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Role of the ZnO electron transport layer in PbS
colloidal quantum dot solar cell yield
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Sreyas M. Chintapalli,a Yida Lin,a Daniel Khurgina and Susanna M. Thon *a,b

The development of lead sulfide (PbS) colloidal quantum dot (CQD) solar cells has led to significant

power conversion efficiency (PCE) improvements in recent years, with record efficiencies now over 15%.

Many of the recent advances in improving PCE have focused on improving the interface between the PbS

CQD active layer and the zinc oxide (ZnO) electron transport layer (ETL). Proper optimization of the ZnO

ETL also increases yield, or the percentage of functioning devices per fabrication run. Simultaneous

improvements in both PCE and yield will be critical as the field approaches commercialization. This review

highlights recent advances in the synthesis of ZnO ETLs and discusses the impact and critical role of ZnO

synthesis conditions on the PCE and yield of PbS CQD solar cells.

1 Introduction
With rising global interest in and demand for sustainable
energy, new solar cell technologies are attracting continuing
interest. Silicon-based, first generation solar cells are the most
widely used due to their high efficiencies and developed supply
chain. As silicon solar cell technology has advanced, there has
also been significant decreases in the monetary cost, making

them competitive as an energy source. However, researchers
have continued interest in expanding the applications for solar
energy harvesting technology as the limitations of silicon
become evident. Specifically, the high temperature purification
process for silicon, requiring temperatures as high as 650 °C,1

leads to a high energy cost in the manufacturing process, and
silicon cells require bulky, rigid, and heavy mounting frames.
Second generation solar cells lower the amount of material
required by using thin films of direct bandgap semiconductors
such as cadmium telluride (CdTe) and copper indium gallium
di-selenide (CIGS) as the absorbing layer of the device. Third
generation solar cells consist of emerging technologies that are
in their commercial infancy. One such technology is colloidal
quantum dot (CQD) solar cells. The low temperature and low
cost synthesis methods, as well as the solution-processable
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nature of CQDs, offers advantages for roll-to-roll or spray-
casting manufacturing at a large scale onto a variety of flexible
substrates.2–5 Lead sulfide (PbS) CQDs are of particular interest,
given that the bandgap of this materials system can be tuned
based on the physical size of the CQD to absorb a wide range of
the sun’s visible and infrared spectrum,6–10 making them of
interest for multi-junction technologies.

Because PbS CQD optoelectronics is an emerging field,
most research focuses on methods to improve the device
efficiencies. Often, minimal data is reported on the experi-
mental yield, which becomes a critical factor when considering
large scale production. By yield, we specifically refer to the per-
centage of working devices that result from any specific fabri-
cation run, whereby the most common indicators of failure are
persistent short circuit or open circuit behavior. Although
underreported, the field has faced issues with reproducibility
of high-performing PbS CQD solar cells, and these limitations
can potentially be attributed to physical defects in the zinc
oxide (ZnO) electron transport layer (ETL), leading to persist-
ent short circuits in many solar cells.

Solution-processed ZnO films are currently used as the ETL
in the highest efficiency PbS CQD solar cells, as illustrated in the
cross-sectional scanning electron microscopy (SEM) image in
Fig. 1(c) and the corresponding device diagram shown in
Fig. 1(d). ZnO is an attractive ETL material due to its optical
transparency, electron affinity alignment with 1.3 eV bandgap
PbS CQD films, and high electron mobility.11–14 However, in our
work, we discovered that the ZnO layer plays a large factor in
experimental yields and repeatability. We often observed varying
performances across a single batch of devices made from the
same ZnO nanoparticle (NP) solution, with many devices exhibit-
ing low efficiencies or short circuit behavior. We thus undertook
a comprehensive review of the recent advancements in ZnO
ETLs for PbS CQD solar cells with a focus on both PCE and yield
to highlight the current status and future research needs for
ZnO ETLs in high performance CQD solar cells.

The base recipes for the sol–gel ZnO used in most PbS CQD
solar cells find their origins from Womelsdorf, Hoheisel and
Passing.17 Bashir et al. recently proposed a low-temperature
synthesis method that allows stable ZnO NPs to be synthesized
in less time.18 These alternate methods have yet to gain the
same common usage as the Womelsdorf, Hoheisel and
Passing method, but may gain popularity in the coming years
as the field looks towards improved ETL materials for PbS
CQD solar cells.18 This method, illustrated in Fig. 1(a), is
carried out as follows: first, zinc acetate (ZnAc) dissolved in
alcohol undergoes hydrolysis through addition of a base at
room temperature or the boiling point of the solution. This
produces a whitish precipitate. After allowing the precipitate to
settle, additional washing steps can be optionally performed.
After washing, the precipitate is redispersed in a final solvent.
The resulting ZnO solution can then be deposited on the sub-
strate, typically via spin-casting, and lastly is dried/annealed to
remove excess solvent.

Here, we describe the evolution of ZnO synthetic recipes
used for the highest performing PbS CQD solar cells, looking
at the effects of Zn2+ : OH− ratio and a variety of dispersion sol-
vents and additives, as well as investigate the benefits of
various surface passivation techniques currently being
explored by the field. Additionally, we present the results of
experimental work to illustrate the importance of ZnO syn-
thesis parameters in determining both the yield and PCE of
PbS CQD solar cells.

2 Development of the electron
transport layer in PbS CQD solar cells
2.1 Origins and background

It was first reported in 2005 that spin-cast PbS CQDs produced
a photovoltaic response.19 In 2007, a working PbS CQD solar
cell with a Schottky junction architecture was demonstrated
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with an infrared power conversion efficiency (PCE) of 1.3%.20

In 2010, the depleted heterojunction architecture21 was intro-
duced, based on p–n photovoltaic devices that incorporated an
n-type charge transport layer and p-type PbS CQD film with
organic ligands. The addition of an ETL allows for photogene-
rated electrons to be more efficiently extracted, and also serves
to block hole transport from the active layer to the cathode,
minimizing the non-radiative electron–hole recombination.

The idea to use ZnO as an ETL was inspired by the field of
organic/hybrid22 and dye-sensitized solar cells,23 which now
predominately use organic ETLs and TiO2 ETLs, respectively.
Both ZnO NPs and mesoporousTiO2 were initially used as the
ETL for PbS CQD solar cells, with ZnO ETL devices achieving
3% PCE24 and TiO2 achieving 3.5% (ref. 25) in 2010.

TiO2 was the dominant ETL for PbS CQD solar cells based
on the first iterations of depleted heterojunction architectures
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Fig. 1 (a) Schematic of the general process used to synthesize the ZnO NP solution which is used to form the ETL in PbS CQD solar cells. Heating
times and temperatures vary across literature. (b) Example band diagram for a PbS CQD solar cell. PbS-PbX2 refers to a film of PbS CQDs with halide
ligands and PbS-EDT refers to a film of PbS CQDs with ethane dithiol ligands prepared using standard procedures.15 (c) Cross sectional SEM micro-
graph of an example PbS CQD solar cell, with a green box added to indicate the ZnO NP ETL. (c) Reproduced with permission from ref. 16.
Copyright 2022, Wiley Online Library. (d) Device schematic for a PbS CQD solar cell.
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that utilized p-type CQD films with organic ligands. ZnO
became the ETL of choice for high-performing PbS CQD solar
cells as new, primarily halogen-based inorganic ligand strat-
egies for CQDs emerged that were more compatible with ZnO.
This change was accompanied by a shift to p–i–n device struc-
tures, with the introduction of a p-type hole transport layer
(HTL) primarily based on PbS CQD films with ethanedithiol
ligands to compliment the close-to-intrinsic PbS CQD absorb-
ing layer that used primarily inorganic ligands.26 The major
change from the ZnO used in 2010 by Nozik et al.24 and in
2011 by Beard et al.27 to the ZnO used by Bawendi et al.26 in
2014 was the precursor concentration and solvent ratios, as
summarized in Table 1. It has been shown that the rate of ZnO
particle growth and size is dependent on the concentration of
precursors and the solution composition28,29 and affects the
ZnO nanoparticle morphology as well as the ZnO bandgap.30,31

The ZnAc·2H2O : KOH ratios used by Bawendi et al.26 have
become widely adopted by the field, with advances mainly
revolving around different final solvents and solvent ratios. In
2019, 2-methoxyethanol (2MEA) was used as a precursor
solvent by Baek et al.32 instead of the MeOH that was popular-
ized by Bawendi et al.26 Currently, MeOH is still the more
dominant precursor solvent, but this could be attributed
to the 2MEA method being newer and the field not yet having
widely adopted it. In more recent years, there has also
been the exploration of different additives and methods to
passivate surface trap states and improve band alignment;
again, the field has yet to adopt a standard additive for the
ZnO ETL.

2.2 Solvent engineering

The initial dispersion solvent used for the ZnO nanoparticle
solution was chloroform (CF).56 In 2016 Lan et al.35 added
methanol (MeOH) and dispersed the ZnO nanoparticles in a
CF :MeOH mixture at a 1 : 1 ratio. This development can be
traced to 2014 when Li et al.57 studied the effects of solvent-
induced nanoparticle agglomeration on the ZnO ETL in
organic solar cells (OSCs) which generally use similar ZnO syn-
thesis parameters as the PbS CQD field. They found the
optimum ratio, which led to the smallest amount of agglom-
eration, was 1 : 1 for CF : MeOH. The 1 : 1 volume ratio resulted
in a transparent solution while higher ratios lead to cloudiness
indicating nanoparticle agglomeration and, ultimately, an
increase in surface roughness of the films, as seen in Fig. 2a–
h. This 1 : 1 ratio is now widely adopted for the ZnO dispersion
solvent. More recently, Kumar et al.58 performed a similar
study, specifically for PbS CQD solar cells, varying the ratio of
CF : MeOH and observed that with increasing CF volume in
the solution from (1 : 1) to (2 : 1), they saw an increase in PCE
from 1.07% to 2.94%. Increasing the CF beyond (2 : 1) lead to a
decrease in performance. They hypothesized that the (2 : 1)
ratio had the best performance due to the roughness of the
resulting ZnO film and the nanocrystal size being on the same
order as the PbS CQD size, allowing the CQDs to better fill in
the ZnO surface profile, leading to improved junction interface
contact.

In addition to the solvent ratios, various additives to the
ZnO solution have been used to affect the amount of agglom-
eration, transparency, and stability, and thereby film quality.59

The most popularly used additive is ethanolamine (2-ami-
noethanol, monoethanolamine, ETA, or MEA), a stabilizer
base, which reduces agglomeration in the solution phase
through the amine functional group and promotes higher thin
film quality.60,61 Thin films deposited with MEA are of higher
crystalline quality,62 and more homogeneous and smooth.63

There has also been evidence that MEA improves ZnO nano-
particle passivation and reduces pinhole formation in the film
phase.64

3 Recent work on improving ETL
performance in PbS CQD solar cells
Beyond agglomeration and physical film quality, it has been
documented that the surface states associated with ZnO NPs
are sensitive to adsorbates due to the large surface-to-volume
ratio,65 leading to various intrinsic defects, such as oxygen
vacancies, Zn interstitials, oxygen interstitials, and Zn
vacancies.66–71 The main surface defects in ZnO can be attribu-
ted to oxygen vacancies.72 It has been shown that these defects
can lead to charge carrier accumulation at the ZnO/CQD inter-
face, enhancing the electric field of the device.73 Additionally,
the conduction band (CB) of ZnO does not align well with the
CB of PbX2-PbS CQDs (X = I, Br), which have been widely
adopted as the absorbing layer in high performing PbS CQD
solar cells, leading to inefficient charge extraction and
increased interfacial recombination.74–76 This has lead to the
investigation of methods for reducing surface defects such as
the introduction of interlayers33,77,78 and organic polymers.79

Methods to introduce dopants have been used to address the
band alignment issue,42,47 and passivation techniques have
also been introduced to simultaneously address both
issues.33,36,43 Here we discuss several methods that have
notably improved PbS CQD solar cell efficiencies in further
detail.

3.1 ETL interlayers

One popular approach to improve device efficiencies involves
introducing an interlayer between the ZnO ETL and the CQD
layer. Azmi et al. added a thin layer of poly(9,9-bis((6′-(N,N,N-
trimethylammonium)hexyl)-2,7-fluorene)-alt-(9,9-bis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)-9-fluorene)) dibromide (WPF-6-
oxy-F) on top of their ZnO layer, creating a WPF-6-oxy-F-modi-
fied ZnO and saw an improvement in PCE from 7.14% to
9.01%.33 They found that the addition of WPF-6-oxy-F allowed
for better band alignment, shifting the ZnO work function
≈0.2 eV higher, measured using ultra-violet photoelectron
spectroscopy (UPS), as shown in Fig. 3b and c. WPF-6-oxy-F
also reduced charge recombination as a result of lower surface
defect density, which was characterized using photo-
luminescence (PL) spectroscopy (Fig. 3a). The broad peak in
the visible region (≈545 nm) of the PL is due to defect-related
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emission.65,72 With the suppression of the peak at 545 nm
with WPF-6-oxy-F modification (Fig. 3a), it can be concluded
that there is a reduction in surface defect density. Further, the
ethylene oxide (EO) in WPF-6-oxy-F coordinated with the
oxygen-vacancies in the ZnO film surface, passivating the
surface traps (Fig. 3d).

Azmi et al., also developed a second method to passivate
surface defects via introducing 1,2-ethanedithiol (EDT)
(Fig. 3h). The EDT ligands passivated the oxygen defects and
suppressed interband trap sites (Fig. 3e and f), improving the
solar cell efficiency from 9.45% to 10.26%.36 A change in work
function was also noted from 3.68 eV in pristine ZnO to 4.28
eV in EDT treated ZnO (Fig. 3g).

3.2 ZnO passivation

In addition to the use of interlayers, chemical strategies have
been demonstrated as an effective route to passivate traps in
ZnO and produce better band alignment with the PbS CQD
film. One popular method of passivation is the introduction of
a variety of ions into the ZnO films. Common choices include
chlorine, magnesium, sodium, potassium, and cesium.80

These ions are expected to fill the oxygen vacancies and reduce
the absorbed oxygen on the ZnO NP surfaces, both of which
should reduce the density of trap state energy levels within the
ETL.81 Furthermore, these passivating ions will have different
electronegativities compared to the oxygen in the ZnO lattice,
leading to the introduction of larger dipoles, and resulting in
band shifts that can contribute to more favorable band align-
ment.81 Filled trap states are also expected to up-shift the
Fermi level, further improving band alignment in PbS CQD
solar cells based on ion-passivated ZnO ETLs.80 As the passi-
vating ions fill oxygen vacancies, the conductivity of the films
are expected to improve as well. Yang et al. demonstrated this
effect in cesium-doped ZnO NP films by showing that, at low
concentration, the introduction of cesium into the ZnO simul-
taneously reduced the defects in the film and increased the
conductivity.82 At high cesium concentrations, conductivity
decreases due to disruption of the ZnO lattice structure.82

To highlight the impact of passivation on both ZnO ETL
properties and overall device performance, we now describe a
few recent advances achieved using these methods. In 2017,
Choi et al. developed a method based on chlorine passivation
for ZnO NPs, improving PCE from 10.6% to 11.6%.43 By
adding chlorine (Cl) salts to the solution comprised of ZnO
NPs dispersed in MeOH and CF, the surface trap density was
reduced, verified using PL measurements (Fig. 4a). Using UPS,
a shift in the ZnO Fermi energy from 3.02 eV without Cl passi-
vation to 3.30 eV with Cl passivation was observed (Fig. 4c).
Fig. 4d shows the band alignment obtained from UPS and

Fig. 2 (a)–(g) Atomic Force Microscopy (AFM) images of ZnO films
made from NP solutions with varying CF :MeOH (v : v) ratios. (h)
Comparing aggregation variation in ZnO NP thin films and RMS rough-
ness variation of ZnO thin films. Reproduced with permission from ref.
57 Copyright 2014, ACS Publications.

Fig. 3 (a) Normalized PL spectra of a ZnO film with and without
WPF-6-oxy-F. (b) UPS analysis results of the cut-off region for a ZnO
film with and without WPF-6-oxy-F. (c) Schematic of band bending at
the CQD/ZnO heterojunction interface with the addition of a WPF-6-
oxy-F interlayer. (d) Schematic of a WPF-6-oxy-F interlayer on a ZnO
film. (a–d) Reproduced with permission from ref. 33 Copyright 2016,
Wiley Online Library. (e) Illustration of charge transport in a pristine ZnO
layer and (f ) an EDT-treated ZnO layer. Process 1 shows bimolecular
recombination during charge sweep-out. Process 2 shows interfacial
bimolecular recombination induced by trapped charges. Process 3
shows improved extraction of charges through a new intragap band
formed by defect reduction. (g) UPS of ZnO layers for pristine and EDT-
treated films. (h) Schematic of surface defect passivation of ZnO via
EDT-treatment. (e–h) Reproduced with permission from ref. 36
Copyright 2016, ACS Publications.
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optical measurements. Fig. 4d illustrates how the deeper elec-
tron affinity allows for better electron extraction.

More recently, Wei et al. extended the idea of Choi et al. by
simultaneously using chlorine and sodium ions (Cl−1 and
Na+1, respectively) to passivate defects in the ZnO NPs in the
solution-phase.43,80 Using this approach, they were able to
achieve PCE improvements from 7.28% in a conventional
device to 9.15% in the NaCl-treated ZnO NP device. They pri-
marily saw improvements in the short-circuit current density
( Jsc) of their devices, with an improved Jsc of 28.6 mA cm−2

compared to a Jsc of 22.5 mA cm−2 in their control devices. Wei
et al. propose that the Na+1 and Cl−1 fill the oxygen vacancies
in the ZnO, reducing the trap-assisted recombination. This
result was verified using PL spectroscopy, where a much lower
PL signal from the NaCl treated ZnO film was observed com-
pared to the control ZnO film. They also observed effects of
ion doping in these samples, with the value of EF − EV increas-
ing from 3.02 eV to 3.30 eV based on UPS measurements. This
result is indicative of stronger n-type doping in the ETL, which
improves band alignment and electron transport within the
final device, which in turn is expected to enhance the open-
circuit voltage (Voc) and depletion region in the device. A slight
increase of Voc from 0.554 V to 0.561 V was observed.80

Woo et al. demonstrated that ZnO NP passivation can also
be achieved through improved annealing procedures, without
the need to introduce foreign ions into the ZnO lattice.81 Their
method involved heating a small volume of the ZnO solution
in a vial for 15 minutes at 80 °C. Woo et al. propose a reaction
scheme in which the oxygen vacancies of the ZnO lattice react
with free OH− groups in the solution to form defect-free ZnO
sites and water. Similar to the salt-based method described by
Wei et al., this colloidal annealing method is able to more
efficiently passivate the ZnO NPs due to the increased avail-
ability of the NP surface to the oxygen-containing hydroxyl

groups. Woo et al. found that the density of oxygen vacancies
was reduced from 20.6 atomic percent (at%) for the annealed
sample to 13 at% and 12 at% for the film-phase annealed and
colloidal-phase annealed samples, respectively. They also
observed reduced PL intensity for the colloidal-phase annealed
sample compared to the traditional film-phase annealed
sample, further indicating that this method successfully passi-
vated traps and reduced recombination in the ZnO NP film.
This colloidal annealing method also induced favorable shifts
to the band structure of the ZnO NPs. Woo et al. reported that
the strong electronegativity of the oxygen added to the lattice
during annealing led to downward shifts of both the conduc-
tion and valence bands with a minimal shift of the Fermi level
(0.01 eV increase), leading to stronger n-type doping. These
shifts are expected to be highly beneficial for charge extraction
in the device. Devices fabricated with colloidal-phase annealed
ZnO ETLs showed significantly enhanced performance com-
pared to film-phase annealing, with an absolute increase in
PCE from 8.76% (film-phase-annealed) to 9.29% (colloidal-
phase-annealed). This result was accompanied by an enhanced
built-in voltage and depletion region width for the colloidal-
phase-annealed sample.

Fang et al. recently developed a method to passivate ZnO
NPs by introducing open-shell donor–acceptor organic semi-
conductors (diradicals) into the ZnO solutions.83 Importantly,
these molecules contain two unpaired electrons which can be
transferred to the ZnO, efficiently passivating the ZnO trap
states. This electron transfer is facilitated by the type-II band
alignment which exists between the ZnO NPs and the diradical
molecules. This alignment also facilitates hole extraction from
ZnO trap states to the diradical molecule, further reducing
trap-assisted recombination.83 A hybrid ETL is formed by
adding the diradical molecule TPAOMe-C8 to the ZnO NP solu-
tion before depositing the ETL film. Using this approach, the
average PCE was increased from 12.52% in the control device
to 13.30% in the hybrid ETL device. Using PL spectroscopy, a
significant reduction in trap states in the hybrid ETL was
demonstrated, indicating successful passivation of oxygen
vacancies. Transient PL measurements were used to study
both the fast and slow decay time scales in the deep defect
region. The fast decay time decreased from 6.25 ns in the
control to 0.75 ns in the TPAOMe-C8. Fang et al. attribute this
to hole extraction from the oxygen vacancy defect level into the
TPAOMe-C8. They also observed a decrease in the slow decay
time, which they attribute to reduced emission from the defect
level. This indicates that the diradical molecules successfully
reduced radiative recombination through the combination of
enhanced electron injection into the ZnO and hole extraction
from ZnO defect levels into the diradical molecules. The con-
ductivity of the ZnO films was also tested by making electron-
only devices. The results show that the conductivity increases,
both in the dark and under illumination, upon the addition of
the diradical molecules into the ZnO NP film, which improves
the extraction of electrons from the PbS CQD film into the
ETL. This result occurs due to the injection of the free elec-
trons from the diradical molecule into the ZnO film. UPS

Fig. 4 (a) PL spectra, (b) Tauc plot, (c) UPS spectra of ZnO with (solid)
and without (dashed) Cl passivation. (d) Schematic band diagram of ZnO
without (left) and with (right) Cl derived from optical and UPS analysis.
(a–d) Reproduced with permission from ref. 43 Copyright 2017, Wiley
Online Library.
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measurements indicated an upward shift of the conduction
and valence bands as well as the Fermi level of the ZnO film,
resulting in better band alignment with the PbS CQD film.

3.3 ZnO doping

Many dopants have been utilized to improve the performance
of ZnO ETLs including gallium,84 magnesium,42,47,85 alumi-
num,86 potassium,87 and cesium.82 Generally, dopants have
been introduced to increase the ZnO bandgap and enable
better band alignment with the CQD films. Bashir et al. chose
indium (In3+), aluminum (Al3+) and gallium (Ga3+) to test as
dopants in ZnO to broaden its bandgap and improve transport
properties.54 With In3+ as a ZnO dopant (creating IZO), they
were able to improve PCEs by 18%, from 9.4% to 11.1%. Using
Tauc plots (Fig. 5a), they found that with In3+ doping, the ZnO
bandgap increased from 3.56 eV to 3.74 eV for IZO, which was
the largest bandgap observed. Using UPS (Fig. 5b–e), they were
able to calculate band energies (Fig. 5f), and concluded that
IZO had a more favorable band alignment for their PbS CQD
absorbing layer, which led to improved device performance. As
a result of the improved band alignment, devices made with
IZO exhibited a barrier-free interface which simultaneously
enabled faster electron injection and more efficient hole block-
ing characteristics. X-ray photoelectron spectroscopy (XPS)
results also show a reduced concentration of surface hydroxyl
groups for IZO, which is beneficial for reducing the defect
density in the IZO films. PL results agree with this finding.
The PL intensity is notably smaller for IZO films compared to
ZnO films.

Magnesium is also a popular dopant for ZnO ETLs. Mg can
increase the bandgap of ZnO through direct substitution of
Mg for Zn in the ZnO lattice.42 Zhang et al. demonstrated the
benefit of this approach by researching the applications of
magnesium-doped ZnO (MgZnO) in flexible PbS CQD solar
cells.42 Using MgZnO, they improved the average PCE from
9.2% in their rigid control device to 10.4% in their rigid

MgZnO ETL device and 9.4% in a flexible MgZnO ETL
device.42 Zhang et al. first confirmed the incorporation of Mg
into the ZnO using XPS. They also observed a slight (≈0.15 eV)
increase in the ZnO conduction band minimum, leading to
improved band alignment with the PbS CQD absorbing layer.
Utilizing simulations, they demonstrated that the observed
shift in the conduction band minimum and the bandgap of
the MgZnO lead to smoother band alignment at the ETL/CQD
interface in a PbS CQD solar cell. They confirmed these results
experimentally. Based on the current density–voltage ( J–V)
curves, they found a reduced series resistance of 5.0 Ω cm−2

compared to 7.4 Ω cm−2 for the control ZnO film. This result
indicates that the MgZnO ETL provides better electron extrac-
tion and hole blocking compared to a ZnO ETL, enhancing
overall performance. A reduced PL intensity was observed
when utilizing a MgZnO ETL, indicating that using the MgZnO
film resulted in reduced radiative recombination at the ETL/
CQD interface. Trasient Voc decay measurements showed that
the MgZnO based devices had longer electron lifetimes than
the corresponding ZnO devices, meaning that the MgZnO
devices exhibit slower recombination rates than ZnO devices,
which is highly beneficial for solar cell performance. Similarly,
time resolved PL decay measurements revealed that the elec-
tron injection times were 0.74 and 0.58 ns for a ZnO ETL and
MgZnO ET, respectively. The faster electron injection time
implies more ideal band alignment at the ETL/CQD interface,
in agreement with the simulation results.

Recently, Choi et al. introduced a doping method based on
an azide ion solution to remove unwanted impurities, enhance
carrier lifetime and mobility, and provide a more optimal
band structure for integration into PbS CQD optoelectronics.88

Choi et al. found that in addition to surface defects, current
ZnO NP synthesis methods suffer from the strong attraction of
the acetate ions from the ZnAc precursor to the ZnO NP sur-
faces. The acetate groups on the ZnO surfaces hinder charge
transport in the ZnO ETL. To overcome this issue, Choi et al.

Fig. 5 (a) Tauc plot, (b) and (c) UPS of ZnO doped with In3+, Al3+, and Ga3+. (d), (e) UPS spectra of a PbS CQD based absorbing layer. (f ) Energy
band diagram of ZnO, AZO, GZO, and IZO alignment within a PbS CQD solar cell. (a–f ) Reproduced with permission from ref. 54 Copyright 2021,
Royal Society of Chemistry.
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developed an approach to soak the ZnO NP films in a sodium-
azide (NaN3) solution. They then demonstrated using Fourier
transform infrared (FTIR) spectroscopy that the azide treated
films showed a reduced COO− peak and an enhanced N3

−

peak, indicating the azide ions successfully exchanged with
the acetate ions on the ZnO NP surface. XPS was used to quan-
tify the concentration of oxygen in the lattice (OL), absorbed
oxygen (OA), and oxygen vacancies (OV). The reported
OL : OV : OA ratios were 60.1 : 24.4 : 15.5 and 68.6 : 21.3 : 10.1,88

showing that the azide treatment reduced both vacancies and
absorbed oxygen while providing an increased concentration
of occupied lattice oxygen sites. This is expected to be very
useful for device applications as it will reduce trap-assisted
recombination and improve overall charge transport in the
device. Indeed, lower defect emission was observed by PL spec-
troscopy for the azide treated ZnO films. Carrier lifetime was
also estimated to have improved from 11.8 ns to 13.2 ns.88

Based on space-charge limited current measurements, the trap
state densities were calculated to be 9.7 × 1015 cm−3 and 7.9 ×
1015 cm−3 for the control and azide treated ZnO films, respect-
ively. The azide treatment also provided significant n-type
doping, with the value of EC − EF decreasing from 0.42 eV to
0.18 eV. This band shifting provides more ideal band align-
ment with PbS CQD thin films.

4 Experimental demonstration
Prior work on ZnO ETLs has illustrated the importance of a
wide range of synthesis parameters on the PCE and yield of
PbS CQD solar cells. These parameters include the heating
time, the presence and identity of additives in the ZnO NP
solution, and the composition of the dispersion
solvent.35,56–58,63,64 In order to highlight the interaction
between these different approaches, we conducted experi-
ments employing each method discussed above while main-
taining a common base procedure. Due to its widespread use
in literature, we employed the method popularized by Chuang
et al. as the basis for further exploration of the correlation
between ZnO ETL quality and PbS CQD solar cell yield.56 By
keeping a consistent baseline between experiments, the results
presented here are intended to demonstrate the optimal com-
bination of these approaches which simultaneously improves
PCE and device yields.

We first varied the heating time of the ZnO synthesis
(Fig. 1(a)) from 2 hours and 20 minutes to 3 hours in
10 minutes intervals. This range was chosen to cover the
heating times commonly found in literature.24,26,45 The pro-
cedure used for synthesizing the ZnO NPs is illustrated in
Fig. 1(a). The procedure is as follows: first, 2.95 grams of zinc
acetate dihydrate (ZnAc) are added into 125 mL of methanol.
Next, the solution is heated to 58 °C and stirred at 1000
rotations per minute (rpm) until the ZnAc is fully dissolved.
Separately, 1.48 g of potassium hydroxide (KOH) is dissolved
in 65 mL of methanol. Mild heating (up to 80 °C) and stirring
(at 300 rpm) were used to dissolve the KOH. Next, the KOH

solution is slowly added into the ZnAc solution over the course
of 10 minutes. After this is complete, the solution is main-
tained at 58 °C and 1000 rpm for the desired hearing time.
Once the ZnO NPs are formed, the solution is allowed to cool
for 1–2 hours prior to being centrifuged at 3200 rpm for
1 minute. After centrifuging, the methanol is discarded and
replaced with fresh solvent, and the washing process is
repeated for a total of three iterations. On the final wash, the
samples are centrifuged for 5 minutes at 4000 rpm. Finally,
the ZnO NPs are dispersed in chloroform at 30 mg mL−1.

Once we had synthesized ZnO NPs with each of the desired
heating times, we made devices incorporating ZnO from each
trial into devices using the following methods. First, the ZnO
solution was deposited onto clean fluorine-doped tin oxide
(FTO) substrates by spin casting three layers at 2000 rpm. The
ZnO NP ETLs were then annealed at 200 °C for 40 minutes in
air. The absorbing layer was prepared based on literature
methods involving a solution-phase ligand exchange of lead
halides and ammonium acetate.15 The absorbing layer was
then annealed at 70 °C for 10 minutes in a nitrogen environ-
ment. The HTL was prepared using a layer-by-layer solid state
ligand exchange, as per standard procedures.15 Finally,

Fig. 6 (a) PCE (blue plot, left y-axis) and yield (orange plot, right y-axis)
as a function of the ratio of chloroform and methanol used to disperse
the ZnO NP solution. Each ratio contains data for between 9 and 16
devices. (b) Normalized PCE of PbS CQD solar cells prepared with ZnO
NPs heated for different amounts of time. 9 devices were tested for
each heating time.
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100 nm of gold was thermally evaporated to act as the top
contact of the device.

The results for the heating time experiment are shown in
Fig. 6(b).89 The 2 hours and 20 minutes synthesis time resulted
in the highest average PCE, but we observed that the resulting
NPs were difficult to precipitate. Although the 2 hours and
20 minutes heating time yielded an average PCE that was
about 0.2% higher than the 2 hours 40 minutes heating time,
we found that the NPs produced with longer heating times
were more easily redispersed, leading to more reliable results
and higher device yield. Based on this minimal tradeoff
between PCE and yield, we found the optimal heating time to
be 2 hours and 40 minutes.

Multiple studies have examined the impact of adding
methanol to the final dispersion solvent for the ZnO NPs on
the PCE of PbS CQD solar cells, so we next performed a study
to determine how the final solvent ratio affected device
yield.35,57,58 This experiment utilized the same strategies as the
heating time experiments described above with a fixed heating
time of 2 hours and 40 minutes. The variation for this experi-
ment occurred in the final step, where instead of dispersing
the ZnO NPs at 30 mg mL−1 in pure chloroform, the NPs were
dispersed at a fixed concentration of 30 mg mL−1, but with
varied ratios of CF : MeOH. We found that both the 1 : 0 ratio
and the 1 : 1 CF : MeOH ratios produced high PCE devices, con-
sistent with literature. We also observed a significant differ-
ence in device yield between the two, with the 1 : 1 ratio out-
performing the 1 : 0 ratio in this regard, as summarized in
Fig. 6a.89 Due to the reliability of the 1 : 1 ratio we found it to
be the ideal final solvent ratio for the ZnO synthesis
procedure.

We also investigated the effects of the popular additive
ethanolamine (MEA). We started by adding MEA to ZnO in
chloroform. We tested multiple MEA concentrations of MEA in
the chloroform-only ZnO NP solutions and found the optimal
MEA concentration to be 0.2 percent by volume. The addition
of MEA resulted in a clearer solution, whereas the ZnO solu-
tion without MEA was more opaque and agglomeration was
clearly visible, as shown in Fig. 7b. We performed SEM on ZnO
thin films with and without the addition of MEA and saw the
same trends observed in literature, where the addition of MEA
resulted in smoother films with less cracking (Fig. 7c and
d).63,64 Due to the higher film quality resulting from the
addition of MEA, we were able to achieve an increase in PCE
from 7.8% to 9.1% (Fig. 7a), when comparing the best per-
forming solar cells. This increase was mostly attributable to a
higher Jsc, which increased from 23.1 mA cm−2 to 26.5 mA
cm−2, as well as an increase in FF from 0.58 to 0.60. There was
a slight decrease of Voc from 0.58 V to 0.56 V when comparing
the best performing solar cells without MEA added to with
MEA. We also found that the addition of MEA improved device
yields by 10%. This was likely due to the resulting smoother
surfaces with less crack formation in the ETL films, leading to
less shorting in the full devices. However, adding MEA to our
1 : 1 CF : MeOH ZnO solution decreased the PCE, resulting in a
PCE of 7.2%.

To summarize the experimental findings, the optimal com-
bination of PCE and yield was achieved by heating the ZnO for
2 hours and 40 minutes, washing the nanoparticles in metha-
nol three times, then redispersing the nanoparticles in a 1 : 1
ratio of chloroform and methanol. We additionally found that
switching from pure chloroform to 1 : 1 CF : MeOH produced
more significant PCE improvements than the addition of MEA,
so we did not include MEA in our optimized ZnO recipe.

5 Conclusions
In summary, we have presented a comprehensive review of the
ZnO recipes used for the ETLs in high performance PbS CQD
solar cells over the past several years to understand how these
factors affect the PCE. To further enhance our understanding
of how these parameters effect overall performance, we have
presented a set of experimental studies to highlight their
effects on the yield of working devices.

We found that a critical factor for high yield and high per-
formance CQD solar cells was the dispersion solvent. Pure CF
and a CF : MeOH ratio of 1 : 1 were the most prevalent final
solvent choices for the ZnO nanoparticle ETL among pre-
viously-reported high performing PbS CQD solar cells. We
found that although both choices lead to high performance, a
CF : MeOH ratio of 1 : 1 achieved the highest device yield. We
also studied the effect of a common additive, MEA, used for
solution stabilization and found that it produced smoother
ZnO films with consequently higher CQD solar cell PCEs from
ZnO-in-chloroform dispersions. We also analyzed recent work
on the ZnO ETL which addressed the issues of surface passiva-

Fig. 7 (a) Representative JV curve for a PbS CQD solar cell with (red)
and without MEA (blue) as an additive in the ZnO ETL. (b) Photographs
of a clear ZnO solution with the addition of MEA (left) and a cloudy ZnO
solution without MEA (right). (c and d) SEM images of ZnO films without
MEA (c) and with MEA (d). The scale bars are 10 μm.
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tion and band alignment within the full devices. Although
there have been many demonstrations of methods to decrease
surface defect densities and improve band alignment, none of
these techniques have been widely adopted yet. As the field of
PbS CQD solar cells matures, simultaneously achieving high
PCE and high device yields will be a critical factor in commer-
cializing this technology for use in next-generation appli-
cations such as multi-junction solar cells, color-tuned and
transparent platforms, and flexible, wearable devices.
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