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1. Introduction

The past decade has seen a dramatic surge in the power conversion

efficiency (PCE) of next-generation solution-processed thin-film solar cells
rapidly closing the gap in PCE of commercially-available photovoltaic

(PV) cells. Yet the operational stability of such new PVs leaves a lot to be
desired. Specifically, chemical reaction with absorbers via high-energy
photons transmitted through the typically-adapted metal oxide electron
transporting layers (ETLs), and photocatalytic degradation at interfaces
are considered detrimental to the device performance. Herein, the authors
introduce a device architecture using the narrow-gap, Indium Arsenide
colloidal quantum dots (CQDs) with discrete electronic states as an ETL in
high-efficiency solution-processed PVs. High-performing PM6:Y6 organic
PVs (OPVs) achieve a PCE of 15.1%. More importantly, as the operating
stability of the device is significantly improved, retaining above 80% of
the original PCE over 1000 min under continuous illumination, a Newport-
certified PCE of 13.1% is reported for nonencapsulated OPVs measured
under ambient air. Based on operando studies as well as optical simula-
tions, it suggested that the InAs CQD ETLs with discrete energy states
effectively cut-off high-energy photons while selectively collecting elec-
trons from the absorber. The findings of this works enable high-efficiency
solution-processed PVs with enhanced durability under operating

conditions.

Next-generation thin-film solar cells
composed of solution-processed photo-
voltaic (PV) absorbers, including lead
halide perovskites, organics, and colloidal
quantum dots (CQDs), have attracted
considerable attention as a promising PV
technology for commercialization because
of their outstanding PV performances and
cost-effective  fabrication  processes.!”]
Yet, the operational stability of such new
solar cells leaves a lot to be desired. The
operating conditions of continuous 1 sun
(AM 1.5G, 100 mW cm™) illumination
under ambient air atmosphere often result
in degrading the PV absorbers, leading to
low device stability.#1 Although many
attempts have been made to improve
the device stability, such as PV absorber
design for high chemical stability, inter-
face engineering, and implementation
of a protection layer,"l solar cells still
suffer from low device stability under con-
tinuous 1 sun illumination in ambient
conditions.
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Currently, the efficient and stable solution-processed thin-
film solar cells typically employ the wide-bandgap, n-type metal
oxide semiconductor electron transporting layers (ETLs), such
as ZnO, TiO,, and SnO,, on the top of glass/ITO substrates
because of their inorganic compound, low work function, high
electron mobility, and optical transparency.'1l For example,
the inverted device architecture based on metal oxide ETLs in
nonfullerene acceptor (NFA)-based organic PVs (OPVs) has very
recently led to a significant improvement in PV performance,
exceeding power conversion efficiency (PCE) of 18%, and thus
received great attention as a promising platform for next-gener-
ation eco-friendly thin-film solar cells.%20-2] However, the deg-
radation of organic absorbers under continuous 1 sun illumina-
tion in ambient environments often leads to low device stability;
for example, PV performance and stability of highly efficient
NFA-based OPVs have been only investigated in an inert atmos-
phere.[?26l Currently, the photocatalytic characteristics of metal
oxides are considered the main source of the chemical insta-
bility of the light-absorbing layer.’”l Additionally, a large amount
of near-ultraviolet (UV) light with high energy, although contrib-
uting insignificantly to the collection of charge carriers in solar
cells, induces photo-oxidation of OPV absorbers under ambient
conditions, resulting in breaking of their chemical bonds.[?8-3%

Herein, we employ narrow-gap electron-accepting layers as
an ETL in the way of fabricating high-efficiency solar cells with
improved durability. We demonstrate that the use of electron-
accepting, narrow-gap indium arsenide (InAs) CQD layer as an
ETL in NFA-based bulk-heterojunction (BHJ) OPVs (PM6:Y6
OPVs) results in high-efficiency devices with significantly
improved operational stability under continuous 1 sun illu-
mination in ambient air. The InAs CQD-based PM6:Y6 OPVs
fabricated in this study exhibit a 15.1% PCE and retain over
80% of the original PCE under continuous 1 sun illumination
over 1000 min in ambient conditions. In addition, the non-
encapsulated device shows a Newport certified PCE of 13.1%
with highly stable current—voltage (I-V) operation in a quasi-
steady-state (QSS) measurement for 9 min under ambient air
without device hysteresis. Based on operando studies including
femtosecond transient absorption (TA) spectroscopy measure-
ments, we found that the narrow-gap (=1.1 eV) InAs CQDs with
discrete and few electronic states can effectively collect only
electrons in the new device architecture demonstrated in this
study. Furthermore, InAs CQD layers with high absorptivity
of near-UV energy effectively block the high-energy photons
reaching the PM6:Y6 BH] absorbers, and thus significantly
suppress the photocatalysis at the interface as well as photo-
oxidation of the organic moiety.

2. Results and Discussion

2.1. Combination of Narrow-Gap InAs CQD layers with a BH]

We employed PM6:Y6 OPVs based on the inverted device
architecture of glass/ITO/ZnO ETL/PM6:Y6 BH]J/MoO,/Ag as
a control device, which has been considered to provide better
device stability under operating conditions with a PV perfor-
mance exceeding a 15% PCE (Figure 1a).[0203132] The ZnO
metal oxide has a high density of surface and internal defects
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corresponding to non-lattice oxygen and oxygen vacancies,
which gives rise to a photocurrent upon UV light illumina-
tion.>334 At the same time, wide-bandgap and oxygen-deficient
ZnO has a deep valence band (VB) position enabling redox
reactions with oxygen and moisture under ambient conditions
and thus has an inherent photocatalytic property.l?”! In addition,
the large number of high-energy photons in near-UV light, after
passing through the highly transparent ZnO ETLs, triggers
the photo-oxidation by reacting with oxygen in ambient air.*®!
These photocatalytic effects and photo-oxidation are known to
subsequently decompose conjugated chain molecules in BH]
absorbers, leading to low device stability of PM6:Y6 OPVs
under 1 sun illumination in ambient air (Figure 1a).2/2835-38]

The quest for new inorganic ETLs led us to employ electron-
accepting InAs CQDs, which have recently been developed in
terms of synthesis and various optoelectronic applications.[3%4!
We expect that the use of InAs CQDs having a much shallower
highest quantized state of the VB (1S;) and a narrower gap than
ZnO might prevent the redox reaction (i.e., photocatalytic reac-
tion) with oxygen and moisture species under ambient condi-
tions (Figure 1a)."* Also, narrow-gap InAs CQDs absorb
high-energy photons in near-UV light (Figure S1, Supporting
Information) and may suppress the photo-oxidation of the BH]
absorber layer that occurs under ambient air. However, when
the narrow-gap semiconductors are employed as an ETL in
solar cells, it might be difficult to selectively collect the charge
carriers (i.e., electrons and holes) generated from the rela-
tively large-gap PV absorbers, because of unfavorable energy
level alignment (Figure S2, Supporting Information). That is,
the 1Sy, of InAs CQD ETL is shallower than the highest occu-
pied molecular orbital (HOMO) of PM6:Y6 BH] absorber; thus
both electrons and holes generated from BH] absorber could
transfer to InAs CQD ETLs. Here, we found that the presence
of abundant electrons in narrow-gap InAs CQDs with discrete
and few electronic states could suppress the charge transfer of
holes and thus might enable the charge-selective collection, as
will be discussed in Figures 3 and 5 in detail.

To investigate the optical absorption of each layer affecting
the device performance, we first measured the UV-Vis—NIR
absorption spectra of the ZnO, InAs CQD, and PM6:Y6 BH]J
films fabricated with the real thicknesses, which were used in
the OPV device, on bare glass substrates and then plotted them
along with the 1 sun spectrum (Figure 1b). The BH]J films show
two strong absorption bands at approximately 600 and 800 nm,
corresponding to polymer donor PM6 and NFA Y6, respec-
tively, which are dominantly attributed to the photo-generation
of electron and hole pairs in the absorber layer. The wide-
bandgap ZnO film is highly transparent to solar light over the
entire range of UV-Vis—NIR to near-infrared. The 20-nm-thin
narrow-gap InAs CQD film shows an overall higher absorption
than ZnO, especially in the high-energy area, yet does not inter-
vene BH]J absorption significantly.

We then fabricated inverted PM6:Y6 OPVs based on the
respective ZnO and InAs CQD ETLs and investigated the
photo-stability of each 5 high-efficiency device under contin-
uous 1 sun illumination in ambient air while irradiating light
through the glass substrate (Figure 1c). We confirmed using the
atomic force microscopy (AFM) measurements that there were
no morphological changes of PM6:Y6 BH] thin-films fabricated
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Figure 1. Air- and photo-stable PM6:Y6 OPVs based on the InAs CQD ETL. a) Schematic illustrations of the PM6:Y6 OPVs based on the respective ZnO
(left) and InAs CQD (right) solids as an ETL, and crystal structure of ZnO and InAs CQDs. b) Absorbance spectra of ZnO, InAs CQD, and the PM6:Y6
BH) absorber along with the 1 sun solar spectrum. c) Photo-stability of each 5 devices for PM6:Y6 OPVs based on the respective ZnO and InAs CQD
ETLs under continuous 1 sun illumination in ambient air. d,e) Evolution of the J-V characteristics of PM6:Y6 OPVs based on the ZnO (d) and InAs
CQD (e) ETLs under continuous 1 sun illumination, which is used to plot the graph in (c).

onto the ZnO and InAs CQD ETLs (Figure S3, Supporting
Information). The best-performing PM6:Y6 OPVs based on the
ZnO and InAs CQD ETLs showed the initial PCE of 15.3 and
12.7%, respectively (Table 1). We also provide the PV perfor-
mance parameters of all devices, which are used to investigate
the photo-stability in Figure 1c (Table S1 and S2, Supporting
Information). While the PCE of the control device decreased to
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less than 50% of the initial value in 60 min under continuous
1 sun illumination, the PCE of the device based on the InAs
CQD ETL remained high, retaining over 85% of the initial PCE.

We also investigated the photo-stability of the devices
by illuminating under an inert N, condition, which has
been generally tested in OPVs (Figure S4 and Table S3, Sup-
porting Information). The device based on the InAs CQD ETL
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Table 1. PV parameters of the PM6:Y6 OPVs based on the ZnO, InAs
CQD, and InAs CQD@ZnO ETLs (In-lab PCE).

Device Voc IVl Jsc [mAcm™? FF PCE [%]

ZnO Champion 0.82 24.6 0.76 15.3

Average  0.82+0.02 23.8+£0.65 0.75+0.01 14.5+0.43

InAs CQD Champion 0.76 22.6 0.74 127
Average  0.75+0.01 22.9%0.56 0.70£0.01 12.2+0.27
InAs CQD@ZnO Champion 0.83 24.5 0.75 15.1

Average  0.82+0.02 23.8+047 0.73+0.01 143+0.41

illuminated for 60 min under an inert N, condition preserved
the initial PCE up to 96%, which is higher than that of illumi-
nated under ambient air. The photo-stability of control device
based on the ZnO ETL illuminated under an inert N, condi-
tion was also improved; however, it was much lower than the
photo-stability of the device based on InAs CQD ETL illumi-
nated under an inert N, condition as well as ambient air. These
results suggest that narrow-gap InAs CQD ETL can further
enhance the photo-stability of NFA-based OPVs, along with the
encapsulation technology, which is necessary for large-scale
production and commercial application.

Figure 1d,e shows the evolution of the current density—
voltage (J-V) curves of each best-performing device over time,
which were used to plot the graph in Figure 1c. The severe drop
in PCE in the control device resulted from the reduction in
the PV performance parameters including open-circuit voltage
(Voc), current density (Jsc), and fill factor (FF) with increasing
1 sun illumination time (Table S1, Supporting Information). On
the other hand, the device based on the InAs CQD ETL showed
negligible degradation of the J-V curve with continuous 1 sun
illumination. We also monitored the dark and ambient storage
stability and found that the device based on the InAs CQD
ETL retained over 95% of the original efficiency for over 200 h
(Figure S5, Supporting Information).

2.2. Air- and Photo-stabilities of the PM6:Y6 BH) Absorber

To specify the origin of the efficiency decrease over time upon
illumination, we first investigated the photo-stability of PM6:Y6
BH]J films fabricated on metal oxide- and InAs CQD-coated
glass substrates. We also investigated SnO, metal oxide, which
is known to improve the device stability of inverted PM6:Y6
OPVs under inert N, conditions.*+0 We measured the absorb-
ance changes before and after exposure to 1 sun illumination
under ambient air for different times and found absorbance
of the BHJ film fabricated on the glass/ZnO substrate signifi-
cantly decreased. Although the SnO, ETL improved the device
stability under inert N, conditions, ! we still observed a signifi-
cant decrease in the absorbance of the PM6:Y6 BH]J film illumi-
nated in ambient air. On the contrary, the absorbance feature
of the PM6:Y6 BHJ film fabricated on the glass/InAs CQD
substrates did not change over time regardless of 1 sun expo-
sure in ambient air (Figure 2a and Figure S6, Supporting Infor-
mation). We also confirmed using Fourier-transform infrared
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(FT-IR) measurements that the PM6:Y6 BH]J film on the glass/
InAs CQD substrate was highly photo-stable, as the IR signals
corresponding to donor PM6 and NAF Y6 after 1 sun illumi-
nation remained the same (Figure S7, Supporting Informa-
tion).22#] In the case of ZnO and SnO,, the decomposition of
conjugated chain molecules in PM6 and Y6 was indicated by
the decrease in IR signal intensity. These results indicate that
the chemical bonds in conjugated chain molecules are decom-
posed by superoxide radical ions and high-energy photons.[#’48l

Based on the absorption spectra in Figure 2a, we plotted the
absorbance changes of NFA Y6 on each substrate as a function
of 1 sun illumination time under ambient air because the photo-
degradation of NFA Y6 is more pronounced (Figure 2b).*’]
Although wider-bandgap metal oxide SnO, is known to have a
much lower photocatalytic property than ZnO,* 3 decrease
in the absorbance of NFA Y6 on SnO, with increasing illu-
mination time was still observed. In particular, ZnO, which
has a higher photocatalytic power and transmits lesser high-
energy photons (i.e., induces less photo-oxidation) than SnO,
(Figure S8, Supporting Information), led to the most signifi-
cant decrease in the absorbance of NFA Y6, suggesting that
the photocatalytic effect influences the degradation of NFA Y6
more than photo-oxidation. In addition, we plotted the absorb-
ance changes of donor PM6 based on the absorbance spectra
in Figure 2a. Although it was less than that of NFA Y6, we con-
firmed that the absorbance of donor PM6 on ZnO and SnO,
also decreased (Figure S9, Supporting Information).

Although the photocatalytic effect is dominant, we cannot
exclude the degradation of NFA Y6 and donor PM6 due to
photo-oxidation by high-energy photons. We thus investigated
the photo-stability of the BH]J film prepared on a bare glass
substrate (Figure S10, Supporting Information). Even without
photocatalytic ZnO or SnO, metal oxides, decomposition of the
BH]J absorber still occurred, suggesting that photo-oxidation
should also be suppressed to achieve an air- and photo-stable
NFA-based BH]J absorber under 1 sun illumination in ambient
conditions. Indeed, our narrow-gap InAs CQDs effectively
suppress both the photocatalytic effect and photo-oxidation,
resulting in no absorbance change of NFA Y6 and donor PM6
under continuous 1 sun illumination in ambient air for 90 min.

Considering that the PM6:Y6 BH]J thin-films were decom-
posed both by the photocatalytic effect and photo-oxidation, the
UV filter might be suggested to block the high-energy photons
in near UV light at the source. Indeed, PM6:Y6 BHJ OPV based
on the ZnO ETL with the UV filter is stable under 1 sun illumi-
nation in ambient air. However, at the same time, a significant
loss in PV performance was observed because the UV filter
completely blocked the UV light needed for the high-current
level of ZnO ETLs necessary for efficient electron extraction
(Figure S11 and Tables S4 and S5, Supporting Information).[*!
Further interface engineering strategies on ZnO layer(?*>%
were attempted and resulted in improving the photo-stability;
however, we found that the PM6:Y6 BH]J thin-films still
decomposed under 1 sun illumination in ambient air mainly
because of the transmission of high-energy photons (i.e., photo-
oxidation) (Figure S12, Supporting Information).

Chemisorbed oxygen ions (i.e., O,7) on the oxygen-deficient
surface of metal oxides can be desorbed via the recombination
of the photo-generated holes with the electrons of oxygen ions
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Figure 2. Air- and photo-stability of PM6:Y6 BHJ absorbers on the various ETLs. a) Schematic illustrations, and absorbance spectra of PM6:Y6 BH)
absorbers on glass/ZnO, glass/SnO,, and glass/InAs CQD substrates as a function of the 1 sun illumination time under ambient air. The dashed
lines in each graph indicate the absorbance spectra of glass/each ETL with the absence of PM6:Y6 BH) absorbers. b) Absorbance changes of NFA Y6
on each substrate as a function of the 1 sun illumination time under ambient air. ¢) Work function shift of ZnO, SnO,, and InAs CQD solids under

ambient air with and without UV light exposure.

and result in a work function shift. We carried out Kelvin probe
measurements to investigate the work function shifts of ZnO,
Sn0,, and InAs CQD solids under ambient air with and without
UV light exposure (Figure 2c).’*? The initial work function
of ZnO was obtained using Kelvin probe measurements, with
a value of 4.77 eV. When ZnO was illuminated with UV light,
the work function of ZnO significantly decreased to 4.45 eV
because of the charge redistribution resulting from the desorp-
tion of the chemisorbed oxygen ions on the ZnO surfaces.>>>3]
After turning off the UV light, the work function began to
increase over time, possibly due to the re-absorption of oxygen
ions on the ZnO surfaces under ambient air. In the case of less
photocatalytic SnO,, the overall change in work function was
much less than that of ZnO but still occurred. However, InAs CQD
solids showed a constant work function of 4.50 eV regardless
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of UV light exposure under ambient air, suggesting that InAs
CQDs effectively suppressed the photocatalytic properties.

Further to confirm the generality of our strategy based on the
narrow-gap InAs CQD ETLs, we employed ITIC and Y7, which
are other types of NFAs with different molecular structures and
energy levels, and investigated the PV performance and photo-
stability of PM6:ITIC and PM6:Y7 BH] OPVs based on the ZnO
and InAs CQD ETLs, respectively.?>3-°1 As demonstrated in
the PM6:Y6 BH]J OPVs, the PM6:ITIC and PM6:Y7 BH] OPVs
based on the narrow-gap InAs CQD ETLs showed the initial
PCE of 71% and 11.4%, respectively, and their photo-stability
under continuous 1 sun illumination in ambient air signifi-
cantly improved compared to those of the wide-bandgap ZnO
ETLs (Figures S13 and S14 and Tables S6 and S7, Supporting
Information).
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2.3. Charge Transfer Dynamics between the InAs CQD Solids
and the PM6:Y6 BH)

To investigate the charge transfer characteristics in our OPV
device architecture using narrow-gap InAs CQD ETL, we per-
formed femtosecond TA spectroscopy measurements. For
this investigation, we fabricated the PM6, Y6, PM6:Y6 BH]J,
ZnO/PM6:Y6 BHJ, and InAs CQD/PM6:Y6 BHJ onto the
quartz substrates and analyzed their respective charge transfer
dynamics. Based on the absorption bands of PM6 and Y6
(Figure S15, Supporting Information), it has been known
that the negative bleaching signals are generally observed at
580 and 632 nm for PM6 and 850 nm for Y6, respectively.l??!
Since narrow-gap InAs CQDs also have the bleaching signal in
near-infrared region, we decided to monitor the decay kinetics
in visible range. As expected, TA results showed the negative
photobleaching signals at 580 and 632 nm for PM6, which
increase as a function of time delays, while the changes in pho-
tobleaching signal are negligible for Y6 (Figure S16, Supporting
Information). When we measured TA spectra of PM6:Y6 BH]J,
we found the shape of TA signals identical to that of PM6
(Figure 3a), but for the decay kinetics, the bleach of PM6:Y6
BH]J was recovered faster than the that of PM6 at early times,
specifically within 10 ps (Figure 3b). We believe that the fast
decay dynamics originated from the electron transfer process
from PM6 to Y6. In addition, the increase in bleach of PM6:Y6
BH] at the time delay up to 100 ps is considered as the hole
transfer process from Y6 to PM6 (Figure 3b). These results con-
firm that the PM6 and Y6 blended in BH]J efficiently act as a
donor and acceptor, respectively.

To examine the changes in carrier dynamics of PM6:Y6
BH]Js onto each ETL, we extracted the decay components of
PM6:Y6 BHJ, ZnO/PM6:Y6 BHJ, and InAs CQD/PM6:Y6
BHJ at 632 nm from TA spectra (Figure 3c,d) using a multiple
exponential function (Figure S17, Supporting Information) and
summarized the results in Figure 3e. PM6:Y6 BH] showed a
fast component (7;) of 0.47 ps and a slow component (7;) of
11.05 ps, corresponding to exciton dissociation and charge
transfer time, respectively. The excitons generated in PM6:Y6
BH]J dissociate at the donor-acceptor interface within 1 ps, and
the charge carriers transfer to donor PM6 and acceptor Y6 or
additional charge transfer states in less than 15 ps.®*”l The 7,
value of ZnO/PM6:Y6 BH] and InAs CQD/PM6:Y6 BH]J sig-
nificantly decreased up to 4.79 and 6.70 ps, respectively, which
are much faster than that of PM6:Y6 BH]J. In addition, through
the result that the 7, of ZnO/PM6:Y6 BH] was faster than that
of InAs CQD/PM6:Y6 BHJ, it might be concluded that charge
transfer of ZnO/PM6:Y6 BH]J is more efficient than that of
InAs CQD/PM6:Y6 BH]J, which is consistent with that of the
PV performance of each device (Figure 1d,e).

Since the highest occupied state of InAs CQDs is higher
than that of PM6:Y6 BHJ, additional pump-dependent TA
measurements were carried out to see if hole transfer can occur
in InAs CQD/BH]J (Figure S18, Supporting Information). We
excited only Y6 using 750 nm (1.65 eV) pump wavelength and
compared the decay kinetics of PM6, PM6:Y6 BHJ, and InAs
CQD/PM6:Y6 BHJ at 580 nm (Figure 3f). The PM6 did not
show any bleach signal; however, the bleach signal increased
up to 100 ps in PM6:Y6 BH]J due to the hole transfer from
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Y6 to PM6. Surprisingly, InAs CQD/PM6:Y6 BH] showed an
increase in the bleach signal, indicating that holes did not
further transfer to the InAs CQD ETL. The electronic states
of CQDs are discrete and sparse at the quantized energy
band, and further, the InAs CQDs have the intrinsic electron-
donating surface structure, which makes holes scarcely reside.
Consequently, we believe that our narrow-gap InAs CQDs can
selectively collect the charge carriers (i.e., electrons).

2.4. Optical Simulation of Light Absorption and Photocurrent
Generation in ETLs and BH]

The use of narrow-gap ETL certainly enhanced the photo-
stability of device, yet the light absorption of the narrow-gap
ETL may adversely affect the device performance of solar cells.
It is thus in due course we model and calculate the light absorp-
tion of each layer in these device structures using the transfer
matrix method (TMM), which provides powerful predictions
for investigation of the light path and absorption inside a device
structure.®5% Figure 4a,b show the distribution spectra of the
light intensity fraction absorbed by ETLs (i.e., ZnO and InAs
CQDs) and PM6:Y6 BHJ layers in the respective OPV devices
based on ZnO and InAs CQD ETLs (solid lines) and their accu-
mulated photocurrent (/o) calculated from the TMM results
under 1 sun conditions (dashed lines). The J,, obtained by the
TMM simulation is different from the Jsc obtained by the J-V
measurement of solar cells because the internal quantum effi-
ciency is assumed to be 100% in the TMM simulation.

In the case of the device based on the ZnO ETL, the J;, gen-
erated in the PM6:Y6 BH] layer (29.8 mA cm™2) mainly contrib-
utes to the Jsc of the device, obtained from the [-V and external
quantum efficiency (EQE) measurements, because the light
intensity fraction absorbed by the wide-bandgap and highly-
transparent ZnO ETL is too low to generate a J,, (Figure 4a).
However, the device based on the InAs CQD ETL has two dif-
ferent absorbing layers contributing to the generation of a Jyy:
the PM6:Y6 BHJ and InAs CQD layers absorb light and gen-
erate J;, of 26.9 and 2.4 mA cm™, respectively (Figure 4b). To
investigate the effect of InAs CQD absorption on the Js¢ in the
solar cell based on the InAs CQD ETL, EQE spectra of each
device were measured (Figure S19, Supporting Information).
We found that the solar cell based on the InAs CQD ETL shows
a lower EQE in the wavelength range of less than 600 nm than
the solar cell based on the ZnO ETL. Therefore, the Jsc cal-
culated from the EQE spectrum of the solar cell based on the
InAs CQD ETL (22.3 mA cm™2) was lower than that of the solar
cell based on the ZnO ETL (24.3 mA cm™2). In other words, the
Joh generated by the light absorption of the InAs CQD layer
did not contribute to the Jsc in solar cells, but rather caused a
slight reduction in Jy, and Jsc, which can be caused by the light
absorption of the PM6:Y6 BH]J.

Although the device stability of OPVs based on the InAs CQD
ETL under continuous 1 sun illumination in ambient air was
significantly improved, the light absorption and J, of the InAs
CQD layer led to a reduction in the Js¢ of the resultant solar
cells, indicating a trade-off relationship between light absorp-
tion and device performance. To investigate the light absorp-
tion of the InAs CQD layer affecting the Js¢ in the PM6:Y6 BH]J
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Figure 3. Charge transfer mechanism in InAs CQD/BH). a) TA spectra of the PM6:Y6 BH) film at the different time delays. b) TA decay kinetics of
the PM6 and PM6:Y6 BH) films at 632 nm showing the electron and hole transfer process, respectively. c) d, TA spectra of ¢) ZnO/PM6:Y6 and
d) InAs CQD/PM6:Y6 films at the different time delays, respectively. e) Exciton dissociation (7;) and carrier transfer (7,) time obtained through multiple
exponential fitting for different structures. f) Energy level diagram depicting the hole transfer process and TA decay kinetics of PM6, PM6:Y6, and InAs

CQD/PM6:Y6 at 580 nm under 750 nm (1.65 eV) excitation, respectively.

OPV based on the InAs CQD ETL in detail, we calculated the
Jph of the PM6:Y6 BHJ absorbers in each device based on the
respective ZnO and InAs CQD ETLs for different film thick-
nesses of each ETL and then compared these values to the Js¢
obtained from each optimized device, presented in Figure 1.
Figure 4c shows the changes in the calculated [, with the film
thickness of each ETL, generated by the PM6:Y6 BH]J layer in
each device based on the respective ZnO and InAs CQD ETLs.
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The [, of the PM6:Y6 BHJ layer in the device based on the
InAs CQD ETL was overall lower than that in the device based
on the ZnO ETL and particularly decreased with increasing film
thickness of the InAs CQD ETL. Although the InAs CQD ETL
produces an additional ], confirmed by TMM simulation, the
optimal Jg¢ (24.8 mA cm™?) of the device based on the ZnO ETL
with an approximately 30-nm-thick ZnO ETL was higher than
that (22.6 mA cm™2) of the device based on the InAs CQD ETL
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Figure 4. Optical simulation of each device structure. a,b) Simulated light absorption (solid lines) and accumulated J, (dashed lines) curves of each
ETL and PM6:Y6 absorbers in OPVs based on the respective ZnO and InAs CQD ETLs under 1 sun illumination. c) J,;, generated by the PM6:Y6 absorber
in OPVs based on the respective ZnO and InAs CQD ETLs with different film thicknesses of each ETL. Unfilled circles indicate the experimental Jsc
obtained from j—~V measurements of the optimized OPVs with the respective ZnO and InAs CQD ETLs. d) PCE and photo-stability of PM6:Y6 BH] OPVs
with different film thicknesses of the InAs CQD ETL under 1 sun illumination in ambient air.

with an approximately 20-nm-thick InAs CQD ETL (Figure S20,
Supporting Information).

We also fabricated solar cells based on the InAs CQD ETL
with different film thicknesses of InAs CQD ETLs and inves-
tigated their J-V curves and photo-stability under continuous 1
sun illumination to clarify the effects of the InAs CQD ETL on
the device performance and stability (Figure 4d). The film thick-
nesses of the InAs CQD ETLs were controlled by varying the
solution concentration of InAs CQDs in dimethylformamide
(DMF) solvent from 30 to 100 mg mL™" and confirmed using
AFM (Figure S20, Supporting Information). We found that the
device performance of the OPVs based on the InAs CQD ETL
increased with increasing film thickness up to approximately
20 nm, achieving increases in the FF and shunt resistance of the
device (Figure S21, Supporting Information). However, a further
increase in the film thickness of the InAs CQD layers resulted
in decrease in the device performance, especially Jsc, because
the high loading amount of InAs CQDs led to a reduction in
the light absorption of the PM6:Y6 BH] absorber (Table S8,
Supporting Information). Although the device performance
decreased, the OPVs based on the InAs CQD ETL were highly
photo-stable under continuous 1 sun illumination in ambient
air and maintained over 85% of their initial performance with
increasing film thickness of the InAs CQD ETL because of their
effective blocking of high-energy photons (Table S9, Supporting
Information). This result indicates that an optimal thickness
of narrow-gap InAs CQD ETLs is required for simultaneously
improving device performance and photo-stability.

Adv. Energy Mater. 2022, 12, 2104018 2104018

2.5. Characterization of Solar Cells

In the absence of ETL, both the electrons and holes from the
PV absorber layer would recombine at the transparent electrode
(i.e., ITO and FTO).% To effectively prevent the charge carrier
recombination and selectively extract the charge carriers by
charge carrier drift mechanism, wide-bandgap ETLs (i.e., ZnO),
which have a favorable and sufficient energy level offset with
PV absorber, have been widely employed in solar cells. The use
of narrow-gap semiconductor as ETL may easily create a situa-
tion in which electron and hole recombination are promoted.
Here, we designed the new ETL architecture with tuned density
of states via quantization as the lowest quantized state of the
conduction band (1S.) of narrow-gap InAs CQDs similar with
the lowest unoccupied molecular orbital (LUMO) of Y6. Indeed,
selective collection of charge carriers based on the charge car-
rier diffusion mechanism was successfully demonstrated. We
suggest that the selective electron diffusion in InAs CQD ETLs
is originated from the concentration graded electrons at the
interface of Y6/InAs CQD and the low probability of hole for-
mation in the InAs CQDs due to the discrete and few electronic
states at the quantized energy bands.

The use of narrow-gap InAs CQD ETLs in PM6:Y6 BH]J
OPVs results in a dramatic improvement in the photo-stability
of the device under ambient conditions; however, the PV per-
formance of ZnO ETL-based OPVs is higher than that of InAs
CQD ETL-based OPVs. The charge carriers separated from the
excitons of BHJ transfer to ZnO ETL faster than InAs CQD

(8 of 13) © 2022 Wiley-VCH GmbH
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ETL, as confirmed in TA analysis (Figure 3). This result limits
the charge carrier extraction of the new PM6:Y6 OPV archi-
tecture, resulting in the charge carrier recombination, which
affects the reduction in V¢ and Jgc in the solar cells. Further-
more, the PV performance with InAs CQD ETLs inevitably
decreases due to the reduction in the amount of light reaching
the PM6:Y6 BH] absorber. Therefore, the best-performing
PM6:Y6 BHJ OPV based on the InAs CQD ETL, measured
under ambient conditions without encapsulation, showed
a PCE of 12.7% with a V¢ of 0.76 V, a Jsc of 22.6 mA cm™2,
and a FF of 0.74, which is overall lower than the performance
of the ZnO ETL with a PCE of 15.3%, a Voc of 0.82 V, a Js¢
of 24.6 mA cm™2, and a FF of 0.76 (Figure 5a and Table 1). In
addition, we found that the reduction in V¢ of PM6:Y6 BH]J
OPV based on the InAs CQD ETL is due to the direct contact
with InAs CQD and PM6 (Figure S22, Supporting Informa-
tion).["-%31 The charge carrier recombination can be occurred at
the interface between donor PM6 and InAs CQD ETL because
the 1Sy, and 1S, of InAs CQDs are shallower and deeper than
HOMO and LUMO of donor PM6, respectively, as confirmed
in Figure S2, Supporting Information. To further improve the
PV performance of OPVs based on the InAs CQD ETL while
retaining their high photo-stability, we devised bi-layered ETLs
composed of InAs CQDs on ZnO (InAs CQD@ZnO). We also
confirmed that the bi-layered InAs CQD@ZnO ETL showing
the best PV performance in this strategy shows the film thick-
ness of approximately 50 nm, corresponding to the sum of the
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respective film thickness of ZnO (approximately 30 nm) and
InAs CQD (approximately 20 nm) ETLs (Figures S20 and S23,
Supporting Information). The bi-layered InAs CQD@ZnO ETL
effectively suppresses not only the photocatalytic reaction by
avoiding interfacial contact between ZnO and the PM6:Y6 BH]
absorber due to the densely-packed InAs CQDs (Figure S24,
Supporting Information) but also the photo-oxidation by
blocking the high-energy photons from reaching the absorber
layer due to the narrow-gap InAs CQDs. In addition, as the
film thickness of InAs CQD layer increased, the combined
energy level of bi-layered InAs CQD@ZnO ETL shifted toward
vacuum level due to the interfacial dipole moment between the
InAs CQD and ZnO layers, allowing favorable charge transfer
(Figure S25, Supporting Information).l**%l When InAs CQD
layer is thicker than 20 nm, however, light absorption is reduced
as mentioned in Figure 4. Therefore, the favorable energy level
alignment, the protection of high energy photons, and the
optimal charge transport are achieved at 20 nm InAs CQD layer
thickness. Thus, the PV performance of PM6:Y6 OPV based on
the bi-layered InAs CQD@ZnO ETL was improved up to a PCE
of 15.1% with a V¢ of 0.83 V, Jsc of 24.5 mA cm™, and a FF
of 0.75 (Figure 5a and Table 1). We also confirmed using EQE
spectrum measurement that the ability of charge carrier extrac-
tion in PM6:Y6 OPV based on the bi-layered InAs CQD@ZnO
ETL was improved (Figure S26, Supporting Information).
Device histograms of the PV performance for all 48 solar cells
are presented to demonstrate the reproducibility of the results

b

4.0 6.0 Sb 1(.)0
Light intensity (mW cm~2)

Figure 5. Device characteristics. a) J-V curves of the best-performing PM6:Y6 BHJ OPVs based on the respective ZnO, InAs CQD, and InAs CQD@ZnO
ETLs, measured under 1 sun illumination in ambient air without encapsulation. b, Long-term device stability of each 5 devices for PM6:Y6 BH) OPV
under continuous 1 sun illumination in ambient air. ¢,d, Incident light intensity-dependent V¢ (), and Jsc (d) of each PM6:Y6 BH| OPV.
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(Figure S27, Supporting Information). In addition, the nonen-
capsulated PM6:Y6 BH] OPVs based on the InAs CQD@ZnO
ETL produced a certified PCE of 13.1% and showed highly
stable I-V operation in a QSS measurement for 9 min under
ambient air without device hysteresis (Figures S28 and S29,
Supporting Information).

We investigated the device stability of each 5 high-efficiency
nonencapsulated OPVs based on the respective ZnO, InAs
CQD, and InAs CQD@ZnO ETLs under continuous 1 sun illu-
mination in ambient air over 1000 min while irradiating the
light through the glass substrates (Figure 5b). As discussed in
relation to Figure 1c, the PV performance of the control OPVs
based on the ZnO ETL significantly decreased to less than 50%
of the initial value in 60 min and further decreased to less than
20% of the initial value in 1000 min. In addition, several con-
trol devices did not operate at all after 1 sun illumination for
600 min (Figure 5b and Table S10, Supporting Information).
However, the PV performance of the OPVs based on the InAs
CQD ETL remained high above 80% of the initial value for over
1000 min (Figure 5b and Table S11, Supporting Information).
The OPVs based on the InAs CQD@ZnO ETL also retained
over 80% of the initial PV performance for over 1000 min, con-
sistent with the OPV based on the InAs CQD ETL (Figure 5b
and Table S12, Supporting Information). These results suggest
that the photocatalytic effect and photo-oxidation are effectively
blocked by the formation of the densely-packed InAs CQD layer
on ZnO (Figure S25, Supporting Information). To highlight the
high device performance, air- and photo-stability of the nonen-
capsulated InAs CQD-based PM6:Y6 BH] OPVs, achieved in
this study, we provide the summary of device information, effi-
ciency, and stability of the inverted BH] OPVs based on NFAs,
reported so far (Table S13, Supporting Information).

We carried out incident light intensity (P,)-dependent
Voc and Jsc measurements to evaluate the charge recombi-
nation process of InAs CQD-based PM6:Y6 OPVs in detail
(Figure 5c,d). All of the charge carriers recombine inside the
PM6:Y6 BH]J absorber under open-circuit conditions, and thus
the recombination process can be determined by calculating
the slope from the relation between V¢ and Py, (see Experi-
mental procedures details). A slope close to 2kT/q indicates that
trap-assisted recombination dominates, whereas a slope close
to kT/q indicates that bimolecular (i.e., trap-free) recombination
dominates (where k is the Boltzmann constant, T is the temper-
ature, and q is the elementary charge at room temperature).l?’]
The slopes of OPVs based on ZnO, InAs CQD@ZnO, and
InAs CQD ETLs were calculated to be 1.84 kT/q, 1.73 kT/q, and
1.19 kT/q, respectively. These results suggest that Vo decreased
due to the slow charge transfer within InAs CQD ETL as con-
firmed in Figure 3, but the trap-assisted recombination was
suppressed by using the InAs CQD ETL with a low trap density
(Figure 5c and Figure S30, Supporting Information). Jsc also
follows a power-law dependence on Py, (Jsc o P.,% where o
is the power factor) and, when « is close to 1, the charge car-
riers are efficiently extracted before bimolecular recombina-
tion occurs.BU All devices showed linear characteristics of Jgc
versus P, with the same value of o = 0.99, suggesting negli-
gible bimolecular recombination under short-circuit conditions
(Figure 5d). In addition, the InAs CQD ETL showed higher elec-
tron mobility and lower trap density than the ZnO and SnO,
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ETLs, which were confirmed through the space-charge-limited
current (SCLC) fitting of the electron-only devices (Figure S30,
Supporting Information).

3. Conclusion

In conclusion, we demonstrated that InAs CQD solids can be
employed as an ETL in PM6:Y6 BH] OPVs and lead to high-
efficiency, air- and photo-stable devices under continuous 1 sun
illumination without encapsulation technology. Narrow-gap
InAs CQD ETLs not only support efficient electron extraction
by forming an appropriate energy level to match the LUMO
level of NFA Y6, but also effectively suppress detrimental
chemical reactions on solar absorber associated with high
energy photon. These results were confirmed by various experi-
mental analyses and TMM optical simulations. Based on these
findings, bi-layered InAs CQD@ZnO ETLs were devised and
achieved a PCE of 15.1% and a Newport-certified PCE of 13.1%
in PM6:Y6 BHJ OPVs with high device stability, retaining over
80% of original PCE under continuous 1 sun illumination over
1000 min in ambient air. Our approach based on narrow-gap,
density of states tuned CQD based ETLs will provide a versatile
and robust method to significantly improve the device stability
of thin-film solar cells under real operating conditions with
continuous 1 sun illumination in ambient air.

4. Experimental Section

Preparation of ZnO, SnO, and InAs CQD ETLs: The sol-gel-derived
ZnO precursor solution was prepared by dissolving zinc acetate
dihydrate (500 mg) and ethanolamine (0.14 mL) in 2-methoxyethanol
(5 mL) under stirring for 6 h at room temperature. ZnO ETL was
fabricated by spin-coating the sol-gel-derived ZnO solution on the
substrates at 3000 rpm for 30 s and annealed at 200 °C for 30 min
in ambient air. To fabricate SnO, ETL, the stock solution of SnO,
nanoparticle (2.5 wt%) diluted to 0.4 wt% in isopropyl alcohol was spin-
coated on the substrates at 3000 rpm for 30 s and annealed at 150 °C
for 30 min in ambient air. The oleate-capped InAs CQDs, which have
an excitonic peak at 1100 nm, were synthesized and their post-treatment
with nitrosyl tetrafluoroborate (NOBF,) for removal of surface ligands
was carried out following the methods previously reported.1%¢l For the
ligand passivation of InAs CQDs, solid state ligand-exchange process
was performed.!l Briefly, the NOBF -treated InAs CQDs dispersed in
dimethylformamide were spin-coated onto the substrates at 4000 rpm
for 30 s. Subsequently, the InAs CQD solids were annealed at 60°C for
10 min. Then, the InAs CQD solids were fully covered by 0.01 vol% of
ammonium chloride solution in methanol (MeOH) for 30 s, followed by
washing with neat MeOH three times.

Solar Cell Fabrication: PM6:Y6 bulk-heterojunction OPV (BHJ OPV)
was fabricated with inverted structure of indium tin oxide (ITO)/
ETL/PM6:Y6/M0oO,/Ag. The ITO substrates were washed with ultra-
sonication in acetone and isopropyl alcohol sequentially 20 min in
each step and dried with air-blower, and then dried in oven for 1 h.
Each ETL was fabricated on the cleaned ITO substrates as mentioned
above. With the mass ratio of 1:1.2 (14 mg mL™"), PM6:Y6 BH] solution
in chloroform was prepared with the solvent additive of 0.5 vol%
1-chloronaphthalene, and spin-coated at 3000 rpm for 30 s under
N,-filled glove box. After thermal annealing at 90°C for 10 min in
N,-filled glove box, the PM6:Y6 BH|s on the substrates were transferred
to thermal evaporator. Finally, MoO, (7 nm) and Ag electrode (120 nm)
were sequentially deposited by thermal evaporator with patterned
shadow mask.

© 2022 Wiley-VCH GmbH
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Solar Cell Measurement: Current density—voltage (J-V) curves
of PM6:Y6 BH) OPVs were carried out under a simulated air mass
1.5 global spectrum (AM 1.5G) and 100 mW cm2 illumination (1 sun)
using a Newport Oriel Sol3A solar simulator with a xenon lamp and a
Keithley 2400 sourcemeter. External quantum efficiency (EQE) spectra
were measured using a Newport Oriel QuantX300 with an Oriel
Cornerstrone 130 monochromator. Incident light intensity (P;,)-dependent
open-circuit voltage (Voc) was extracted using the following equation:

Voc(Pin) = ”kTTIn(P.n) +C U]

Here, n is the ideal factor, k is the Boltzmann’s constant, T is the
temperature, g is the elementary charge at room temperature, and C is
the fitting parameters.

Other  Measurement:  Absorbance spectra were measured by
UV-vis—NIR spectrophotometer (Shimadzu, UV3600). All samples were
irradiated under 1 sun illumination in ambient air, while irradiating the light
from the glass substrates, and measured for 90 min at 15 min intervals. UV
photoelectron spectroscopy (PHI5000 VersaProbe) was used to characterize
the energy levels of InAs CQD solids. It was performed using photon lines
of He | (21.22 eV), from a discharge lamp. Fermi energy level (E;) was
calculated by following equation: E¢ = 21.22 eV (the energy of He | UV) —
Eutofr (in secondary cutoff region). The VB maximum (E,) was estimated
from semilogarithmic extrapolation in valence-band region, which indicates
(E, — E9). The conduction band minimum positions (E.) were estimated by
adding an energy of excitonic peak of 1.15eV determined from absorption
spectra. FT-IR spectra were measured using a Thermo Scientific Nicolet6700
spectrometer. The work function (Wg) of ZnO, SnO,, and InAs CQDs
solids were measured by APS04 (KP Technology) in ambient air condition.
Calibration of the tip Wy was done by measuring Wi of gold substrate
before thin film analysis. For the UV illumination, 300-nm laser light was
used. Film morphologies and height profiles were measured using AFM
in tapping mode, XE-100 from Park Systems. Current—voltage (I-V) curves
of electron-only devices were measured using a Keithley 2400 sourcemeter,
kept in a dark and inert N, condition. The electron-only devices in this study
were fabricated with the configuration of ITO/ETLs/PM6:Y6 BH)/LiF/Al
SCLC fitting was carried out to obtain the trap density (N) and trap-filled
limited voltage (Vy¢) of ZnO, SnO,, and InAs CQD ETLs in the respective
electron-only devices following the equation:1678]

_2eg0

N
el?

VL (2)

Here, gis the dielectric constant of ZnO (£= 8.0),1°) SnO, (£=3.1),/9
and InAs CQD solids (¢ = 10.6)," & is the vacuum permittivity, e is
the amount of coulombic charge of electrons, and L is the thickness of
ETLs. Top view scanning electron microscopy (SEM) images were taken
using an S-4800 Hitachi. TA spectra were recorded using a commercial
TA spectrometer (HELIOS, Ultrafast Systems). Femtosecond Ti:sapphire
regenerative amplifier system with 1-kHz repetition rate (Legend,
Coherent) and optical parametric amplifier (TOPAS-OPA, Coherent) were
used to produce 550-nm and 750-nm pump pulses with power densities
of 1.84 and 3.175u) cm?, respectively. The intensity of pumping lasers
was adjusted similarly to solar irradiation of 1 sun to obtain operando
condition.? Visible white-light-continuum, probe pulse, was generated
by focusing a portion of amplifier output into a sapphire crystal and
detected using a multichannel spectrometer with a CMOS sensor.

Optical simulation of PM6:YG OPVs: To simulate PM6:Y6 BH| OPV,
the refractive index (n) and absorption coefficient (k) of each layer were
measured by ellipsometer (M2000D, Woollam Model Co.) (Figure S31,
Supporting Information). Then, the TMM was conducted by MATLAB
program to calculate the optical absorption and photocurrent of
OPV.l To investigate the ETL thickness-dependent light absorption
and generated photocurrent (J,4), the film thickness of ZnO and InAs
CQD ETLs was varied from 10 to 50 nm in the TMM simulation. The
film thicknesses of ITO, PM6:Y6 BHJ, and metal electrode in this TMM
simulation were fixed with 150, 100, and 100 nm respectively. After TMM
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calculation, the J;, was evaluated by multiplying the obtained quantum
efficiency values by photon flux for the AM 1.5G spectrum.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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