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ABSTRACT: In recent years colloidal quantum dot (CQD) photo-
voltaics have developed rapidly because of novel device architectures
and robust surface passivation schemes. Achieving controlled net
doping remains an important unsolved challenge for this field.
Herein we present a general molecular doping platform for CQD
solids employing a library of metal—organic complexes. Low effective
ionization energy and high electron affinity complexes are shown to
produce n- and p-doped CQD solids. We demonstrate the obvious
advantage in solar cells by p-doping the CQD absorber layer.
Employing photoemission spectroscopy, we identify two doping
concentration regimes: lower concentrations lead to efficient doping,
while higher concentrations also cause large surface dipoles creating
energy barriers to carrier flow. Utilizing the lower concentration
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regime, we remove midgap electrons leading to 25% enhancement in the power conversion efficiency relative to undoped
cells. Given the vast number of available metal—organic complexes, this approach opens new and facile routes to tuning the
properties of CQDs for various applications without necessarily resorting to new ligand chemistries.

olloidal quantum-dot (CQD) optoelectronics and
‘ photovoltaics have seen advancement ever since the
demonstration of facile and scalable routes to nano-
crystal synthesis in the early 1990s.'™> The possibility of
achieving >100% external quantum efficiency (EQE), coupled
with band gap tunability, make CQDs a promising prospect for
photovoltaics.”™” Recent demonstrations of air-stable CQD
solar cells are compatible with roll-to-roll manufacturing
techniques such as spray-coating and have brought this
technology a significant step closer to commercial implementa-
tion.'"””" CQD photovoltaics have recently shown both
efficient device architectures and fruitful deployment of robust
passivation schemes.>>> 71114
The large surface-to-volume ratio of QDs leads to surface-
related charge trapping that limits device performance.>™**
Surface ligand exchange through chemical routes has tradition-
ally served the important purpose of passivating surface traps
and bringing the QDs closer for increased electronic coupling,”
Among ligand-exchange routes, solid-state ligand exchange is
the most commonly implemented approach to passivate QDs

and improve film conductivity for solar cell applications.'”***”
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Achieving controlled passivation and net doping of CQD
solids without resorting to, or being limited by, chemical routes
remains an important and largely unsolved challenge for this
field. The capability to tune the net doping without the burden
of redesigning the processing and chemistry of CQD film
fabrication will greatly enhance the ability to tailor the
electronic properties of CQD solids. Remote doping is a
versatile strategy that does not interfere with QD surface
chemistry, interdot spacing, and film order at the nanoscale. It
is free from steric hindrance and can complement existing
solution and solid-state ligand-exchange schemes. The obser-
vation of remote electron transfer by Shim and Guyot-Sionnest
in CdSe QDs opened the door to realizing successful doping
schemes in QDs without resorting to chemical modification of
QD surfaces.”® Recently, Konstantatos and co-workers
demonstrated remote passivation of in-gap trap states by
introducing ZnO nanocrystals into the CQD solid, leading to
suppression of trap-assisted carrier recombination.””
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Figure 1. General molecular doping platform for CQD solids. The doping scenarios examined in this study are demonstrated. The estimated
EA (red) and effective IE (blue) molecular levels are shown corresponding to each dopant relative to the energetics of the QD. (a) Mo(tfd-
COCF;); and (b) Ni(tfd), are expected to behave as strong p-dopants because of their deep EA, compared to the band structure of CQDs. (c)
Mo(PhBz-dt);, with a shallower EA, behaves as a weak p-dopant. (d) (RuCp*mes), is a strong n-dopant having a low effective IE. These
expectations are largely verified by UPS measurements which show relevant changes to the band structures. The weak p-dopant shows a
negligible shift to the Fermi level, while the strong dopants generally cause major shifts to the Fermi level. Importantly, these Fermi level
changes are associated with corresponding shifts in the Pb 4f core levels, as evidenced by XPS (Figure S1). Significant changes to the vacuum
level (dipole formation) are observed when the CQD solids are treated with high concentrations of the dopants (1 mgmL™).

We took the view that a single-step, postdeposition remote
doping protocol that can treat CQD solids could be a robust
and highly desirable platform for enabling the controlled net
doping of CQD solids for a wide gamut of applications. We
demonstrate that soluble molecular dopants with carefully
selected energetics and sufficiently small size infiltrate and dope
PbS CQD solids. The remote doping is achieved in a single
step without altering the deposition and exchange protocols of
the CQD solid, making this a highly versatile scheme. We
consider a variety of doping scenarios by employing a library of
metal—organic complexes with different energetics [electron
affinity (EA) and ionization energy (IE)]. Deep EA complexes
(oxidants) are found to shift the Fermi level of the CQD solids
toward the valence band edge, as evidenced by ultraviolet
photoemission spectroscopy (UPS), indicating p-doping.
Reductants with low effective IEs result in n-doping of the
solids; however, the shift of the Fermi level for this case is
minor. Employing UPS, we find that the lower concentrations
lead to efficient electron removal and addition, while higher
concentrations also result in significant surface-dipole for-
mation. The facile procedure involves soaking the CQD solid in
the dopant solution. The benefits of this solid-state remote
doping scheme are demonstrated in the context of depleted
heterojunction CQD solar cells, where p-doping of the CQD
absorber layer effectively removes midgap electrons and
suppresses traps. This renders the absorber layer substantially
intrinsic and leads to a ca. 25% enhancement in power
conversion efficiency (PCE) over the reference case. Our
demonstration proves facile and scalable control of carrier
concentration and in-gap trap states in CQD solids. Given the
vast variety of available organic and metal—organic dopants, it
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opens new and facile routes to tuning the properties of CQD
solids for photovoltaics, optoelectronics, and other applications.

We begin by presenting the various doping scenarios
examined in the study and the associated changes to the
CQD bandstructures (Figure 1). We chose three metal—
organic complexes having deep EA (p-dopants) and an
organometallic dimer with shallow effective IE (n-dopant)
with respect to the QD energetics. Schematics represent the
energetics of the molecules and the CQD solids and the
chemical structures of the various molecules involved. The
doping procedure involved briefly soaking the CQD layer in a
solution of dopant and acetonitrile (ACN). ACN was chosen as
the solvent based on previous results which suggest that ACN,
being aprotic and a high-dipole-moment solvent, is benign to
the ligands on the QD surface.'”*° The standard protic solvent,
MeOH introduces in-gap trap states over prolonged exposure
to QDs by leaching off the surface chloride atomic ligand. The
molecule represented in Figure la, molybdenum tris(1-
(trifluoroacetyl)-2-(trifluoromethyl)ethane-1,2-dithiolene),
Mo(tfd-COCF;);,”""” is a more soluble variant of molybdenum
tris(1,2-bis(trifluoromethyl)ethane-1,2-dithiolene), Mo(tfd),,
which has been successfully used to dope the hole-transporting
material (HTM) N,N’-di-[(1-naphthyl)-N,N’-diphenyl]-1,1’-
biphenyl-4,4’ diamine, (a-NPD), via coevaporation in ultrahigh
vacuum.”® The high electron affinity (estimated to be >5.6 eV)
makes it an oxidizing agent; therefore, the conductivity
enhancement was attributed to compensation of trap states
and contribution of free carriers by hole-injection from the
dopant. Nickel bis(1,2-bis(trifluoromethyl)ethane-1,2-di-
thiolene), Ni(tfd), (Figure 1b), has a reduction potential of
+0.33 V vs FeCp, "% although its solid-state EA has not been
directly measured, comparison of its electrochemistry with that
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Figure 2. (a) Results of DFT simulations that yield a picture qualitatively similar to that estimated from experiment, in which the molecule’s
LUMO (depicted by the black arrow) occurs at an energy similar to the VBM of the QDs, opening the possibility of the depopulation of the
midgap or VB electrons, depending upon the dopant concentration, via remote doping. (b) Photoemission spectroscopy data for PbS QD
films treated with solutions of varying dopant concentrations. VB edges (blue) and Fermi levels (black) were acquired using UPS while the
conduction band edges (red) were estimated by adding the optical band gap (1.3 eV) to the VB energy. This is justified in the current case
because the exciton binding energy (BE) for PbS QDs is low (~0.09 eV). For low doping concentrations, the Fermi level is found to shift
moderately toward the VB, indicating midgap electron transfer. Higher doping concentrations, however, lead to valence electron transfer and
surface dipole formation causing a significant lowering of the vacuum level and Fermi level relative to vacuum. The energies of the dipoles
formed (Ep) are extracted from these results and shown in panel c. The Pb 4f core level peak, obtained from high-resolution XPS, is shown in
panel d for the MPA baseline and the maximum doping cases. The red component of the peak corresponds to the Pb bonded to S atoms in the
QD. The dashed blue component is the Pb bonded to the MPA ligand, while the solid blue component is the tiny amount of Pb—O. The peak
shows a ca. 0.2 eV shift to lower binding energy for the maximum doping concentration, which is commensurate with the Fermi level shift
observed for that concentration due to electron transfer (AEyg in panel c).

of Mo(tfd), suggests an EA of ca. 5.6 eV,” sufficiently oxidizing the effects of changes to nanomaterial surfaces on their band
that it acts as p-dopant, accepting electrons from the CQDs structures.'®'”***” Miller et al. have recently highlighted the
(Figure 1a). Molybdenum tris(1-phenyl-2-benzoyl-1,2-dithio- challenges associated with UPS measurements on larger size
lene), Mo(PhBz-dt);, on the other hand, is much less oxidizing QDs which exhibit a small band gap, owing to the extremely
(—0.38 €V, which comparing to Mo(tfd); corresponds to an EA low density of states at the valence band maximum.*’ However,
of ca. 49 eV) and should therefore act as a weaker p-dopant the CQDs considered in our work have a larger band gap
(Figure 1c). Ruthenium (pentamethylcyclopentadienyl) (mesi- because they are small-size particles; hence, the UPS results are
tylene) dimer, (RuCp*mes),, is a strong n-dopant (Figure 1d) expected to be reliable, commensurate with the findings of

with effective potential for the monomer cation/neutral dimer Miller and co-workers.
redox couple of ca. —2.0 V vs FeCp,"?*° roughly Direct evidence of an electron transfer in doped MoS, films
corresponding to an effective solid-state IE of <3.0 eV.” has recently been reported by Tarasov et al. where a shift in the
We sought to probe bandstructure changes that might give Er was observed and ascribed to transfer of electrons and
experimental evidence of electron transfer. We used UPS, a holes.*" This shift corresponded to a similar shift in the Mo
direct probe of electronic bandstructure, the density of states core level peak measured by X-ray photoelectron spectroscopy
below the Fermi level (Eg) of a material, widely used to study (XPS). QD films obtained via spin coating were treated with
924 DOI: 10.1021/acsenergylett.6b00429

ACS Energy Lett. 2016, 1, 922—930


http://dx.doi.org/10.1021/acsenergylett.6b00429

ACS Energy Letters

CQD ink/ligand |
exchange/MeOH wash

6

Dopant
solution/ACN
wash

&

Figure 3. Procedure of molecular doping demonstrated in this study. (1) LbL deposition of the QD absorber layer via spin coating involves
sequential deposition of CQDs (capped with oleic acid ligands) followed by solid-state ligand exchange with MPA and a subsequent methanol
(MeOH) washing step. This cycle was repeated typically 10 times until the targeted film thickness (~300 nm) was achieved. (2) The film was
soaked in the dopant solution (dissolved in acetonitrile, ACN) for an optimized time duration before spinning off the excess solution. This
was followed by a rinsing step in ACN to wash off any residual dopant and dry the sample (3) for use in subsequent solar cell fabrication steps.
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various concentrations of the dopant solution to track changes
to the band structure. Corresponding to the schematics in
Figure 1 are the band strutures of the doped CQDs as
measured by UPS. Each set shows three scenarios: undoped
CQD baselines, CQDs doped with low-concentration dopant
solution, and CQDs doped with high-concentration dopant
solution. The effect of doping on the band structures can be
broadly categorized into two regimes: smaller doping concen-
trations lead to changes of the Fermi level, which moves toward
the valence band for p-doped films and toward the conduction
band for n-doped films, while higher doping concentrations also
result in changes to the vacuum level. A more detailed
discussion of these two doping regimes will be done later. The
observation of Pb 4f core level shifts from XPS corresponds to
the electron transfer as a result of doping (Figure S1). We did
not observe any new chemical components in the Pb or S core
level peaks of the doped CQDs that might give an indication of
a chemical interaction of the dopants with the CQDs,
confirming this to be remote doping.

The fact that we observe effective p-doping of the CQD
solids is of interest for solar cells in which the CQD solid is
employed as the absorber layer. These absorber layers, which
form a heterojunction with an n-type metal oxide (for example,
titania) have been recently suggested to be slightly n-type.”* We
therefore took the view that a postsynthesis p-doping step
should make the absorber layer more intrinsic, leading to
extension of the depletion region into the CQD solid,
eventually enhancing the solar cell performance. Encouraged
by the successful deployment of Mo(tfd); as a strong p-dopant
for a-NPD, we chose the nonsymmetrical Mo(tfd-COCF,),
(ca. 0.11 V more oxidizing than Mo(tfd); in solution™”)
discussed in brief earlier (Figure 1a). The enhanced solubility of
Mo(tfd-COCF,), makes it compatible with solution processing
and therefore better suited for scalable manufacturing of CQD
solids and devices thereof. We carried out a more in-depth
study of the scenario of CQD solid p-doped with Mo(tfd-
COCEF;);. The orbital energies for isolated Mo(tfd-COCF;),
were calculated using density functional theory (DFT) and are
shown in Figure S2.

DFT simulation of the energetics at the interface of this
system supports the possibility of remote charge transfer. The
results are shown in Figure 2a. Hybrid ligand-exchanged QDs
(involving a solid-state exchange with 3-mercaptopropionic acid
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ligand, MPA, and C1)** were considered for these calculations.
The density of states (DOS) corresponding to Mo belongs to
the dopant. The results show a close proximity of the dopant’s
LUMO with the VBM of the QDs. This suggests the possibility
that the dopant can extract midgap or valence electrons from
the QDs via electron transfer.

In Figure 2b we show the electronic bandstructures of the
QD solids for the various doping scenarios. The band structures
remain almost unchanged for lower doping concentrations,
while significant changes are observed for higher concentrations
(UPS spectra are shown in Figure S3). The total change in the
work function of a doped QD film (compared to the undoped,
MPA baseline), denoted A¢), comprises the Fermi level shift
with respect to the VBM owing to remote electron transfer
(AEyg) and the shift in the vacuum level due to dipole formation
on the QD surface (Ep). This allows us to determine the
energies Ep for the various doping scenarios (Figure 2¢). We
find that as the doping concentration increases, the surface
dipole strengthens. This can be expected because, for 1.0
mg mL™" doping concentration, each QD is surrounded by ca.
12 dopant molecules, as found from XPS atomic quantification
(see Table S1 and the associated discussion). This drops to ca.
0.3 dopants per QD for 107> mgmL ™" dopant concentration,
which agrees with the negligible value of Ej for this case
(Figure 2c). We propose that the interface—dipole effects
originate at the surface of each QD as a result of dopant
penetration through the nanoscale voids in the QD solid, rather
than being localized at the surface of the QD film; we do not
observe any accumulation of the dopants on the film surface, as
evidenced from secondary ion mass spectrometry (SIMS), even
for the largest concentrations (Figure S4). The large A¢ values
for this regime also involve a significant AEyy hinting toward
removal of valence electrons. For smaller concentrations,
changes in ¢ are largely associated with changes to Ep from
midgap electron transfer (Table S2). In this regime a significant
shift in Ey relative to Eypy; requires fewer dopants than when
the Fermi level approaches the band edge; therefore, the
resultant interface dipole is relatively small. We also observe a
ca. 0.2 €V shift of the Pb 4f core level peak (for 1.0 mgmL™"
doping concentration) towards the lower binding energy
compared to an undoped QD solid, which can be ascribed to
the downward shift of the Fermi level associated with p-doping
(Figure 2d)."" Core level shifts were observed for other
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Figure 4. (a) Schematic of the depleted heterojunction (DHJ) device architecture employed in this study. (b) Simulated J—V curves showing
an increase in overall performance enhancement for solar cells made using optimally doped CQD films. Overdoped films show a performance
decrease. (c) J—V curves for solar cells made using CQD films treated with various doping concentrations and treatment times. (d) Averaged
device parameters (PCE, Jsc, and V) are shown as a function of the doping concentration for a soaking time of 3 min. The data highlight
that 107> mgmL™" is the optimized doping concentration for achieving best-performing devices.

Table 1. Summary of the Device Parameters for the Various Doping Scenarios”

device soaking time (mins) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Rypunt (kQ/cm?) R, (Q/cm?)
MPA baseline 184 + 0.9 0.59 + 0.01 55.6 + 3.1 6.1 +02 (63) 1.98 8.0
10~ mgmL™ 3 21.3 +£ 0.2 0.60 + 0.00 504 + 1.2 6.5 + 0.1 (6.7) 349 6.8
6 19.9 + 0.9 0.62 + 0.00 539 £ 0.5 6.7 + 0.3 (6.9) 341 5.5
9 20.1 + 0.4 0.63 + 0.00 59.5+ 1.6 7.5 + 0.1 (7.6) 478 49
15 179 + 0.5 0.63 + 0.00 60.7 + 1.5 6.8 + 02 (69) 421 5.1
107 mgmL™ 3 20.8 + 0.9 0.63 + 0.00 58.3 + 0.7 7.6 + 0.1 (7.8) 6.29 5.1
4 18.0 + 0.6 0.60 + 0.00 53.1+23 5.8 + 02 (5.9) 2.78 7.7
0.1 mgmL™ 3 157 + 0.7 0.55 + 0.00 512 + 2.1 44 + 0.1 (4.5) 5.89 8.2

“The reported device parameters (Js¢, Vo, FF, and PCE) have been averaged over 5—10 devices. The PCE values in parentheses represent the best-
performing solar cells for each category.

concentrations as well and agreed with the accompanying strategy adopted successfully is outlined in Figure 3. The
Fermi level shifts. standard procedure of layer-by-layer (LbL) fabrication of the
While photoelectron spectroscopies are near-surface meas- CQD absorber film was followed with the difference that the
urements, we confirm the dopant infiltrates the bulk of the final CQD film was dipped in the dopant solution for an
CQD solid by SIMS measurements (Figure S4). Despite this adjusted time before removal of the solution and solvent
infiltration, the dopant does not alter the interdot spacing, as washing. An alternative doping scheme (not shown here; please
demonstrated by grazing incidence small-angle X-ray scattering refer to Figure SS for a detailed explanation) wherein every
(GISAXS) (Figure S11). Consistent with the GISAXS data, no layer in the LbL stack was individually doped failed to show
observable change in the overall film thickness was observed performance enhancement (Figure SS and Table S3), most

following doping, confirming the CQD solid is not swollen by likely due to overdoping of the film.
infiltration of dopant molecules (Figure S6). On the basis of the experimental and computational insights
Having gained sufficient fundamental insights into the provided in Figure 2, we simulate the solar cell performances
remote electron transfer from the QDs to Mo(tfd-COCF;), for undoped, optimally doped, and overdoped CQD absorber
throughout the bulk of the CQD solid, we were interested in layers. An untreated MPA film was modeled as n-type with a
studying its effects on solar cell performance. The doping doping concentration of 3 X 10'® cm™.*** The optimally
926 DOI: 10.1021/acsenergylett.6b00429
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treated film was modeled as either graded doped from 3 X 10"
cm™ p-type in the last layer to 0 near the TiO, interface or 1 X
10" cm™ p-type homogeneously throughout, while the
overtreated films were considered either as 3 X 10" cm™
throughout or graded doped from 1 X 10" cm™ to 0, leading
to similar results. The simulated J—V curves are shown in
Figure 4b and suggest that doping leads to V¢ improvement
due to the movement of the Fermi level closer to the band
edge. Overdoping, however, collapses the depletion region
leading to loss of Jsc and hence the overall device performance
(for details, see Figure S7). While these simulations make
certain assumptions and simplifications, they suggest that
remote molecular doping should influence the performance of
CQD solar cells.

In Figure 4c we show the experimentally measured J—V
curves for various doping concentrations. The device
parameters are summarized in Table 1. It is evident that the
device performance increases for low doping concentrations,
whereas higher concentrations lead to performance degrada-
tion.

We observe device performance enhancement for solar cells
soaked in low doping concentrations (107> mgmL™").
Performance is found to increase with longer soaking times.
However, an extended soaking (15 min) leads to decrease in
device performance, an effect we ascribe to overdoping of the
CQDs. Next, we test devices with higher doping concentrations
(1072 mgmL™") and achieve the maximum performance boost
for a 3 min soaking time. The PCE of 7.8% obtained for this
doping condition is a ca. 25% enhancement over the undoped
baseline. We observe that at this elevated doping concentration,
overdoping occurs at only 4 min of soaking leading to
performance degradation. Doping the absorber layers with a
high concentration (0.1 mgmL™") leads to immediate over-
doping of the CQD solid and hence poorly performing solar
cells. These experiments indicate that doping with an ACN
solution can be effectively carried out in a single step in contrast
to the repetitive ligand-exchange steps involved in the QD solid
fabrication. The soaking in dopant solution allows the dopants
to penetrate and diffuse into the entire QD film, as indicated by
SIMS measurements (Figure S4). The optimized doping time
and dopant solution concentration pair allows for the optimal
dopant concentration levels to be found for any given QD solid.
This is highlighted in Figure 4d where the various device
parameters are plotted as a function of doping concentration
for a soaking time of 3 min. The evolution of the device
parameters, under illumination and in the dark, for the undoped
control and the optimally doped solar cells is shown in Figure
S14. The devices show photostability; however, they are found
to degrade over a period of several weeks of storage.
Importantly, doped devices do not degrade at a faster pace
than the control undoped devices.

The shunt resistance, Ry, for all the better-performing
doped devices is higher relative to the undoped controls, which
provides evidence for the suppression of trap-assisted carrier
recombination.”” We suggest that the large surface dipoles
introduced in conditions of higher doping concentration and
the associated valence electron removal, as evidenced by UPS,
lead together to the formation of localized energy barriers to
efficient charge transport, causing performance degradation. In
fact, we observe no change in the absorption of the QD solids
(Figure S12) for nearly all doping conditions with the
exception of 1.0 mgmL~’, which shows evidence of exciton
quenching.*® Expectedly, a similar quenching is observed in the
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transient absorption measurements for the highest doped solid
(Figure S13), while no changes are observed in the carrier
dynamics. These observations agree with the scenario of
valence band electron removal at high doping concentrations,
as discussed above. This is also supported by a quenching of the
photoluminescence signal at the exciton energy (see Figure
S10). Hence, only in-gap electron removal through ultralow
doping of the QD solid leads to PV performance enhance-
ments.

The absorber layer thickness in the solar cells reported above
is ca. 300 nm, which consists of a ca. 250 nm depletion
region.”*” In general, doping of the depletion region would
lead to a decrease in the depletion width and hence in the solar
cell performance. However, this would not occur if the
undoped MPA-capped QD solid behaves as an n-type
semiconductor. Indeed, as shown recently, the Fermi level of
the MPA-capped QD solid lies slightly above midgap,** and as
such the doping step makes the absorber layer more intrinsic
via p-doping, instead of leading to a depletion region collapse.
We further tested this hypothesis by fabricating solar cells with
thin absorber layers (ca. 150 nm). Doping of these thin layers
involved ~1 min soaking. These thin solar cells also showed
performance enhancement (Figures S8 and S9 and Tables S4
and SS) consistent with the picture of “p-doping” leading to the
removal of the trap states that cause n-type behavior of the
undoped MPA-capped QD layer. This helps us push the limits
on the maximum PCE that can be achieved with an MPA-based
PbS CQD solar cell.

In summary, we have successfully demonstrated a general,
solution processing-enabled remote doping strategy for PbS
QD solar cells employing a library of metal—organic molecules
which do not require chemical bonding with the QD surface.
High effective EA and low IE complexes p- and n-dope,
respectively, the CQD solids. We demonstrate the advantage of
remote molecular doping in the context of solar cells by
utilizing a molecule with an EA larger than the ionization
energy of the QDs, enabling remote electron transfer (as also
suggested by DFT). We carry out an in-depth study of the
effect of doping on the electronic band structure of the QDs,
using UPS. Our study suggests the presence of two contrasting
doping regimes: one leads to in-gap electron transfer and the
second also results in the formation of large surface dipoles; the
latter is deleterious to device performance. Exploiting the
former, the low doping concentration regime, we effectively
clean the QD band gaps, leading to a 25% increase in solar cell
performance. Our mechanistic study furthers the fundamental
understanding of solution processing-friendly remote molecular
doping of CQD solids and presents the most versatile and
scalable approach yet for achieving controlled net doping of
CQD solids.

B EXPERIMENTAL METHODS

CQD Synthesis. PbS CQDs were synthesized using a variation
on a literature method,™® employing an in-synthesis halide
treatment.*

Dopant Synthesis. Ni(tfd),,*” (RuCp*mes),,** and Mo(tfd-
COCF;);*" were prepared according to the literature. The
preparation of Mo(PhBz-dt); will be published elsewhere.

Photoemission Spectroscopy. XPS measurements were carried
out in an ultrahigh vacuum (UHV) Omicron chamber
equipped with a SPHERA U7 hemispherical energy analyzer,
employing X-ray photons having an incident kinetic energy of
1486.6 eV from a monochromated Al Ko X-ray source with a
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total energy resolution of 0.1 eV. The chamber base pressure
for these measurements was <5 X 10~° mbar.

For the UPS measurements, the UHV base pressure was
maintained below 8 X 10~ mbar. The photon line width was
ca. 250 eV, and the minimum spot size was ca. 1 mm. He I
photons (21.2 eV) were used to acquire the spectra at normal
emission. The photoelectrons were collected by the SPHERA
U7 hemispherical energy analyzer with a seven-channel MCD
detector, in constant analyzer energy mode. The BE values
shown with 10 meV precision should be rounded to the nearest
100 meV value in accordance with the overall energy
resolution.

Device Fabrication. CQD films were deposited on a TiO,
nanoparticle-based electrode®® on ITO-coated glass substrate
using a layer-by-layer deposition approach. First, a solution of
50 mgmL™' quantum dots in octane was spin-coated under
ambient conditions at 2500 rpm and then followed by soaking
in 1% 3-mercaptopropionic acid in methanol (v/v) for three
seconds. The layer was then rinsed twice with methanol to
remove the exchanged oleic acid. The process resulted in a
layer with the thickness of approximately 30 nm. The process
was repeated 10—12 times until the desired thickness was
achieved. The CQD film was then doped, as outlined in the
main text, by soaking the entire film in Mo(tfd-COCF;);-
containing acetonitrile solution. The top electrode was then
deposited using thermal evaporation, which comprised 40 nm
of MoOj; and 120 nm of gold. The top electrode was deposited
at the rate of 0.2 A/s for MoO; and 1 A/s for Au, at the
pressure of 1 X 107 mbar.

J—V Characterization. J—V characterization was performed
using a Keithley 2400 source-meter at ambient temperature,
with the device in a constantly purged nitrogen environment.
The solar spectrum at AM1.5 was simulated to within class A
specifications (less than 25% spectral mismatch) with a xenon
lamp and filters (ScienceTech; measured intensity of 100 mW
cm™?). The intensity of the source was calibrated using a
Melles-Griot broadband powermeter and a Thorlabs broadband
powermeter through a circular 0.049 cm® aperture at the
position of the device. This was confirmed with a calibrated
reference solar cell (Newport, Inc.).

Optoelectronic Device Simulations. Simulations were per-
formed in one dimension using the SCAPS 3.0.0.1 software’’
and parameters from previous work.*’
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