard process and (b) with TEA. Shown are the atomic
concentrations; the raw intensities are included in Support-
ing Information Figure S3.
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surface, indicating QD growth is indeed faster at the
top of the film.

The mechanism by which the addition of a base
increases the nucleation and growth of QDs on TiO,
is not obvious. Park and coworkers propose that TEA
could increase Pb*" adsorption by negatively charging
the TiO, surface.”! The 0.02 M Pb(NOs), aqueous
solutions have a pH of 4.3, while the pristine point of
zero charge of anatase TiO, in aqueous solutions
occurs at a pH of ~6.”® Therefore, adjusting the cation
solution to a pH of 9 should change the TiO, surface
charge from positive to negative. In addition to affect-
ing the TiO, surface charge, TEA is a chelating agent
that can complex with the Pb>" ions in the aqueous
Pb(NOs), solution. Thus, TEA can lower the concentra-
tion of free Pb?" in solution (although this would be
expected to decrease, not increase, PbS deposition).
Further, TEA can be chemisorbed or physisorbed on the
surface of TiO,, which could affect the transfer of Pb**
from the bulk solution to Helmholtz layers immediately
above the TiO, surface. Employing NaOH and ED bases
allows us to separate out these effects. NaOH will not act
as a chelating agent to complex with Pb?" nor adsorb to
the TiO, surface, so it is expected to purely affect the
TiO, surface charge. Like TEA, ED can adsorb on the TiO,
surface, but ED is only a bidentate chelating agent, while
TEA is a tridentate chelating agent. From the UV—vis
results (Figure 1 and Figure S1) and TEM results (Figure 2
and Figure 3), it can be seen that the use of NaOH or ED
to adjust the Pb(NOs), solution to a pH of 9 leads to
similar gains of QD nucleation and growth to those
achieved with TEA. The common factor between these
three bases is the shift in the solution pH; therefore we
conclude that the increased PbS deposition is due to
electrostatic effects rather than side chemical reactions.
In addition, we have demonstrated a robust method to
achieving increased QD loading through the use of
different bases. This method is applicable to the deposi-
tion of other QD absorbers, such as Sb,S3 and In,Ss, in
which, depending on the particular cation salt used, the
cation solutions have pH < 6.4

Device Performance. Figure 5 plots the photovoltaic
performance (J—V curves) of champion solid-state
QDSSCs fabricated with PbS QDs deposited under
varying conditions; the average performance metrics
for each condition are shown in Figure 6 and listed
in Supporting Information Table S2. At 2 SILAR cycles
(Figure 5a), there are dramatic gains in power conver-
sion efficiency (PCE) for the case of NaOH, ED, and TEA,
through gains in both short-circuit current (Js¢) and
open-circuit voltage (Vo). For ease of viewing, the J—V
curves for higher SILAR cycles with TEA are shown in
Figure 5b—d as a representative case, with the same data
for NaOH and ED in Supporting Information Figure S4.
Comparing NaOH, ED, and TEA to the standard deposi-
tion process at 2 SILAR cycles, the 3 to 3.5-fold gain in
Jsc's observed with base-assisted growth is on the same
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performing devices at each QD deposition condition.
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Figure 6. Average device parameters—power conversion
efficiency (PCE), short-circuit current (Js¢), open-circuit voltage
(Voo), and fill factor (FF)—for varying QD SILAR deposition
cycles, by the standard process (control), as well as NaOH, ED,
and TEA-assisted growth. At each SILAR cycle, the points are
staggered for visibility. Device parameters were averaged
from 10 devices (the two best cells from five different
substrates), and error bars represent standard deviations.
Corresponding values are listed in Table S2.

order as the 2.6—2.8-fold gains in QD coverage of TiO,
(Figure 3), suggesting that the increased light absorption
from higher QD loading could be a significant contribu-
tor to the increased current collected. Although in-
creased absorption does not ensure the charges are
collected, our recombination studies (see below) sug-
gest charge collection improves as well. While the device
efficiency for the standard process peaks at 6 SILAR
cycles, the highest efficiency for NaOH and TEA were
observed at 2 cycles and for ED at 4 cycles (though
2-cycle ED had efficiencies close to 4-cycle ED). At a given
deposition cycle, devices with base-assisted growth had
dark current curves shifted outward to higher voltages
and higher Vo values than the standard devices. Out-
ward-shifted dark curves and higher Voc values are
consistent with decreased recombination. The efficiency
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Figure 7. External quantum efficiency (EQE) spectra mea-
sured at short circuit of the highest-efficiency devices with
increasing SILAR cycles of PbS QDs compared for the stan-
dard process (solid lines) and that with TEA (dashed lines).

for our best device, 2-cycle TEA, is 0.65%, while the
record device efficiency for solid-state QDSSCs is 1.5%.3

To better understand the impact of variations in QD
deposition on device performance, we measured the
devices' EQE. EQE measurements can shed light on the
contribution of different-sized QDs to the Jsc in a given
device. Figure 7 plots the EQE spectra for increasing
SILAR cycles of the standard devices compared to TEA.
The EQE data match the trend in Js¢, although integra-
tion of the EQE spectra gives expected Jsc values that
are roughly 20% lower than the Jsc values from the J—V
curves (see Supporting Information Table S3, Figure S5,
and discussion). The main observation from the EQE
data is that, although there are some differences due
to the broadening of the QD size distribution, the
improvements in the Jsc with TEA appear to be domi-
nated by the increase in the number of QDs at a given
size. For instance, at 2 SILAR cycles, the EQE spectra for
the TEA device have a similar distribution over wave-
length to that of the standard device, just with higher
values, indicating that QDs of a similar size range
are contributing in each case, with a greater number
of QDs present with TEA.

It might be expected that larger QDs would shift
the EQE spectra toward longer wavelengths. However,
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even comparing the 8-cycle and 2-cycle standard de-
vices, there is only a slight skewing of the EQE spectra
toward longer wavelengths for 8 cycles. Most strikingly,
the EQE spectra remain quite narrow at higher SILAR
cycles despite the shift in QD absorption onset to longer
wavelengths observed in the UV—vis spectra. Thus,
while there is strong absorption from QDs with band
gaps of <2 eV (absorption onsets 2600 nm), for instance
in the 8-cycle standard device as seen in Figure 1, these
QDs are not contributing to charge collection. It could be
that at less than 2 eV the PbS QD band gap is not large
enough to properly align the QD conduction band with
that of TiO, for transfer of the excited electron and the
QD valence band with the spiro-OMeTAD HOMO level
for hole transfer, or it could be that there is not enough
of an energetic overpotential for efficient electron in-
jection into the TiO,”® or hole transfer to the spiro-
OMeTAD.”” This result is similar to a previous report in a
TiO,/PbS QD/spiro-OMeTAD device that band gaps
greater than 1.55 eV were required for effective charge
splitting.3® Therefore, increased device efficiency hinges
on increased initial QD nucleation, such that many small
QDs can be introduced with the correct band gap level.
Interfacial Recombination. We are interested in deter-
mining the effect of increased QD coverage of the
TiO, surface on recombination at the TiO,/HTM inter-
face. Transient photovoltage measurements allow us to
measure the recombination lifetimes of electrons leaving
the TiO, at the interface; longer electron recombination
lifetimes (z,,) correspond to decreased rates of recombina-
tion. Figure 8 plots the recombination lifetimes measured
for the same set of devices in Figure 5. Recombination
lifetimes are plotted against Vo, the open-circuit voltage
values at which they were measured. Representative raw
transient photovoltage decay curves are shown in the
Supporting Information Figure S6. We confirmed that
there is no shift in the TiO, conduction band level between
different devices by measuring the transient photocurrent
decay for the same light pulse flux densities as the tran-
sient photovoltage decay set points. By integrating the
photocurrent decay, the charge density shift correspond-
ing to the voltage shift in the transient photovoltage
measurements can be found. For the set of devices in this
study, the charge density versus voltage plots were iden-
tical. Therefore, TiO, conduction band shifts can be ruled
out as a cause of the change in recombination lifetimes.
In Figure 8a, the recombination lifetimes at 2 SILAR
cycles for the standard process are compared to QDs
grown with NaOH, ED, and TEA. We observe an order of
magnitude change toward longer recombination life-
times with each of the bases, as compared to the
standard process. When considering the physical dif-
ferences in the QDs between these samples, this data
set highlights the large change in surface coverage
at 2 SILAR cycles, with 2.5% QD coverage of the TiO,
surface for 2 SILAR cycles by the standard deposition
and coverages of 7.0%, 6.5%, and 6.8% achieved with
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Figure 8. Recombination lifetimes comparing (a) 2 SILAR
cycles of QDs grown by the standard process and in the
presence of NaOH, ED, and TEA. (b) Recombination lifetimes
of 2,4, 6, and 8 SILAR cycles comparing the standard process
and TEA-assisted QD growth. To guide the eye, the purple
band highlights the standard process (control), and the light
blue band highlights the TEA data points.

NaOH, ED, and TEA, respectively. We note that effects
of increased coverage are convoluted with any effects
due to the shifting QD band gap, as the base-assisted
growth also gives larger QDs (from 1.6 nm diameter
QDs by the standard process to 2.1, 2.2, and 2.0 nm with
NaOH, ED, and TEA, respectively). However, we observe
in Figure 8b that increasing QD size is correlated with
shorter recombination lifetimes (see discussion below).
Accordingly, we attribute the longer recombination
lifetimes with base-assisted QD growth in Figure 8a
to the increased QD loading. At higher QD loading, the
overall effect is longer lifetimes, demonstrating that
the beneficial effects of the QD, such as blocking TiO,-
to-HTM recombination, outweigh any harmful effects,
such as participation in QD-mediated recombination
processes. We note that studies reporting higher rates
of QD-mediated recombination than TiO,-to-HTM re-
combination (which suggests that more QDs would
have an overall harmful effect) were conducted with liquid
electrolytes.*”°%>" Together, the longer recombination
lifetimes, outward shift in the dark current J—V curves,
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and higher V¢'s all indicate decreased recombination
in the devices with base-assisted QD growth, particularly
at 2 SILAR cycles. Our results highlight that in QDSSCs
with solid-state HTMs, which have faster rates of TiO,-
to-HTM recombination than liquid electrolytes,>’333*
increasing the QD loading leads to overall benefits in
decreased recombination.

It is difficult to separate the impact of increased
coverage of the TiO, surface from that of increased
QD size, because changing deposition parameters
normally affects both. In this work, we are able to
substantially change QD surface coverage with base-
assisted QD growth and compare those results to the
standard SILAR growth process. However, due to
the slight differences in QD size between base-assisted
growth and standard growth (Figure 3), there were
only a few data points that had identical QD sizes but
different surface coverages. However, holding surface
coverage constant, we were able to see the effects
of varied QD size by comparing samples grown with
TEA at 4, 6, and 8 SILAR cycles, where QD diameter
increases substantially (from 2.6 to 3.2 nm) but surface
coverage remains roughly constant (10.5 to 11.1%).
From Figure 8b, it can be seen that moving from 4 to 6
to 8 SILAR cycles with TEA leads to shorter recombina-
tion lifetimes. From this, we conclude that increasing
QD size increases the rate of recombination. Never-
theless, for each number of SILAR cycles studied, the
use of TEA consistently helps increase recombination
lifetimes and, as discussed above, we attribute this
effect to blocking of TiO,-to-HTM recombination by
the QD layer.

A possible mechanism by which increasing QD size
could decrease recombination lifetimes is that the rise
of the QD valence band that occurs as the band gap
shrinks could hinder hole transfer from the oxidized
QD to the spiro-OMeTAD. Hindering this hole transfer,
which regenerates the QDs to a neutral charge state,
would leave more QDs in the oxidized state and
increase the rate of recombination (which is dependent
on the recombination rate constant and the concentra-
tion of oxidized QDs) from the TiO, conduction band to
oxidized QDs. The rate of hole transfer for QD regenera-
tion has recently been shown to have a significant
impact on device performance. Regeneration rates have
been measured at microsecond time scales,® while the
initial electron injection in QDSSCs with in situ grown
QDs occurs on the picosecond time scale or faster,>”% ¢
although we note that there are recent reports of
QDSSCs with ex situ grown QDs in which electron
injection has been reported on the nanosecond time
scale.®’ Due to the sensitivity of device performance
to the QD regeneration step, we suggest slow hole
transfer for QD regeneration as a likely mechanism by
which decreasing the QD band gap increases the rate
of recombination. This proposed mechanism is further
supported by previous literature experiments showing
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a decrease in the yield of hole transfer from PbS QDs
to spiro-OMeTAD for PbS QDs larger than 2.5 nm;
the authors also observe a faster decay of the spiro-
OMeTAD cation with increasing QD size, leading them
to conclude that the hole can be back-transferred from
the spiro-OMeTAD cation to the QD if the QD valence
band shifts to high enough energy levels >

Our observed result of shorter recombination life-
times with increased SILAR cycles runs contrary to
previous reports on recombination in CdSe®>’? and
PbS”® QDSSCs. In the report on PbS QDs on SnO,
substrates, Canovas and colleagues found that re-
combination lifetimes increased from 2.6 to 8.1 ns from
1 to 3 SILAR cycles,”® using optical pump—terahertz
probe spectroscopy that focuses on the short-range
recombination processes, which the authors attribute to
recombination to oxidized QDs. Our results are not directly
comparable, as we are measuring small-perturbation
recombination processes with resolution limited to
the microsecond time scale; recombination lifetimes
at the TiO,/spiro-OMeTAD interface determined by
transient photovoltage measurements are typically
100 to 1000 us.2? In addition, we studied a larger size
range of the PbS QDs, from 2 to 8 SILAR cycles, and on
the standard TiO, substrate. For CdSe QDs, Bisquert and
colleagues have found that recombination lifetimes are
longer with increasing SILAR cycles, which the authors
attribute to the QDs blocking recombination from the
TiO, to the HTM. They further report that recombination
lifetimes do not significantly change with increasing
SILAR cycles of CdS QDs.”' The difference in our results
could be due to our use of PbS QDs; increasing QD size
approaches the PbS bulk band gap of 0.37 eV, whereas
CdSe has a bulk band gap of 1.7 eV. Accordingly, the
valence band edge of PbS QDs can rise quite signifi-
cantly, compared to CdSe or CdS QDs, making hole
transfer from the QD to the HTM more difficult in the
case of PbS QDs, in keeping with the mechanism
proposed above. A range of QD materials with varying
bulk band gaps would need to be studied in future work
to determine if this accounts for the difference.

Our result of shorter recombination lifetimes with
higher SILAR cycles was unexpected; accordingly, we
have further investigated this effect with a model,
to see if the proposed mechanism could produce the
observed trend in recombination lifetimes. We mod-
eled the dependence of the recombination lifetime on
the QD valence band level. The measured recombina-
tion lifetime, 7,, has components due to two main
sources of recombination at the interface: electrons in
the TiO, conduction band recombining with the oxi-
dized QD giving a lifetime 7,; or with holes in the spiro-
OMeTAD giving a lifetime 7,, (eq 1). This model is based
on the treatment put forth by O'Regan, Miettunen,
Grétzel, and colleagues in their review on optoelectronic
measurements in DSSCs.%2 The transient photovoltage
measurements above track only the recombination of
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photoelectrons already injected into the TiO, that are
now leaving the TiO, via recombination. As such, the
ultimate recombination destinations of the TiO, electrons
in QDSSCs are the same as DSSCs: the electron will re-
combine with a hole in the absorber (the QD) or a hole in
the HTM. However, the approach put forth by O'Regan
et al. for DSSCs is further complicated when applied to
QDSSCs, due to the presence of defects at the TiO,/QD
interface, which can act as trap states, delaying or
facilitating electrons leaving the TiO, to ultimately reach
the QD or the HTM. Therefore, for simplicity of approach,
we assume that the additional complications of trap
states can be incorporated into the recombination time
constants for recombination to the QD or the HTM.

—=— 4 — (1)

1
- = kr1 Q+ ()

For this model, we focus on 7,4, which will have the
strongest dependence on QD size. 7, is a function of the
corresponding rate constant, k,;, and the concentration
of oxidized quantum dots, Q, as seen in eq 2. Q" will
depend on the rate constant of the regeneration step,
kieg. Hole transfer for regeneration is treated as having
an Arrhenius dependence with an activation energy,
Evs — u, associated with the transition-state energy
level u that the hole has to overcome when moving
from the valence band level of the QD, Eyg, to the spiro-
OMeTAD HOMO level, as shown in eq 3. Here, kg is the
Boltzmann constant, T is the temperature, and A is the
frequency factor.

Kieg = Ae—(Eve— )/ (keT) 3)

Equation 3 explains the decrease in recombination with
increasing QD size (raising Eyp levels) if we assume that
the transition-state energy level u is constant, so that
an increase in Eyg translates to decreased kg and
decreased amount of oxidized QDs, Q*, to recombine
with. As we do not know the absolute values of
the frequency factor or the activation energy, we can
determine only shifts in recombination lifetimes relative
to a known change in recombination parameters,
in order to cancel out both A and u. The change in
recombination lifetime of the case of interest, 7, relative
to the base case, 75, is normalized by the change in the
recombination lifetime from another known point, T
relative to the base case, as shown in eq 4. This normal-
ization allows 7,, to be simplified to depend on relative
shifts in E£yg and known parameters of kg, the Boltzmann
constant, and T, the temperature.

Tn E _ e (Evs— EYs)/(keT) _ 1 @
T 1 7 o Gd B/l _q
(7S
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Figure 9. Predicted dependence of recombination lifetimes
from the valence band model, eq 4. Experimental recombina-
tion lifetimes at Voc of 0.37 V are plotted against the cal-
culated QD valence band level. Included samples are for 4, 6,
and 8 SILAR deposition cycles with base-assisted growth
(NaOH, ED, and TEA). These samples had similar QD cov-
erages of the TiO, surface (coverage ~10%), but varied in QD
size, and thus valence band position.

The full derivation is included in the Supporting
Information and assumes that z,, in eq 1 is unchanging.
Figure 9 plots the experimental recombination life-
times versus Eyg for the NaOH, ED, and TEA devices with
4, 6, or 8 SILAR deposition cycles, which were found to
have approximately the same QD coverage (~10.5%).
The Eyg values (listed in Supporting Information
Table S2) were determined from reports of PbS QD
band positions at a given size,%* using the average QD
diameters measured from TEM. As these devices all had
the same coverage, we are interested to see if, assuming
the shifts in recombination lifetime are due only to
changes in the QD Eyg level, the proposed model
can predict the relative shifts in lifetime values. Accord-
ingly, the shortest lifetime value (8-cycle TEA) was chosen
as 7, and the longest lifetime value (4-cycle TEA) was
chosen as 75. With the high and low points of the model
thus pinned, we look at whether the intermediate values
follow the dependency predicted by the model. It can be
seen that this model well describes the dependence of
recombination lifetime on Eyg, leading to the conclusion
that the increased rates of recombination observed with
increased QD size could indeed be due to the upward
shift of the QD VB that slows regeneration of the QD by
hole transfer to spiro-OMeTAD.

One question remains: whether the longer recom-
bination lifetimes could be caused in the case of ED and
TEA by the adsorption of these bases onto the TiO,
surface. ED or TEA molecules attached to the TiO, surface
could act to passivate dangling bonds on the TiO,,
reducing trapping of electrons at TiO, surface states; in
addition, the presence of ED or TEA on the TiO, surface
could inhibit electrons leaving the TiO, to recombine
with spiro-OMeTAD. To determine whether adsorp-
tion of the base onto the TiO, surface was helping
to lengthen recombination lifetimes, substrates were
prepared with QDs grown by the standard deposition
process and then dipped in 1 M TEA aqueous solu-
tion after QD growth was complete (referred to as a
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Figure 10. Recombination lifetimes of QDs grown for 6
SILAR cycles by the standard process (6 cycle) and by TEA-
assisted QD growth (6-cycle TEA), as compared to QDs
grown by the standard process with a post-QD-growth
TEA treatment (6-cycle postgrowth TEA).

postgrowth TEA treatment). Data are presented at 6
SILAR cycles, as this gives the optimal device efficiency
for the standard deposition process, and if TEA adsorbed
on the TiO, surface is acting to reduce recombination,
a postgrowth TEA treatment should further improve the
performance of the standard process. Figure 10 com-
pares the recombination lifetimes of the standard pro-
cess, TEA-assisted QD growth, and postgrowth TEA
treatment. The corresponding J—V curves and EQE
spectra can be found in Supporting Information Figure
S7. It can be seen that performance of the postgrowth
TEA treatment is almost identical to that of the standard
process, in the J—V, EQE, and recombination lifetime
performance. Yet, devices with TEA-assisted QD growth
had longer recombination lifetimes. This shows that the
longer recombination lifetimes observed with TEA-as-
sisted QD growth are a result of changes in the QD
deposition due to TEA, rather than changes due to the
presence of TEA on the TiO, surface. This conclusion is
further supported by the fact that the longer recombi-
nation lifetimes observed with ED and TEA in Figure 8a
were also observed with NaOH-assisted QD growth.
While the presence of NaOH during QD growth led to
quantitatively similar increases in QD deposition com-
pared to ED and TEA, NaOH does not introduce ligands
into the system that can bind to the TiO, surface.

CONCLUSIONS

The loading of PbS QDs on nanoporous TiO, sub-
strates is significantly enhanced by controlling the
pH of the cation solution during SILAR deposition.
A roughly 3-fold increase in QD loading at 2 SILAR

METHODS

Ti0, Film Deposition. Solid-state QDSSCs were fabricating ac-
cording to a previous procedure & For the transparent electrode,

ROELOFS ET AL.

cycles is achieved by growing QDs at pH 9 when using
three different bases—NaOH, ED, or TEA—indicating
that the changes in QD deposition are due primarily to
the change in pH, rather than side chemical reactions
involving the ligands ED or TEA. The higher QD loading
leads to increased device efficiency of solid-state
QDSSCs, doubling the efficiency from an average of
0.32% by the standard process to an average of 0.64%
with base-assisted QD growth. We found that higher
QD loadings lead to recombination lifetimes that are
longer by over an order of magnitude. The possibility of
surface-adsorbed base molecules impacting recombi-
nation was ruled out, leading us to conclude that
the improved recombination lifetimes with each base
are due to the higher QD coverage of the TiO, surface
effectively blocking TiO, electrons from recombining
with the HTM. The net result of higher QD loading is
increased light absorption and decreased interfacial
recombination, both of which can contribute to higher
efficiencies. The QDs also grow in size with increased
deposition, which, for cases where QD coverage was
constant, was found to give higher interfacial recombina-
tion. Our proposed mechanism for the increased recom-
bination with QD size is that the upward shift in the QD
valence band in larger QDs inhibits hole transfer from the
oxidized QD to the HTM, thus boosting the concentration
of oxidized QDs and increasing the recombination of TiO,
electrons to oxidized QDs. A kinetic model of the effects
of QD size is proposed and provides a good explanation
of the dependence of recombination lifetimes on size,
though further work on a variety of QD materials is
needed to fully substantiate this model.

Despite this indication that QD-mediated recombi-
nation processes (e.g., electrons from TiO, to oxidized
QDs) can be significant, the net effect of increased QD
loading is decreased interfacial recombination, due
to reduced TiO,—HTM contact, and thus higher charge
collection efficiencies. To the authors' knowledge,
this constitutes the first report separating the impact
on recombination rates of QD loading and QD size in
QDSSCs, two variables that usually increase simulta-
neously during QD deposition. These results identify
the mechanisms by which increased QD deposition
impacts device performance and clarify that the de-
cline in device efficiencies at higher QD deposition
is due to changes in QD size rather than an increase in
the number of QDs present. If QD size can be carefully
controlled while pushing to near-complete coverage of
the TiO, surface, we believe QDSSC device efficiencies
can be increased into a new regime and may emerge as
a competitive thin film photovoltaic technology.

glass substrates coated with fluorine-doped tin oxide (15 Q/00,
Pilkington) were patterned by etching with 4 M HCl and Zn
powder. Substrates were then coated with a thin (~50 nm)
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compact layer of TiO, by aerosol spray pyrolysis at 450 °C
using air as a carrier gas, with titanium diisopropoxide bis-
(acetylacetonate) (Sigma 325252) diluted in ethanol as the
precursor. The nanoporous TiO, layer was then deposited by
doctor-blading a commercial paste of 20 nm diameter anatase
TiO, particles in ethyl cellulose and terpineol (Dyesol 18-NRT),
which was diluted with additional terpineol at a 1:1 weight ratio
of the commercial paste to terpineol. The films were annealed at
450 °C, resulting in a film thickness of ~2.2 um as measured by a
Dektak profilometer. The nanoporous TiO, films were immersed
overnight in a 0.02 M aqueous TiCl, solution at room tempera-
ture and then annealed again at 450 °C, to complete the TiCl,
treatment that is standard in DSSC devices.

QD Growth. Lead sulfide quantum dots were grown by SILAR
employing 0.02 M aqueous Pb(NOs), (Sigma-Aldrich 11520) as
the cation solution (pH 4.3) and 0.02 M aqueous Na,S (Sigma-
Aldrich 407410) as the anion solution (pH 12.3). Nanoporous
TiO, films were dipped in the cation solution for 2 min, rinsed in
DI water for 1 min, then dipped in the anion solution for 2 min,
followed by a final dip in DI water for 1 min. For the base-
assisted QD growth, NaOH, ethylenediamine (Sigma-Aldrich
03550), and triethanolamine (Sigma 90279) were added to
separate solutions of the 0.02 M aqueous Pb(NOs),. For NaOH
and ED, each was added dropwise to the Pb(NOs3), solution to
avoid precipitation of PbO, until a pH of 9 was reached. In the
case of TEA, a final concentration of 1 M TEA was aimed for,
giving a slightly higher pH of 9.2. Care was taken to maintain
these pH values (as measured by pH meter) throughout
sequential SILAR deposition cycles, through the addition of
further base if necessary.

QD Characterization. A Cary 6000i UV—visible spectrophot-
ometer (Varian) was used to characterize the optical properties
of the nanoporous TiO, film sensitized with PbS QDs. For this
study, the nanoporous TiO, film was deposited on glass micro-
scope slides. The QDs were also analyzed by transmission
electron microscopy (TEM; 200 kV FEI Tecnai G2 F20 X-TWIN).
To prepare the TEM samples, material was scraped from QD-
covered nanoporous TiO, films with an acetone solvent and
dispersed on an ultrathin carbon coating on a holey carbon film
supported by a 300 mesh copper grid (Ted Pella Inc., #01824).
To calculate the average QD size and QD surface coverage of
the TiO,, TEM images were analyzed using ImageJ software.
Regions of nonoverlapping TiO, nanocrystals were used to cal-
culate surface coverage, by summing the area of all the PbS QDs
on that nanocrystal and dividing that by the doubled area of
the TiO, nanocrystal, as QDs visible in the TEM can be attached
to the front or back of the TiO, nanocrystal. Overall, at least six
TEM images were analyzed for each sample, corresponding to
roughly 0.03 um? of TiO, surface area and 300 QDs.

Device Fabrication. PbS QDs were deposited on nano-
porous TiO, substrates by SILAR. As described elsewhere,”
the solution of the solid-state hole-transporting material was
composed of 225 mg mL™! of spiro-OMeTAD (Lumtec LT-5922)
dissolved in chlorobenzene, with tert-butylpyridine added
at a ratio of 1:10.3 uL:mg of spiro-OMeTAD, and lithium bis-
(trifluoromethylsulfonyl)imide salt (170 mg mL~"in acetonitrile)
added at a ratio of 1:4.8 uL:mg of spiro-OMeTAD. A small
amount of the spiro-OMeTAD solution (30 uL for 3.75 cm?
substrates) was deposited onto the TiO, substrates at room
temperature and spin-coated at 2000 rpm for 30 s. Finally,
200 nm thick Ag counter electrodes were deposited by thermal
evaporation under vacuum below 107° Torr. Device areas were
defined by a combination of an FTO etch line and the metal top
contact, and the top metal contact. Final device areas were
on the order of 0.1 cm?, varying slightly from device to device
based on the exact position of the FTO etch line with respect
to the top contact. The area for each device was measured by
an optical microscope. Devices were stored inside a desiccator
prior to electrical measurements.

Electrical Measurements. For J—V measurements, an AM 1.5
solar simulator (Oriel 91160) equipped with a 300 W ozone-free
Xe arc lamp (6258) was used. The lamp was calibrated to 1 sun
(100 mW cm™3) using a reference NREL calibrated Si photo-
diode equipped with an IR cutoff filter. Current—voltage (J—V)
curves were collected with a Keithley 2400 SourceMeter, with
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a sweep delay of 40 ms. Devices were light-soaked until
maximum efficiencies were reached (up to 1 h), as was pre-
viously found necessary.®*# The increase in efficiency with
exposure to light is due to doping of the spiro-OMeTAD by
oxygen molecules from the atmosphere and is induced by
current flow in the device24®” The lower Jsc values of these
devices explain why the process is slower than the analogous
one in DSSCs employing spiro-OMeTAD, which occurs on the
time scale of 10 min.®®®° Representative light-soaking data are
included in the Supporting Information, Figure S5. Dark curves
were measured after the light-soaking process.

External quantum efficiency measurements were taken at
short circuit using monochromated white light from a 100 W
tungsten lamp, which was focused through a monochromator.
The monochromated illumination, chopped at 40 Hz, was ap-
plied in addition to a constant bias light illumination from a white
LED array. The photocurrent of the device at each wavelength
was acquired through a lock-in amplifier, and the EQE was cal-
culated by referencing the photocurrent from the device to the
current from a NIST traceable calibration photodiode.

Transient photovoltage measurements, developed by
O'Regan et al,®° were performed at open-circuit voltage
(Voc) conditions, following a previously used procedure.®
A Keithley 2400 source meter was used to maintain the device
at zero current. Measurements were taken at different Voc
values for a single device by changing the incident bias light.
A programmable power supply was used to adjust the white
LED array bias light from 0.01 to ~1 sun. A white LED pulse
light driven by a function generator (Agilent) was adjusted
to approximately 5% of the bias light intensity. The decay of
the Voc when the pulsed light turned off was tracked by an
oscilloscope (Tektronix). The pulse length was varied from 50 ms
to 5 s as necessary to capture the full decay of the V. The decay
in the Voc was fitted to a single-exponential curve to extract
a time constant, which is the recombination lifetime.
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