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Solar cells based on colloidal quantum dot (CQD) solids have
attracted tremendous interest due to the ease of preparation
from solution and tunability of the nanocrystal size.'? This
means excellent sample control, low cost, and large area fab-
rication compatible with roll-to-roll methods based on flex-
ible substrates. The quantum size effect allows the bandgap
of CQDs to be tailored to specific applications, such as multi-
junction solar cells that absorb across the broad solar spectrum,
including a significant portion in the infrared.?l

Recently, CQD solar cells, using metal halide passivation,
were reported that achieved a certified power conversion effi-
ciency of 7.0%, a record for this class of materials.ll The nanom-
eter-diameter CQDs exhibit a high surface area-to-volume ratio,
making proper management of surface states very important,
since trap states associated with surface defects are the key
factor limiting CQD photovoltaic device performance today:*]
unpassivated sites give rise to surface defect-related electronic
trap states within the bandgap that create fast non-radiative
de-excitation channels for photogenerated charge carriers. The
geometric structure and dimensions of organic ligands were
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found to prevent the ligands from fully complexing to all sur-
face cation sites in need of passivation, particularly hard-to-
access sites such as inter-cation trenches.l In contrast, atomic
ligands such as halides are sufficiently compact to infiltrate and
passivate otherwise inaccessible sites.

Thorough investigation of the electronic character of CQD
solids is of great importance to achieving further improvements
in performance through identification and elimination of detri-
mental trap states within the bandgap. Much progress has been
made in this direction,’1% including the use of photovoltage
transient measurements to explore the midgap density of states
in CQD solids as a function of the metal halide passivation
schemes employed.'!) However, this technique probes only
the portion of the bandgap between the two quasi-Fermi levels.
In fact, electronic transport is influenced instead by those traps
lying beneath the hole quasi-Fermi level, and lying above the
electron quasi-Fermi level. Furthermore, optical techniques
have been used to measure midgap states;['>13] however, parity
selection rules may complicate interpretation of optical meas-
urements and therefore may not provide a complete picture.
For these reasons, a direct measurement of the entire band
structure of PbS quantum dot solids — one that would resolve in
detail the entire region from the conduction band to the valence
band, elucidating the impact of surface passivation on both
deep and shallow states within the gap is of urgent interest.

Direct techniques for probing electronic structure, principally
photoelectron spectroscopies (PES) and scanning tunneling spec-
troscopy (STS), have greatly aided in the understanding of the
fundamental properties of various materials systems including
in heterogeneous catalysts,' solid oxide fuel cells,”” and
nanocrystals and nanocrystal films.''% Previous photovoltaics-
relevant work includes studies on prototypical polymer/fullerene
hybrid solar cells,?” organic photovoltaic materials,?!] thin film
solar cell interfaces,??! and metal oxides used for charge extrac-
tion.?>24 PES techniques provide a statistically robust picture of
the electronic structure as it relates to macroscopic device per-
formance, since they deliberately probe over macroscopic areas,
whereas STS is a local probe technique allowing the electronic
structure to be probed on the nanometer scale. Spectroscopies
can be combined to obtain a picture of the entire electronic struc-
ture, where PES will offer valence band associated states,?") and
inverse photoelectron spectroscopy (IPES) can report on largely
unfilled states such as those in the conduction band.
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Figure 1. a) Schematic representations of PbS CQDs with various pas-
sivation schemes: MPA only (top), PbCl, passivation (middle) and CdCl,
passivation (bottom). Note that the MPA and Cl ligands are only shown
around the periphery for clarity, but they do exist over the whole surface.
b) PES (left, showing valence band structures) and IPES (right, showing
conduction band structures) spectra of PbS CQD films with different pas-
sivation schemes corresponding with the diagrams in part (a). c) DFT
calculated density of states for a 2.4 nm PbS CQD passivated with MPA
and Cl ligands. The colors show the contribution from each element.

Here, we combine synchrotron-based PES and inverse pho-
toemission spectroscopy (IPES) to measure directly the elec-
tronic structure of the entire valence and conduction bands of
PbS CQD films. We also deploy density functional calculations
that both validate and help to explain the observed features in
the electronic spectra. Specifically, we report the structure of
the valence and conduction bands of PbS CQD films formed
using mercaptopropionic acid (MPA) as a ligand that is utilized
to build photovoltaic devices.?’l We examine the effect of metal
halide passivation on the PbS CQD film occupied and unoccu-
pied electronic structure by additionally studying films of CQDs
that have been passivated with CdCl, or PbCl, during synthesis.
We find that trap states are indeed affected by the passivation
scheme used, as suggested by recent computational and charge
transport studies.®'!] We find that halide ligands reduce deep
trap states, and we find from IPES that the nature of the metal
cation at the CQD surface determines the shallow trap state
density near the conduction band edge. We relate these find-
ings to device properties by measuring the electron mobility
in the various samples: we observe improved electron mobility
when the density of shallow conduction band-associated trap
states is decreased with the aid of the best cation. Finally, we
show that the PES-measured reductions in midgap and shallow
trap states due to metal halide passivation ultimately result in
improved photovoltaic device efficiency.
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Complete electronic structures of MPA- and hybrid-passi-
vated PbS CQD films obtained by a combination of PES and
IPES are shown in Figure 1, accompanied by schematic repre-
sentations of the corresponding quantum dots (Figure 1a). As
seen in Figure 1b, a broad feature exists deep in the valence
band of the PbS-MPA-only sample. In contrast, both halide pas-
sivated samples show significant changes in the structure, with
spectral features at 1.8, 3.8, 6.4 and 8.5 eV becoming more pro-
nounced with narrowed energy width, closely resembling the
detailed valence band structure of single crystal PbS samples,
where for the spectra acquired at the same photon energy of ca.
27 €V similar spectral features at 1.7, 3.3, and 5.5 eV have been
observed.?””28] The broad feature of the PbS-MPA-only sample
may be due to excess carbon from organic ligands, as previ-
ously measured by XPS, and in agreement with literature
reports.??3% During the metal halide passivation step, a fraction
of long-chain oleic acid ligands are displaced which results in
the suppression of carbon signals seen here. To validate further
these assignments, we calculated the density of states (DOS)
obtained using density functional theory for a PbS CQD capped
with MPA and Cl (Figure 1c). The broad feature is aligned with
carbon and oxygen related peaks. Chlorine is found to have a
large contribution in the valence band, explaining the promi-
nence of the 3.8 eV feature in the halide-passivated samples.

The relevant region of interest for the operation of photovol-
taic devices comprises the region of the bandgap and the band
edges where charge transport and trapping occur. Therefore,
in Figure 2 we focus on the changes in the valence band edge
(Figure 2a) and the conduction band edge (Figure 2b) caused by
different passivation schemes.

Investigation of the PES-derived spectra (Figure 2a) shows
a significant change associated with the halide passivation.
The density of states at the Fermi level is appreciably reduced
compared with the PbS-MPA-only film, demonstrating the role
of surface halides in reducing deep trap states. To exclude the
influence of the tails of the broad carbon and oxygen peaks in
the -5 eV to -8 eV region, and show the absolute reduction
in the presence of trap states, the multiple peaks were fitted
in the PES and IPES spectra (Figure S1 and S2 in the Sup-
porting Information, respectively). The deeper lying spectral
features were subtracted, leaving the features attributed to the
trap states (Figure S3, Supporting Information), followed by the
integration of the residuals (Figure 2d).

Notably, the valence band edge states do not change appre-
ciably between PbCl, and CdCl, treated CQDs. We have also
observed changes in the absorption spectra of the CQDs fol-
lowing metal halide passivation (Figure S4, Supporting Infor-
mation), with an improved excitonic peak sharpness. The cause
of this is unclear at the moment, but we speculate it is passiva-
tion-related rather than due to improved monodispersity.

As seen in Figure 2b, there is a slight shift of the conduc-
tion band edge towards the Fermi level for both of the halide
passivated samples compared to MPA-only passivation. This is
consistent with the view that chlorine can protect the surface
from oxidation,?!! with oxygen acting as a p-type dopant.3233
Previously, it was shown that there are not substantial enough
changes in doping to explain the improvement in device per-
formance.! More striking is the marked difference in the tail
states at the conduction band edge, measured by integrating
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Figure 2. a) Magnified view of the valence band edge as measured by PES. Halide passivation reduces the density of band edge and midgap states,
but there is no significant difference between the PbCl, and CdCl, treated samples. b) Magnified view of the conduction band edge as measured by
IPES with the spectra offset for clarity. The density of states in the band edge tail is reduced by halide passivation and further reduced upon cadmium
incorporation. c) Integrated intensity of tail states in (b), in the area bounded by the curve and the dotted lines. d) Integrated intensity of tail states in
(a), in the area bounded by the residuals in Figure S3 in the Supporting Information.

the measured PES signal beyond the band edge (Figure 2c). In
the PbS-MPA-only sample, a large tail persists past the band
edge, which prevents efficient splitting of quasi-Fermi levels
because photo-generated charges are consumed in filling of
these states, leading to sub-optimal open-circuit voltage (Voc).
In comparison, the relative density of states for the CdCl, pas-
sivated sample is dramatically reduced to just 40% compared
to the PbS-MPA-only sample; however, this effect is less promi-
nent with the PbCl, treatment, with a reduction to 70% relative
to the PbS sample.

This finding suggests that while the halide ligands are effi-
cient at passivating deep traps, the nature of the cations on
the quantum dot surface is crucial for the reduction of shallow
traps. This is in agreement with previous work demonstrating
changes in device performance based on the incorporation of
a wide range of different metal cations at quantum dot sur-
faces."! In that case, density functional theory was used to show
that Pb atoms with dangling bonds - likely to occur on surfaces
— are likely to form shallow trap states at the conduction band
edge. However, certain metal atoms, such as Cd, demonstrated
bond adaptability in which states related to undercoordinated
surface atoms were formed within the conduction band rather
than encroaching on the bandgap. The computational studies
predicted that proper cation choice would lead to elimination
of shallow traps that would be formed by undercoordination
of the surface Pb atoms. However, a direct experimental probe
of conduction band edge states has not been presented. Here,
the IPES spectra clearly show that Cd prevents formation of
shallow, surface-associated trap states that arise from Pb termi-
nation of the CQDs. We note that these measurements probe
ensemble characteristics of the CQD film and therefore, states
with much lower populations may not be visible. These may
include localized small bandgap inclusions — due to larger
diameter quantum dots — that could also act as efficient recom-
bination centres.”l However, the ensemble characteristics are
useful for examining the effect of passivation on similarly
monodisperse populations of CQDs.

To relate these fundamental measurements of the electronic
structure of CQD solids with device performance, we built
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depleted-heterojunction solar cells*??! employing the three
different classes of CQDs studied above. The device structure
consists of a fluorine-doped tin oxide bottom electrode, a TiO,
n-type electron extracting layer, a CQD film approximately
300 nm in thickness, and a top electrode of MoO;/Au/Ag.

We studied the electronic transport in these devices using
the photocurrent transient method.*¥ By measuring the transit
time — the time for photocurrent to decay to 1/e of its maximum
value — across a range of applied biases, we were able to probe
the mobility of the limiting charge carrier.

Figure 3a shows the fit of transit time as a function of bias
for each sample. As expected, the mobilities for the halide pas-
sivated samples are both improved over the solely MPA pas-
sivated sample, as shown in Figure 3b. The PbS-MPA-only
sample exhibited a mobility of 7.2 x 10~ cm? V! 57, while the
addition of chloride through PbCl, resulted in a doubling of the
mobility to 1.4 x 1072 cm? V! 571 The CdCl, treated film also
shows a modest improvement over the PbCl, film, with a meas-
ured mobility of 1.9 x 107> cm? V! s7L. This trend in mobility
would be expected to arise from a reduction in transport inhib-
iting shallow trap states, as was seen in the IPES results. This
implies that minority carrier mobility is indeed the limiting
mobility in this type of device and that electrons are the probed
carriers in photocurrent transient measurements on the films
measured herein and in previous reports.[!

The mobility in CQD films is also affected by interparticle
spacing.®! We therefore investigated as to whether the nano-
particle spacing could be playing a role in the findings on trans-
port. Synchrotron-based grazing-incidence small-angle X-ray
scattering (GISAXS) has been used to determine the average
centre-to-centre distance of nanocrystal films.t*3¢37] We meas-
ured a representative film for each passivation method and
found, as shown in Figure 3b and 3c, that the average spacing
was approximately the same for all MPA treated films, regard-
less of chloride or cadmium incorporation. Both halide treated
films were found to have a spacing of 3.2 + 0.2 nm, while the
PbS-MPA-only sample had a spacing of 3.0 + 0.1 nm, equal
within error from these measurements. Even though the
average interparticle distance in Figure 3c appears slightly
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Figure 3. a) The square of film thickness, d, divided by photocurrent
transient derived transit times as a function of bias. The linear fit is used
to calculate the limiting mobility of each film, as shown in the legend.
b) GISAXS patterns of MPA-exchanged quantum dot films with different
surface passivants. c¢) Azimuthally integrated GISAXS intensities give
the average particle spacing; the average spacings are found to be the
same for all passivation schemes in this study. The spectra are offset for
clarity; differences in the peak definition are due to slight differences in
the sample alignment.

smaller for the PbS-MPA-only sample, this would be expected
to improve coupling and boost the measured mobility. How-
ever, the metal halide samples still show much improved trans-
port. From this we conclude that the differences in mobility
among the different samples are attributable principally to dif-
ferences in electronic structure resulting from the different sur-
face passivation and not the interparticle spacing.

The performance of solar cells using these films was also
evaluated and the resulting current density vs. voltage curves
are shown in Figure 4. The halide passivated films showed a
significant improvement in performance relative to the purely
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Figure 4. Experimental J-V curves of devices under simulated AM1.5G
illumination.

organic passivated device. In particular, the reduction in subgap
states results in an improved Vpc, with the CdCl, passivated
sample demonstrating the largest voltage at open-circuit condi-
tions. Transport is improved due to the enhanced mobility and
the increased lifetime as a result of better passivation.’l The
improvements in the charge transport are also manifested in the
improved current extraction from the halide passivated devices.

In summary, we used photoelectron spectroscopy to map
the full electronic structure of PbS CQD films and observed
the effects of different passivation strategies on device-relevant
states in the vicinity of the bandgap. We found that halide pas-
sivated films have a drastic reduction in states in the midgap
as measured both by PES and IPES, which contributes to the
improvements in device performance. Interestingly, a reduction
is also seen in conduction band tail states when using CdCl,
instead of PbCl,, confirming the role of the bond adaptability
of surface cations in preventing shallow trap formation. Short-
circuit-current transient spectroscopy confirmed that charge
transport is improved in halide passivated films, and device
studies demonstrated the benefits to the photovoltaic perfor-
mance. This study provides a platform for investigating the
electronic structure of CQD films, including direct evidence
for the formation of detrimental deep and shallow trap states,
as well as motivation for reducing their density. Further pro-
gress in advancing CQD photovoltaic performance will involve
careful surface management to avoid these trap states, poten-
tially through identification of better ligand materials or even
passivating shells which have helped in light-emission applica-
tions, but have thus far limited carrier transport in photovol-
taic applications. Combining the tools demonstrated here with
rational materials design will be key for developing efficient,
low cost solution processed solar cells.

Experimental Section

Quantum Dot Film Preparation: For PES measurements, quantum
dot films were prepared in an ambient atmosphere on indium tin oxide

Adv. Mater. 2014, 26, 937-942
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(ITO)-coated glass substrates in a layer-by-layer approach, similar to
those used in previous reports of CQD solar cells.*2¢l Briefly, an octane
solution of CQDs (with or without metal halide passivation according
to previous reportsl¥l) was spin-cast onto the substrate (2500 rpm,
1000 rpm s™' acceleration, 10 s). A solution of 1% v/v MPA in methanol
was used to perform the solid-state exchange, followed by rinsing with
pure methanol. This process was repeated four times to build a pinhole-
free film thick enough (ca. 100 nm) to eliminate any contribution from
the underlying substrate.

Photoelectron Spectroscopy Measurements: The IPES spectra were
obtained by using incident electrons with varying kinetic energy while
detecting the emitted photons at a fixed energy (9.7 eV) using a Geiger—
Miiller detector. The inverse photoemission spectroscopy resolution was
limited by an instrumental linewidth of approximately 400 meV. The PES
studies were carried out at the photoemission endstation of the PGM
beamline at the Canadian Light Source, Inc., equipped with a Scienta
SES100 hemispherical electron energy analyzer with a total energy
resolution of 50 meV. All the spectra were collected at normal emission
and room temperature.

Quantum Dot Device Fabrication: For photocurrent transient and
photovoltaic measurements, CQD films were prepared as above but on
TiO, electrodes on fluorine-doped tin oxide (FTO)-coated glass (TECTS5,
Hartford Glass) and to a total film thickness of ca. 300 nm (10 layers).
To form the electrodes, an aqueous solution of ZnO nanoparticles
(NanoShield ZN-2000, diluted to 20% in deionized water) was spin-cast
(2500 rpm for 20 s) on the substrates and put on a 150 °C hotplate for
30 min. The substrates were then immersed in a 120 mm TiCl, solution
and placed for 30 min in an oven that was held at 70 °C. The substrates
were then dried and annealed on a hotplate at 520 °C for half an hour.

Photocurrent Transient Measurements: A pulsed 640 nm diode laser
was used to excite photocarriers in the device. The light intensity was
set to approximately 1 sun (100 m\W cm2). Photocurrent characteristics
were measured as a function of bias and the effective transit times
(defined as the time required for current to decay to 1/e of the peak
value) were calculated. The mobility was extracted by comparing the
transit time as a function of the average field. All the measurements
were performed under N, flow.

Photovoltaic Device Measurements: Current—voltage characteristics
were measured under N, flow using a Keithley 2400 source meter with
100 mW cm simulated AM1.5 solar illumination (Sciencetech, Class
A). The source intensity was measured using a Melles—Griot broadband
power meter through a 0.049 cm? circular aperture. The estimated
uncertainty of the measurements is +7%.

Density  Functional Theory Calculations:
performed following the methodology outlined in our previous work.
Briefly, SIESTA softwarel®® was used with an atomic orbitals basis set
of double-zeta plus polarization quality and norm-conserving Troullier—
Martins pseudopotentials with non-linear core corrections. A charge-
density-grid cutoff of 300 Ry was used. A Pb-rich CQD of 2.4 nm size
(ca. 400 atoms in the core) with similar amounts of Cl and MPA ligands
was constructed and fully relaxed. The total amount of ligands was
adjusted to exactly compensate the excess of Pb, to achieve an undoped
structure.?

DFT simulations were
18]
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