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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

DOI: 00.0000/XXXXXXXXXX

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 en-
ergy, new solar cell technologies are attracting continuing inter-
est. 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 compet-
itive 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. Specif-
ically, the high temperature purification process for silicon, re-
quiring temperatures as high as 650°CL, 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 tech-
nology is colloidal quantum dot (CQD) solar cells. The low tem-
perature and low cost synthesis methods, as well as the solution-
processable nature of CQDs, offers advantages for roll-to-roll or
spray-casting manufacturing at a large scale onto a variety of flex-
ible substrates?®, Tead sulfide (PbS) CQDs are of particular in-
terest, given that the bandgap of this materials system can be
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tuned based on the physical size of the CQD to absorb a wide
range of the sun’s visible and infrared spectrum, 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 experimental yield, which
becomes a critical factor when considering large scale produc-
tion. By yield, we specifically refer to the percentage of work-
ing devices that result from any specific fabrication run, whereby
the most common indicators of failure are persistent short cir-
cuit 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 persistent 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-
ure [I(c) and the corresponding device diagram shown in Figure
d). ZnO is an attractive ETL material due to its optical trans-
parency, electron affinity alignment with 1.3 eV bandgap PbS
CQD films, and high electron mobilitym. However, in our
work, we discovered that the ZnO layer plays a large factor in
experimental yields and repeatability. We often observed vary-
ing 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

Journal Name, [year], [vol.], 1 |1



Nanoscale

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 Pass-
inglZ. Bashir et al. recently proposed a low-temperature syn-
thesis method that allows stable ZnO NPs to be synthesized in
less time'l®, 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'®. This
method, illustrated in [I{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
substrate, 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 ef-
fects of Zn2*:0OH" ratio and a variety of dispersion solvents and
additives, as well as investigate the benefits of various surface
passivation techniques currently being explored by the field. Ad-
ditionally, we present the results of experimental work to illus-
trate the importance of ZnO synthesis 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!?. In 2007, a working PbS CQD solar cell
with a Schottky junction architecture was demonstrated with an
infrared power conversion efficiency (PCE) of 1.3%2C. In 2010,
the depleted heterojunction architecture?! was introduced, 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 photogenerated 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/hybrid?% and dye-sensitized so-
lar cells%3, which now predominately use organic ETLs and TiO,
ETLs, respectively. Both ZnO NPs and mesoporous TiO, were ini-
tially used as the ETL for PbS CQD solar cells, with ZnO ETL de-
vices achieving 3% PCE2# and TiO, achieving 3.5 %22 in 2010.
TiO, was the dominant ETL for PbS CQD solar cells based
on the first iterations of depleted heterojunction architectures
that utilized p-type CQD films with organic ligands. ZnO be-
came the ETL of choice for high-performing PbS CQD solar cells
as new, primarily halogen-based inorganic ligand strategies for
CQDs emerged that were more compatible with ZnO. This change
was accompanied by a shift to p-i-n device structures, with the in-
troduction of a p-type hole transport layer (HTL) primarily based
on PbS CQD films with ethanedithiol ligands to compliment the
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close-to-intrinsic PbS CQD absorbing layer that used primarily in-
organic ligands.26 The major change from the ZnO used in 2010
by Nozik et al.2% and in 2011 by Beard et al.2Z to the ZnO used
by Bawendi et al.2% in 2014 was the precursor concentration and
solvent ratios, as summarized in Table It has been shown
that the rate of ZnO particle growth and size is dependent on
the concentration of precursors and the solution composition28/22
and affects the ZnO nanoparticle morphology as well as the ZnO
bandgap=%3l, The ZnAce2H,0:KOH ratios used by Bawendi et
al.2® have become widely adopted by the field, with advances
mainly revolving around different final solvents and solvent ra-
tios. In 2019, 2-methoxyethanol (2MEA) was used as a precursor
solvent by Baek et al.2? instead of the MeOH that was popular-
ized by Bawendi et al.2®. Currently, MeOH is still the more dom-
inant 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 solu-
tion was chloroform (CF)2¢, In 2016 Lan et al.2% added methanol
(MeOH) and dispersed the ZnO nanoparticles in a CF:MeOH mix-
ture at a 1:1 ratio. This development can be traced to 2014 when
Li et al.”Z studied the effects of solvent-induced nanoparticle ag-
glomeration on the ZnO ETL in organic solar cells (OSCs) which
generally use similar ZnO synthesis parameters as the PbS CQD
field. They found the optimum ratio, which led to the smallest
amount of agglomeration, 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 Figure
[2h-h. This 1:1 ratio is now widely adopted for the ZnO dispersion
solvent. More recently, Kumara et al.*® 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 nanocrys-
tal 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 agglomeration,
transparency, and stability, and thereby film quality®?. The most
popularly used additive is ethanolamine (2-aminoethanol, mo-
noethanolamine, ETA, or MEA), a stabilizer base, which reduces
agglomeration in the solution phase through the amine functional
group and promotes higher thin film quality®®l, Thin films de-
posited with MEA are of higher crystalline quality,®2 and more
homogeneous and smooth®3, There has also been evidence that
MEA improves ZnO nanoparticle passivation and reduces pinhole
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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 ethanedithiol ligands prepared using standard procedureslm(c) Cross sectional SEM
micrograph of an example PbS CQD solar cell, with a green box added to indicate the ZnO NP ETL. (c) reproduced with permission from Ref.18]

Copyright 2022, Wiley Online Library. (d) Device schematic for a PbS CQD solar cell.

Table 1 Summary of ZnO Synthesis Methods and Performance

. . Zn Precursor/ Base Precursor/ Zn?t:0H Final Heatin; .. Published
Device Architecture PCE (%) Solvent Solvent Ratio Solvent Temp./' Ti%ne Additives Year [Ref.]
ITO/ZnO/PbS-EDT/Au 2.94 ZnAc/MeOH KOH/MeOH 1:2.3 CF 60C/2hr - 201024
ITO/ZnO/PbS/TMO/Au 2.66 ZnAc/MeOH KOH/MeOH 1:2.3 CF 60C/2hr - 201127
ITO/ZnO/PbS-TBAI/PbS-EDT/Au 8.55 ZnAce2H,O/MeOH KOH/MeOH 1:1.7 CF 60C/2.5hr - 2014
ITO/ZnO-WPF-6-0xy-F/PbS/MoOx/Ag 9.01 ZnAce2H,0/DMSO TMAH/ETH .SM/. 1M IPA heated/2 hr WPE-6-oxy-F 201683
ITO/ZnO/PbS-1/PbS-EDT/(MoOx/metal) 9.60 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 60C/2.25hr - 201654
ITO/ZnO/PbS-TBAI/PbS-EDT/Au 10.18 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF:MeOH 60 C/2.5 hr - 201633
ITO/ZnO-EDT/PbS/Au 10.26 ZnAc/DMSO TMAH/ETH .5M/.1IM ETH heated/2hr EDT 201636
ITO/ZnO/PbS(MAI)-TBAI/PbS-EDT/Au 10.60 ZnAce2H20/MeOH KOH/MeOH 1:1.7 CF:MeOH RT/2.5hr - 20]6@'
ITO/ZnO/PbS-TBAI/PbS-EDT/GD/Au 10.64 ZnAc/MeOH & HyO KOH/MeOH 1:1.7 CF 60C/2.25hr - 2016
ITO/Zn0/PbS-PbX2/PbS-EDT/Au 11.28 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 60/2.5hr - 201632
ITO/ZnOPbS-EMII/PbS-EDT/Au 10.47 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF:1% BTA 60C/2.25hr - 201740
ITO/ZnO/mixed PbS/PbS-EDT/Au 10.4 I%An;:\l.ggl)zzco)G&Il—IZO/ETH KOH/MeOH 1:1.7 CF:MeOH 60C/2.5hr - 2017
1TO/MgZnO/PbS-TBAI/PbS-EDT/Au 10.40 ZnAce2H,O/MeOH ethanolamine - ETH:MEA 80C/3hr Mg 2017
ITO/Cl-ZnO/PbS/PbS-EDT/Au 11.6 ZnAce2H,O/MeOH KOH/MeOH 1:1.7 CF:MeOH 60C/2.5hr Cl 2017
ITO/ZnO/PbS-PbX2/PbS-EDT/Au 11 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 60C/2.5hr - 2017
ITO/ZnO/PbS-TBAI/PbS-EDT/Au 10.82 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 63C/3hr - 20184
ITO/ZnO/PbS-TBAI/PbS-EDT/Au 10.66 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 63.5C/3hr - 201848l
ITO/ZnMgO/PbS/Au 10.60 ZnAc & MgAc/2ME - - 2ME - Mg 201947
ITO/ZnO/PbS-Pbl2/PbS-EDT/Au 11.18 ZnAce2H,O/MeOH KOH/MeOH 1:1.7 CF:MeOH 60C/3hr - 2018@
ITO/ZnO/PbS-PbX2/PbS-EDT/Au 12.48 ZnAce2H,O/MeOH KOH/MeOH 1:1.7 CF:MeOH 60C/2.5hr - 201849
ITO/ZnO/PbS-PbI2/PbS-EDT/Au 11.18 ZnAce2H,O/MeOH KOH/MeOH 1:1.7 CF 63C/3hr - 2019
ITO/Zn0O/PbS-PbX2/Polymer-SM Bridge/Mo02/Ag ~ 13.1 2“2’\1&;2“20/ MEA 2ME & MEA - 201982
FTO/ZnO/PbS-MACl/PbS-EDT/Au 12.40 ZnAce2H,O/MeOH KOH/MeOH 1:1.7 CF:MeOH 63.5C/3hr - ZOZOIE‘
ITO/ZnO/PbS-PbX2/Polymer HTL/M002/Ag 13.2 ZnAce2H,O/MeOH KOH/MeOH 1:1.7 CF 60C/2.5hr - 2020
ITO/ZnO/PbS-PbX2 & PbS-CTA/PbS-EDT/Au 13.3 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 60C/2.5hr - 202052
ITO/ZnO/PbS-PbX2/Polymer HTL/M00O2/Ag 13.2 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 60C/2.5hr - 202053
ITO/1ZO/PbS-EMII/PbS-EDT/Au 11.1 [Zlfég;ﬂ{gf &&ZME 2ME RT/24hr In 202154
ITO/ZnO/PbX2/PbS-EDT/Au 12.22 ZnAce2H,0/MeOH KOH/MeOH 1:1.7 CF 60C/2.5hr - 202158
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Fig. 2 (a)-(g) Atomic Force Microscopy (AFM) images of ZnO films
made from NP solutions with varying CF:MeOH (v:v) ratios. (h) Com-
paring aggregation variation in ZnO NP thin films and RMS roughness
variation of ZnO thin films. Reproduced with permission from Ref 57
Copyright 2014, ACS Publications.

formation in the film phase.

3 Recent Work on Improving ETL Performance in

PbS CQD Solar Cells

Beyond agglomeration and physical film quality, it has been doc-
umented that the surface states associated with ZnO NPs are sen-
sitive to adsorbates due to the large surface-to-volume ratio®5,
leading to various intrinsic defects, such as oxygen vacancies,
Zn interstitials, oxygen interstitials, Zn vacancies. 5670 The main
surface defects in ZnO can be attributed to oxygen vacanciesZ2,
It has been shown that these defects can lead to charge carrier
accumulation at the ZnO/CQD interface, enhancing the electric
field of the deviceZ3. Additionally, the conduction band (CB) of
ZnO does not align well with the CB of PbX5-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 7476,
This has lead to the investigation of methods for reducing sur-
face defects such as the introduction of interlayers®377/78 and or-
ganic polymers??. Methods to introduce dopants have been used
to address the band alignment issue4247, and passivation tech-
niques have also been introduced to simultaneously address both
issues®33643 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 in-
volves introducing an interlayer between the ZnO ETL
and the CQD layer. Azim 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-modified ZnO and saw an improve-
ment in PCE from 7.14% to 9.01%33. They found that the addi-
tion 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 Figure [3p-
c. WPF-6-oxy-F also reduced charge recombination as a result of

4 Journal Name, [year], [vol.], 1

lower surface defect density, which was characterized using pho-
toluminescence (PL) spectroscopy (Figure [3h). The broad peak
in the visible region (=~ 545nm) of the PL is due to defect-related
emission®72, With the suppression of the peak at 545 nm with
WPF-6-oxy-F modification (Figure ), it can be concluded that
there is a reduction in surface defect density. Further, the ethy-
lene oxide (EO) in WPFE-6-oxy-F coordinated with the oxygen-
vacancies in the ZnO film surface, passivating the surface traps
(Figure [3{).

Azim et al., also developed a second method to passivate sur-
face defects via introducing 1,2-ethanedithiol (EDT) (Figure ).
The EDT ligands passivated the oxygen defects and suppressed
interband trap sites (Figure [3p-f), improving the solar cell effi-
ciency from 9.45% to 10.26%35. A change in work function was
also noted from 3.68 €V in pristine ZnO to 4.28 €V in EDT treated
ZnO (Figure[3).

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 pop-
ular method of passivation is the introduction of a variety of ions
into the ZnO films. Common choices include chlorine, magne-
sium, sodium, potassium, and cesium®. 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 ETLBL. 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 alignment®Y. Filled trap states are also ex-
pected to up-shift the Fermi level, further improving band align-
ment in PbS CQD solar cells based on ion-passivated ZnO ETLs®0.
As the passivating ions fill oxygen vacancies, the conductivity of
the films are expected to improve as well. Fang et al. demon-
strated this effect in cesium-doped ZnO NP films by showing that,
at low concentration, the introduction of cesium into the ZnO si-
multaneously reduced the defects in the film and increased the
conductivity®2. At high cesium concentrations, conductivity de-
creases due to disruption of the ZnO lattice structure2.

To highlight the impact of passivation on both ZnO ETL prop-
erties and overall device performance, we now describe a few re-
cent 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 (CI)
salts to the solution comprised of ZnO NPs dispersed in MeOH
and CF, the surface trap density was reduced, verified using PL
measurements (Figure Ea). Using UPS, a shift in the ZnO Fermi
energy from 3.02 €V without Cl passivation to 3.30 eV with Cl
passivation was observed (Figure [4c). Figure 4 shows the band
alignment obtained from UPS and optical measurements. Figure
[4d illustrates how the deeper electron 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"' and Na*1,
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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
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respectively) to passivate defects in the ZnO NPs in the solution-
phase®?, Using this approach, they were able to achieve PCE im-
provements from 7.28% in a conventional device to 9.15% in the
NaCl-treated ZnO NP device. They primarily saw improvements
in the short-circuit current density (Jsc) of their devices, with an
improved Jsc of 28.6 mA/cm? compared to a Jsc of 22.5 mA/cm?
in their control devices. Wei et al. propose that the Na™! and Gl
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 compared to the control ZnO film. They also ob-
served effects of ion doping in these samples, with the value of
Eg-Ey increasing from 3.02 eV to 3.30 eV based on UPS mea-
surements. 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®Y.,
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®. 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 wa-
ter. 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 availability 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 sam-
ples, 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 suc-
cessfully passivated 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 conduction
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 de-
vice. Devices fabricated with colloidal-phase annealed ZnO ETLs
showed significantly enhanced performance compared 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 de-
pletion 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 semicon-
ductors (diradicals) into the ZnO solutions®®2. Importantly, these
molecules contain two unpaired electrons which can be trans-
ferred 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
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alignment also facilitates hole extraction from ZnO trap states to
the diradical molecule, further reducing trap-assisted recombina-
tion®3. A hybrid ETL is formed by adding the diradical molecule
TPAOMe-C8 to the ZnO NP solution 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 in-
dicates that the diradical molecules successfully reduced radiative
recombination through the combination of enhanced electron in-
jection into the ZnO and hole extraction from ZnO defect levels
into the diradical molecules. The conductivity 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 illumi-
nation, 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 electrons from the diradical molecule into the ZnO film.
UPS measurements indicated an upward shift of the conduction
and valence bands as well as the Fermi level of the ZnO film, re-
sulting 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®* magnesium#24785 aluminum/®®,
potassium®Z, and cesium®?. Generally, dopants have been in-

troduced to increase the ZnO bandgap and enable better band
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alignment with the CQD films. Bashir et al. chose indium (In31),

aluminum (AI**) and gallium (Ga®*) to test as dopants in ZnO
to broaden its bandgap and improve transport properties.24 With
In 3* as a ZnO dopant (creating IZO), they were able to improve
PCEs by 18%, from 9.4% to 11.1%. Using Tauc plots (Figure [5h),
they found that with In 3+ doping, the ZnO bandgap increased
from 3.56 eV to 3.74 €V for IZO, which was the largest bandgap
observed. Using UPS (Figure [Ep-e), they were able to calculate
band energies (Figure[5f), and concluded that IZO had a more fa-
vorable 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 blocking characteristics. X-ray photoelec-
tron spectroscopy (XPS) results also show a reduced concentra-
tion 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 com-
pared to ZnO films.

Magnesium is also a popular dopant for ZnO ETLs. Mg can in-
crease the bandgap of ZnO through direct substitution of Mg for
Zn in the ZnO lattice®2, Zhang et al. demonstrated the benefit
of this approach by researching the applications of magnesium-
doped ZnO (MgZnO) in flexible PbS CQD solar cells¥2., 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*2. Zhang et al. first con-
firmed the incorporation of Mg into the ZnO using XPS. They
also observed a slight (= 0.15 €V) increase in the ZnO conduc-
tion band minimum, leading to improved band alignment with
the PbS CQD absorbing layer. Utilizing simulations, they demon-
strated 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 con-
firmed these results experimentally. Based on the current density-
voltage (J-V) curves, they found a reduced series resistance of 5.0
Q/cm? compared to 7.4 Q/cm? for the control ZnO film. This
result indicates that the MgZnO ETL provides better electron ex-
traction 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 re-
sulted in reduced radiative recombination at the ETL/CQD inter-
face. Trasient Voc decay measurements showed that the MgZnO
based devices had longer electron lifetimes than the correspond-
ing 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 mea-
surements revealed that the electron 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®®, Choi
et al. found that in addition to surface defects, current ZnO NP
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synthesis methods suffer from the strong attraction of the acetate
ions from the ZnAc precursor to the ZnO NP surfaces. The ac-
etate groups on the ZnO surfaces hinder charge transport in the
ZnO ETL. To overcome this issue, Choi et al. developed an ap-
proach to soak the ZnO NP films in a sodium-azide (NaN3) solu-
tion. They then demonstrated using Fourier transform infrared
(FTIR) spectroscopy that the azide treated films showed a re-
duced 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 quantify the concentration of oxygen
in the lattice (Oy), absorbed oxygen (Oa), and oxygen vacan-
cies (Oy). The reported Or,:0y:0p ratios were 60.1:24.4:15.5 and
68.6:21.3:10.188 showing that the azide treatment reduced both
vacancies and absorbed oxygen while providing an increased con-
centration 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 de-
vice. 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 ns8. Based on
space-charge limited current measurements, the trap state den-
sities were calculated to be 9.7x10%¢m™3 and 7.9x10¢m ™3 for
the control and azide treated ZnO films, respectively. The azide
treatment also provided significant n-type doping, with the value
of Ec-Er decreasing from 0.42 €V to 0.18 eV. This band shifting
provides more ideal band alignment 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 pres-
ence and identity of additives in the ZnO NP solution, and the
composition of the dispersion solvent=0l6463I35157158 1 order
to highlight the interaction between these different approaches,
we conducted experiments employing each method discussed
above while maintaining a common base procedure. Due to its
widespread use in literature, we employed the method popu-
larized by Chuang et al. as the basis for further exploration of
the correlation between ZnO ETL quality and PbS CQD solar cell
yield=¢., By keeping a consistent baseline between experiments,
the results presented here are intended to demonstrate the opti-
mal combination of these approaches which simultaneously im-
proves PCE and device yields.

We first varied the heating time of the ZnO synthesis (Fig. a))
from 2 hours and 20 minutes to 3 hours in 10 minute inter-
vals. This range was chosen to cover the heating times commonly
found in literature242645, The procedure used for synthesizing
the ZnO NPs is illustrated in Fig. [I[(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 1,000 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
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is maintained at 58°C and 1,000 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 3,200 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 4,000 rpm. Finally, the ZnO NPs are dispersed in
chloroform at 30 mg/mL.

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 2,000 rpm. The ZnO NP
ETLs were then annealed at 200°C for 40 minutes in air. The ab-
sorbing layer was prepared based on literature methods involving
a solution-phase ligand exchange of lead halides and ammonium
acetate!®. The absorbing layer was then annealed at 70°C for 10
minutes in a nitrogen environment. The HTL was prepared using
a layer-by-layer solid state ligand exchange, as per standard pro-
cedures!®. Finally, 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 Figure
[6l5)B2. 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 hour and 20 minute
heating time yielded an average PCE that was about 0.2% higher
than the 2 hour 40 minute 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 yield2>2758 This ex-
periment utilized the same strategies as the heating time experi-
ments described above with a fixed heating time of 2 hours and
40 minutes. The variation for this experiment occurred in the fi-
nal step, where instead of dispersing the ZnO NPs at 30 mg/mL in
pure chloroform, the NPs were dispersed at a fixed concentration
of 30 mg/mL, 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, consistent with literature. We also observed a significant
difference in device yield between the two, with the 1:1 ratio out-
performing the 1:0 ratio in this regard, as summarized in Figure
[6h2. 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 chlo-
roform. 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 solution with-
out MEA was more opaque and agglomeration was clearly vis-
ible, as shown in Figure [7b. We performed SEM on ZnO thin
films with and without the addition of MEA and saw the same
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Nanoscale Page 8 of 11

Ean: E, t-off PbS-EMII
b) = 16.90 c: T © (@ 0.93 eV (e)
3.45\eV 0e Eon-set=0.93¢ Ecut-off = 1643 eV
3 0 ' "
& 3.51 eV © L Blndlng Energy (eV)
N L AZO
2 AZO \ > -
~ 3.54 eV 2 16.78 eV <
54¢ c : S Au
= Vde] ©
1Zzo \ £ >
>
(0]
0 357eV 171eV v
Zno Zno
3.56, 3.58, 3.60, 3.74 &V . Z
25 30 35 400 2 4 6 16 17 18 19
Photo Energy (eV) Binding Energy (eV)

Fig. 5 a) Tauc plot, b), c) UPS of ZnO doped with In 3*, AI3*, 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.

trends observed in literature, where the addition of MEA resulted

in smoother films with less cracking (Figure Ep-d). 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-

(a) 1 ‘ ure [7h), when comparing the best performing solar cells. This

—— A\ % 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 result-

ing smoother surfaces with less crack formation in the ETL films,

T 30 leading to less shorting in the full devices. However, adding MEA

e to our 1:1 CF:MeOH ZnO solution decreased the PCE, resulting in
Chioroform:Methanol Ratio a PCE of 7.2%.

(b) é To summarize the experimental findings, the optimal combi-
nation of PCE and yield was achieved by heating the ZnO for 2
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hours and 40 minutes, washing the nanoparticles in methanol
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 in-
clude MEA in our optimized ZnO recipe.
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0 5 Conclusions

o

Zhvzomin. zhesomn. 2vAOmn Zhrsomin 3 In summary, we have presented a comprehensive review of the
eating ime . . .

ZnO recipes used for the ETLs in high performance PbS CQD so-
Fig. 6 (a) PCE (blue plot, left y-axis) and yield (orange plot, right y-axis) lar cells over the past several years to understand how these fac-
as a function of the ratio of chloroform and methanol used to disperse tors affect the PCE. To further enhance our understanding of how
the ZnO NP solution. Each ratio contains data for between 9 and 16 these parameters effect overall performance. we have presented

devices. (b) Normalized PCE of PbS CQD solar cells prepared with ZnO P ; V P A ? W vep .
NPs heated for different amounts of time. 9 devices were tested for each a set of experimental studies to highlight their effects on the yield

heating time. of working devices.
We found that a critical factor for high yield and high perfor-
mance 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 previously-reported
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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-d) SEM images of ZnO films without
MEA (c) and with MEA (d). The scale bars are 10 um

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 passivation and band alignment within the full devices.
Although there have been many demonstrations of methods to de-
crease 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 commercializing
this technology for use in next-generation applications such as
multi-junction solar cells, color-tuned and transparent platforms,
and flexible, wearable devices.
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