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Colloidal quantum dots (CQDs) are of interest in light of their solution-processing and
bandgap tuning. Advances in the performance of CQD optoelectronic devices require fine
control over the properties of each layer in the device materials stack. This is particularly
challenging in the present best CQD solar cells, since these employ a p-type hole-transport
layer (HTL) implemented using 1,2-ethandithiol (EDT) ligand exchange on top of the
CQD active layer. We establish that the high reactivity of EDT causes a severe chemical
modification to the active layer that deteriorates charge extraction. By combining
elemental mapping with the spatial charge collection efficiency in CQD solar cells, we

determine the key materials interface dominating the subpar performance of prior CQD
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PV devices. This motivates us to develop a chemically-orthogonal HTL that consists of
malonic-acid crosslinked CQDs. The new crosslinking strategy preserves the surface
chemistry of the active layer beneath, and at the same time provides the needed efficient
charge extraction. The new HTL enables a 1.4x increase in charge carrier diffusion length
in the active layer; and as a result leads to an improvement in power conversion efficiency

to 13.0% compared to EDT standard cells (12.2%).

Colloidal quantum dots (CQDs) are of interest in light-emitting diodes,!?! lasers,"!
photodetectors,*! and solar cells®®'*! owing to their tunable optical and electrical properties and

[15-18] Research efforts on surface passivation and device architecture

their solution processing.
have led to improvements in CQD solar cell performance,!® 2! and these recently enabled
power conversion efficiencies (PCE) above 12% for PbS CQDs.[!*]

The conventional CQD solar cell architecture consists of a transparent cathode; electron
transport layer (ETL); a light-absorbing active layer; a hole transport layer (HTL); and a metal
anode. To achieve high-performing devices, the optoelectronic properties of the ETL, HTL, and
active layer, which determine the charge absorption and extraction capacity of the devices,
require accurate control. A number of excellent studies have illuminated the role of the ETL!?*-
8] and the active layer;* while the HTL is relatively less examined. Organic p-type
semiconductors”®3!! and metal oxides (e.g. MoO3, NiOx, etc.)l** have been explored to replace
the thiol-passivated CQD HTL. Non-thiol ligands (e.g. NaHS)!**-4] have also been reported to
produce p-type CQD solids; however, to date, device performance has not yet surpassed that of
thiol-passivated CQD-based HTLs.

State-of-art CQD solar cells employ 1,2-ethandithiol (EDT) in the process of fabricating

the CQD HTL.!"”) This EDT HTL has been used in most high-performing CQD solar cells; but

EDT has long been suspected of negatively affecting the underlying CQD active layer. In
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particular, its high reactivity®®! is proposed to be implicated in interfering with efficient charge
extraction at the back-junction.®!

Herein we seek experimental evidence of any role of the EDT HTL in performance; and
we find, using a new spatial collection efficiency technique,*”! that the EDT HTL does indeed
cause a rapid drop in the collection efficiency at the interface between HTL and active layer.
We then develop an orthogonal CQD HTL that employs malonic acid (MA) instead of EDT. As
a result of the lower reactivity of carboxylic acids compared to thiols,*®! the MA HTL
substantially preserves the original surface chemistry of the CQD active layer after its
deposition, as evidenced by X-ray photoelectron spectroscopy (XPS) analyses.

The orthogonality of the MA HTL enables full charge collection at the back interface in
CQD solar cells. This advance leads to a 1.4x increase in carrier diffusion length in the active
layer. As a result, we achieve significant improvements in both fill factor (FF) and short-circuit
current density (Jsc) compared to the devices with EDT HTLs, resulting in a PCE of 13.0%
(12.2% for EDT control devices).

The spatial collection efficiency (SCE) reports the probability with which charge
carriers generated within the device are collected at the electrodes and contribute to the output
current (See Methods for details).7** In the best prior PbS CQD solar cell architecture (Figure
la), we observe a low collection efficiency for photocarriers generated near the interface
between the active layer and the EDT HTL (Figure 1b, obtained from the internal quantum
efficiency and photogeneration probability in Figure S1, Supporting Information). At 0 V, the
SCE drops sharply to 70% at the interface between the active layer and the HTL. At the
maximum power point (MPP), the loss in collection at the interface becomes even more
pronounced, dropping to below 50%. The SCE profiles indicate that the EDT HTL results in

performance-limiting recombination at its interface with the active layer (Figure 1c).



WILEY-VCH

In light of these findings, we reasoned that an HTL should be sought that minimizes
carrier recombination at the interface and offers the needed sufficient conductivity and
favorable band alignment (Figure 1d).

To investigate further the mechanistic origins of the rapid drop in charge collection
efficiency at the interface between the active layer and the EDT HTL, we reviewed the
fabrication process (Figure 2a), noting that the solid-state ligand-exchange (deposition of oleic
acid (OA)-capped CQDs followed by soaking with a solution of EDT in acetonitrile and rinsing
with acetonitrile) exposes the underlying CQD active layer to thiol ligands during the HTL
fabrication step. Since previous studies reported that acetonitrile does not modify the CQDs
surface!’, we note that thiols may penetrate and modify the surface chemistry of the active
layer given their high reactivity with the CQD surface.[**)

To challenge this hypothesis, we studied the surface chemistry variation in the CQD
active layer following soaking of the active layer directly with EDT solution treatment using
XPS (Figure 2b and Figure S2 in the Supporting Information). The S atomic ratio (signal of the
EDT ligand) increases by 50%, whereas the atomic ratio of iodide (signal of the active layer
ligand) decreases by 25%. This suggests that EDT ligands substitute the original ligands (Pbl)
of the active layer (Figure 2c), resulting in a drop of charge collection efficiency at the interface.

We sought therefore to find a new HTL ligand that does not interfere with the surface
chemistry of the CQD active layer. We turned our attention to carboxylic acid, which has a

381 We surveyed bidentate carboxylic

lower binding strength to metal atoms compared to thiols.
acid ligands with different lengths of carbon chains to fabricate ligand-exchanged CQD films
(Figure S3 in the Supporting Information). UV/Vis absorbance spectra reveal that the first
excitonic peak of CQD films exchanged with oxalic acid (OXA, two-carbon chain) is

diminished, whereas CQD films exchanged with MA (three-carbon chain) retain a well-defined

exciton. We offer that the lower pKa of OXA compared to MA may lead to CQD aggregation
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during ligand exchange. Other bidentate carboxylic acid ligands with more than four carbon
atoms failed as a result of their low solubility.

Based on these results, we studied the impact of MA on the active layer surface
chemistry using the same XPS studies as previously (Figure 2b). When the active layer is
soaked with MA, it retains almost completely the original elemental composition, indicating
that MA ligands do not change the surface chemistry of the CQD active layer (Figure 2c).

We then explored whether MA-exchanged CQD films are suitable HTLs for CQD solar
cells. Fourier-transform infrared spectroscopy (FTIR) reveals that the characteristic CH
symmetric and asymmetric stretching peaks between 3000 and 2800 cm!, which are visible in
the OA-capped CQD film,*!! are completely removed in the MA-exchanged CQD film,
indicating complete ligand exchange from OA to MA (Figure 3a). The COO™ peak at 1540 cm’
11381 confirms the attachment of MA to the surface of CQDs.

To analyze the band alignment in devices, we performed ultraviolet photoelectron
spectroscopy (UPS) of the active layer, EDT HTL, and MA HTL, and then calculated Fermi
level (EF), valence band maximum (VBM) and conduction band minimum (CBM),*? as
summarized in Figure 3b (full UPS spectra shown in Figure S4, Supporting Information). The
CBM was estimated from the VBM and the optical bandgap measured by UV/visible
absorbance (Figure S5, Supporting Information). The MA HTL has a 0.2 eV deeper Er
compared to the active layer, whereas the EDT HTL has a 0.1 eV shallower Er. This enables,
for the MA HTL, a more favorable band-bending with the active layer, allowing efficient
blocking of electrons and extraction of holes from the active layer.

Next we studied interdot spacing using grazing-incidence small-angle X-ray scattering
(GISAXS). The results show that the interdot-spacing between CQDs decreases from 5.5 nm
to 3.0 nm after ligand exchange with MA, whereas the EDT-exchanged CQD film exhibits an
interdot-spacing of 3.2 nm (Figure 3¢ and Figure S7 in the Supporting Information). As a

consequence of this denser packing of MA-exchanged films compared to EDT-exchanged films,
2



WILEY-VCH

the electrical conductivity increases by 1.2x in MA-exchanged films compared to EDT-
exchanged films ((1.240.1)-10° S/m for EDT films and (1.4+0.05)-10 S/m for MA films,
Figure 3d). We also performed mobility measurements using the space charge limited current
method (SCLC); MA PbS CQDs exhibit a mobility of 1-10* cm? Vs, while EDT PbS CQDs
have a mobility of 0.7 -10** (Figure S8 in Supporting Information).

We then sought to investigate how the chemical modification of the active layer caused
by the HTL affects its carrier diffusion length. We designed an experiment based on the
previously reported 1-D donor-acceptor method.[**! In this method, incident light excites the
top donor CQD layer (Eg = 1.3 eV) and the photoexcited carriers transport to the bottom
acceptor CQD layer (Eg = 1.0 eV, emitter) where they recombine radiatively (Figure 4a). As
the thickness of the donor layer is varied, the photoluminescence (PL) intensity of the acceptor
layer starts to decrease past a certain thickness: fewer charge carriers reach the acceptor layer
due to non-radiative recombination in the diffusive layer. By monitoring the PL intensity of the
acceptor layer as a function of thickness of the donor layer, we were able to estimate the carrier
diffusion length of the donor layer.

To study transport in the context of the full materials stack, we used a CQD active layer
with Eg = 1.3 eV as the donor layer, and an EDT-exchanged film (Eq = 1.0 eV) or MA-
exchanged film (Eg = 1.0 eV) as acceptor layer. The normalized PL intensity is plotted as a
function of donor layer thickness (Figure 4b). In this set of experiments, we use the term
effective carrier diffusion that takes into account the combined effect of the modification of the
active layer and the charge transfer at the active layer/HTL. To evaluate the effective carrier
diffusion length of the donor layer, we fit the data using a 1-D carrier diffusion length model !
Notably, although the same donor layer is used, the effective diffusion length exhibits a 1.4x
increase (220 + 10 nm; the standard deviation is calculated based on the average of three
thickness measurements) when the MA-exchanged film is used as the acceptor layer compared

to that obtained when the EDT-exchanged film is used as acceptor layer (160 = 16nm). This
2
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result is a consequence of the preserved chemistry of the active layer and the improved charge
collection efficiency at the interface.

We then pursued CQD solar cells employing the MA HTL (Figure 5a). The SCE profile
of MA devices reveals complete charge collection at the interface between the active layer and
HTL at 0 V (Figure S9 in the Supporting Information). Under operating conditions at the
maximum power point (MPP), MA devices exhibit ~unity collection efficiency at the interface,
whereas EDT devices collect approximately 50% of charge carriers near the interface (Figure
5b). As a result, the best MA devices achieve a PCE of 13.0% with an open-circuit voltage (Voc)
of 0.64 V, a Jsc of 29.1 mA/cm? and a FF of 70%, whereas EDT devices show a PCE of 12.2%
(Figure 5c). Data show that this improvement by MA HTL is statistically significant (Figure
S10 in the Supporting Information); MA and EDT devices exhibit an average PCE of 12.8 +
0.2 % and 12.0 + 0.2% respectively. External quantum efficiency (EQE) spectra show that MA
devices exhibit higher Jsc of 28.3 mA/cm? compared to 27.5 mA/cm? for EDT devices when
the thickness of the active layer is kept the same (Figure 5d).

The most significant improvement is given by an increase in the FF value. This is a
consequence of the improved collection efficiency of the devices at MPP, as seen also in SCE
measurements. The improved conductivity of the MA HTL also reduces the series resistance at
Voe (3.9 Q/cm? for EDT devices and 2.3 Q/cm? for MA devices), contributing to the FF
improvement. The MA devices also exhibit a higher optimal thickness compared to the EDT
devices (Figure S11 in the Supporting Information), in agreement with enhanced effective
diffusion length as shown in Figure 4b.

The improved SCE at the back interface leads to a redistribution of the EQE at longer
wavelength region (600 — 1000 nm), given the higher efficiency in collecting the photons at the
back of the device.

We also note that the EDT and MA devices have similar V', value. This can be explained

by the fact that, as shown by UPS, the MA HTL and the EDT HTL are characterized by the
2
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same doping level, which is normally the chief cause of Vo, variations.[**! In order to explore
the effects of a difference in energy level on device operation, we used SCAPS*#7]: the results
of the simulations (Figure S6) show that the MA HTL enables increased depletion region of the
active layer, in agreement with the FF and Jsc improvement observed in devices.

Transient photovoltage (TPV) measurements were performed in order to explore the
dynamics of charge carriers in the devices. A longer TPV decay time is observed in MA devices
(Figure S12 in the Supporting Information). This supports the findings of improved charge
extraction in the MA devices which enables higher Jsc and FF.

The MA devices also exhibit excellent air stability, retaining 99% of their initial PCE
after 80 days of storage under ambient air condition (Figure S13 in the Supporting Information).

In sum, this work investigated the origins of the incomplete charge collection at the
active layer/HTL interface in the best prior CQD PV devices. We identified a key role for the
fabrication process of the HTL: widely-used EDT ligands substitute the initial surface chemistry
of the CQD active layer, a side effect of their high reactivity with the CQDs. To overcome this
issue, we explored new candidate ligands with both a lower binding energy than EDT and a
similar work function. We demonstrate that MA-exchanged CQD film forms chemically
orthogonal HTLs, leaving the underlying active layer undiminished in its performance. This
strategy achieves unity charge collection efficiency at the active layer/HTL interface, which led

to an increase in PCE from 12.2% to 13.0%. This work provides better understanding to design

an ideal HTL in solution-processed optoelectronics.
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CQD synthesis. OA capped PbS CQDs with first excitonic peak at 950 nm (1.31 eV) were
synthesized based on a previous report.™>! Lead(ll) oxide (0.9 g), oleic acid (3 mL), and
octadecene (20 mL) were mixed in a three-neck flask and heated to 120 °C under vacuum for
2 h and then filled with N2. A stock solution, 0.24 mL of hexamethyldisilathiane dissolved in 8
mL of octadecene was then injected rapidly into the flask for PbS CQD synthesis. Then, the
CQD solution was slowly cooled to room temperature. Acetone was added to precipitate the
CQD solution, which was then redispersed in toluene. The CQDs were further purified twice
by adding a mixture of acetone and methanol. Finally, the QDs were dissolved in octane (50
mg/mL).
MA HTL fabrication. OA capped CQD were spin-cast on the active layer at 2500 rpm (42 x
(2m) rad/s) for 10 sec. The OA capped CQD were soaked with a 30 mol/L MA solution in
acetonitrile for 10 seconds for ligand exchange with MA; the concentration is higher than the
EDT exchange solution given the lower reactivity of MA with the CQDs. Then, the MA CQD
film was washed three times with acetonitrile. The thickness of the MA HTL is ~ 30 nm.
Synthesis of CQD inks. To produce n-type inks, the precursor solution was prepared by
dissolving lead halides (lead iodide 0.1 mol/L and lead bromide 0.02 mol/L) and NHsAc
(0.055 mol/L) in dimethylformamide (DMF). A 5 mL of CQD solution dissolved in octane (7
mg/mL) was added to 5 mL of precursor solution. Then the solution was mixed vigorously for
1-2 min until CQDs were transferred to DMF phase. The CQD solution was precipitated by
adding toluene, and dried in vacuum. The CQDs were dissolved in butylamine for further use.
To produce p-type inks, the above DMF CQD solution was further treated by adding 100 pL of
cysteamine solution dissolved in DMF (0.1 mol/L) with gentle stirring.[*®! Then, the CQD
solution was precipitated by adding toluene, and dried in vacuum. The CQDs were dissolved in

butylamine for further use.
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CQD solar cell fabrication. The ZnO nanoparticles were synthesized using a published
method.l®! The ZnO nanoparticles were spin-cast on ITO substrate at 5000 rpm (83 x (27) rad/s)
for 20 s (2 layers, ~150 nm thickness). A blend of CQD inks (mixture of n-type CQD inks and
p-type CQD inks with 1:1 ratio) was used to fabricate devices.*® The CQD films were spin-
cast (2000 rpm, 33 x (2x) rad/s) on the ZnO/ITO substrate with a concentration of 280 mg/mL
of the blend CQD inks in butylamine at 2000 rpm and annealed at 70°C for 5 min in N-filled
glove box. Then, the MA HTL was deposited through the above protocol. For the EDT HTL,
the OA capped CQDs were spin-casted (2500 rpm (42 x (2r) rad/s) for 10 seconds) and soaked
with a 0.01 vol % EDT solution in acetonitrile for 30 s and followed by three times of washing
with acetonitrile; the procedure was repeated twice. A 120 nm Au top electrode was deposited
by e-beam evaporation.

Solar cell measurement. The active area (0.049 cm?) was determined by the aperture placed
between the devices and the AM1.5 solar simulator (Sciencetech class A).

(Certain commercial equipment, instruments, or materials (or suppliers, or software, ...) are
identified in this paper to foster understanding. Such identification does not imply
recommendation or endorsement by the National Institute of Standards and Technology, nor
does it imply that the materials or equipment identified are necessarily the best available for
the purpose).

Current—voltage characteristics were measured with a Keithley 2400 source measuring unit
under simulated AML1.5 illumination. Devices were tested under a continuous nitrogen flow.
The I-V curves were scanned from —0.70 V to +0.1 V at 0.02 V interval steps without wait time
between voltage steps. The spectral mismatch was calibrated using a reference solar cell
(Newport). EQE spectra were taken by subjecting the solar cells to chopped (220 Hz)
monochromatic illumination (400 W Xe lamp passing through a monochromator and

appropriate cutoff filters). Newport 818-UV and Newport 838-IR photodetectors were used to
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calibrate the output power. The response of the cell was measured with a Lakeshore
preamplifier feeding into a Stanford Research 830 lock-in amplifier at short-circuit conditions.
Spatial collection efficiency calculation: Details about the method and calculations of the
Spatial collection efficiency (SCE) can be found in ref.7l In brief, we used the Fredholm

integral equation:[#®50

n() = [, G(z, D$(2)dz Eq. (1)
where n(4) is the internal quantum efficiency (IQE) spectrum, t is the total thickness of the
active layer, G(z, A) is the spectral photogeneration probability, and ¢ (z) is the SCE. To obtain
the SCE, we measured IQE of the devices and developed the optical model of the devices using
refractive index (n) and extinction coefficient (k) values of the CQD films to calculate G(z, 1).
Fig. Sle and Fig. S9g show the calculated G (z, 1) of the devices with EDT HTL and MA HTL,
respectively.

XPS measurements: XPS measurements were carried out using a Thermo Scientific K-Alpha
system, with a 75 eV pass energy, and binding energy steps of 0.05eV.

FTIR measurements: Fourier transform infrared spectroscopy (FTIR) spectra were obtained
using a Thermo Scientific iS50 Spectral range 4600 -50 cm-1 with ATR accessory. Samples
were prepared on glass substrates.

Thickness measurements: Thickness of CQD films for SCE and 1D diffusion length studies was
measured with a thickness profilometer (Bruker, Dektak XT).

SCAPS simulations: We used SCAPS software in order to simulate the band alignment of the
device under operating conditions. We used the CB value calculated from UPS, and we
calculated the carrier concentration for the MA HTL and EDT HTL by using the following

formula;

c=pP-€- un Eq. (2)
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where p is the concentration of holes, pn is the hole mobility, e is the elementary charge, and o
is the conductivity. The hole mobility value and the conductivity value are obtained from Figure
3d and Figure S8, respectively.

UPS measurements: A helium discharge source (Hel a, hv =21.22 eV) was used and the
samples were kept at a take-off angle of 88°. During measurement, the sample was held at a
—15 V bias relative to the spectrometer in order to efficiently collect low kinetic-energy
electrons. Er was calculated from the equation: EF = 21.22 eV — SEC, where SEC is the
secondary electron cut-off. The difference between valence band (VB) and Er, m, was
determined from the VB onset in the VB region.

GISAXS measurements. Measurements were carried out in reflection geometry at the CMS
beamline of the National Synchrotron Light Source Il (NSLS Il), a U.S. Department of
Energy (DOE) office of the Science User Facility operated for the DOE Office of Science
by Brookhaven National Laboratory. Samples were measured at a detector distance of 2.789
m using an X-ray wavelength of 0.826 A, at 0.26" angle of incidence with respect to the
substrate plane. Scattering intensity was detected by a PILATUS 2M detector. Nika software
package was used to sector average the 2D GIWAXS images.®! Data plotting was done in
Igor Pro (Wavemetrics, Inc., Lake Oswego, OR, USA).

Spectroscopic ellipsometry: Spectroscopic ellipsometry was performed using a Horiba
UVISEL Plus Extended Range ellipsometer with a 200 ms integration time, a 5nm step size
and a 1 mm diameter spot size at an incident angle of 70 degrees. Soda-lime glass slides
were used as substrates for each individual material, with their back covered with cloudy
adhesive type to ensure back-reflections are diffusively reflected away from the detector.
Fitting was performed using Horiba’s DeltaPsi2 dedicated software.

Conductivity measurements: conductivity measurements were performed by measuring the IV
characteristics of the ITO/HTL/Au devices. The slope of the curve was used to determine the

conductivity through the formula:
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0= Eq. (3)

where ¢ ist he conductivity, L is the thickness of the device, A is the area of the device and R is
the resistance of the device (calculated from the slope of the IV curve). The thickness of the
devices was 60 nm and was measured with a thickness profilometer.

One-dimensional carrier diffusion length measurements. For sample preparation, the acceptor
PbS CQD layer (EDT-exchanged or MA-exchanged dots, Eq = 1.0 eV) was deposited on the
PbS CQD active layer (donor layer, Eq = 1.3 eV). Samples were illuminated through the donor
CQD layer side using a monochromated Xe lamp at 400 nm wavelength (~15 mW/cm?). The
incident light is fully absorbed in the CQD active layer due to its high absorption coefficient at
400 nm. Photoluminescence measurements were carried out using a Horiba Fluorolog Time
Correlated Single Photon Counting system equipped with UV/Vis/NIR photomultiplier tube
detectors, dual grating spectrometers. The normalized PL intensity as a function of donor CQD

layer thickness is fitted using the equation:!]

PL

~ o L o, et — g PRI ST e b _gd
acceptor — T , - ,
a2 Ldz/T —]/T Ld e d/Ly _ed/Ld Ld ed/Ld _e d/Ly

Eq. (4)

where Lgq is the carrier diffusion length, d is the thickness of donor CQD layer, and « is the
absorption coefficient, and z is the carrier lifetime.

Transient photovoltage measurements: The devices were biased with white light to reach near
Voc conditions and photo-excited with low power laser pulses to generate small photovoltage
perturbations (AV kept to lower than 20 mV). Monoexponential fits to normalized traces were

used to estimate the carrier lifetime at Voc conditions.[5251
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Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) CQD solar cell device architecture. b) Calculated charge collection probability
versus position in the device for a device with EDT HTL at 0 V and MPP (0.50V). c) Spatial
band diagram for a standard EDT HTL device showing interface recombination at the active
layer/HTL interface. d) Spatial band diagram of a full device for the case of an ideal HTL with

suppressed interface recombination.
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Figure 2. a) Schematic of the EDT HTL fabrication procedure. Process 1: deposition of oleic
acid capped CQDs on the CQD active layer. Process 2: soaking of the oleic acid capped CQD
film with EDT solution. Process 3: rinsing of the film with acetonitrile. b) lodide-to-lead ratio
from XPS measurement for a bare active layer (before HTL treatment) and after treatment with
EDT and MA solution on the active layer. ¢) Schematic of the proposed mechanism of the

consequence of EDT and MA treatment on the CQD of the active layer.
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diffusion length in the MA sample compared to the EDT sample.
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In this work, a chemically orthogonal hole transport layer for PbS colloidal quantum dot
(CQD) solar cells is introduced. By substituting the conventional 1,2-ethandithiol-treated
CQDs with malonic acid-treated CQDs, the otherwise compromised surface chemistry of the
underlaying active layer is preserved. This increases by 1.4x the charge diffusion length in the
devices and enables near unity charge extraction efficiency at the back electrode, where
standard devices fail to extract charges efficiently, achieving a PCE of 13.0% (12.2% for
standard devices).
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Figure S1. a) Calculated and measured absorptance in the CQD active layer for the EDT device.
b) Calculated and measured IQE for the device at OV and MPP. ¢) AM 1.5 JV sweep for the
EDT device. d) Experimental EQE at 0 V and MPP. e) Calculated charge generation rate in the
EDT device. f) Refractive index (n) and g) extinction coefficient (k) of the CQD active layer

and the EDT HTL.
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Figure S2. (a-b) XPS spectra for the bare active layer, active layer after EDT treatment and

active layer after MA treatment for | 3d spectra (a) and S 2p spectra (b).
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Figure S3. Absorbance spectra of CQD films before ligand exchange (black, oleic acid) and
after ligand exchange with oxalic acid (red) or malonic acid (blue). Malonic acid-exchanged
CQD film retains the first excitonic peak while oxalic acid-exchange CQD film loses most of

it.
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Figure S5. UV/visible absorbance spectrum of PbS CQDs for HTL.
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Figure S6. Band structure of a) an EDT device and b) a MA device under operation conditions.

The band structures were obtained with SCAPS simulations.
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Figure S8. a) Structure of hole-only SCLC diodes and b) hole mobility of EDT HTL (blue) and
MA HTL (green). The black circle in (b) indicates the SCLC regime following Mott-Gurney’s

law (J ~ V?). The equation below is used to calculate the mobility:

9 V?

J =—&,E 1 —
SCLC 0“r/SCLC
8 L

Eq. (1)

where g0 and & are the vacuum and relative dielectric permittivities, V is the applied voltage,

and L is the film thickness. A value of 18.0 is used for dielectric constant of PbS CQD films.[!
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Figure S9. a) Calculated and measured absorptance in the CQD active layer for a MA device.

b) Calculated and measured 1QE for the MA device at OV and at MPP condition. c) IQE at 0V

of EDT and MA devices. d) Experimental AM 1.5 JV sweep for the MA device. e)Experimental

EQE at 0 V and MPP. f) Calculated charge generation rate in the MA device. g) Charge

collection efficiency versus position in the device for the MA device at 0 V.h) Refractive index

(n) and extinction coeffieicnt (k) of the MA HTL.
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show an optimal thickness of 420 £10 nm, while EDT devices optimal thickness is 380£10nm.
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