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1. Introduction
Reducing carrier recombination and facilitating charge extraction at the

interface is of great significance to improve the device performance of Perovskite solar cells (PSCs) have been

extensively attracted attention owing to

perovskite solar cells (PSCs) towards commercial use. However, there
has been little work done concerning transportation and recombination
mechanism at the interface of the metal electrode and the electron
transport layer in inverted PSCs. Herein, a new strategy of interface
modification is reported that leverages the unique metal-to-insulator
transition (MIT) characteristics of vanadium dioxide which is inserted
as the electron extraction layer (EEL) in p-i-n planar PSCs. Benefiting
from the suitable intermediate energy level of VO,, the optimized device

the superior optoelectronic properties of
perovskite absorber materials (e.g., high
absorption coefficient, tunable direct
bandgap, long carrier diffusion length,
and low-temperature solution fabrica-
tion)."8] To date, the power conversion
efficiency (PCE) of regular “n-i-p” PSC
has been increased from 3.8% to a certi-
fied value of 25.6%,°1% making it com-

parable with other thin-film photovoltaic
technologies. However, inverted “p-i-n”
PSC has become the cutting-edge research
in the field of perovskite photovoltaics
because it has shown great potential for
further studies of flexible photovoltaics,
perovskite/Si or perovskite/CIGS, and all-
perovskite tandem solar cells.''" So far,
significant efforts have been dedicated
to the further improvements of inverted
PSCs’ efficiency, with an aim to increase
its competitiveness among regular struc-
ture PSCs. In addition, the long-term

shows a power conversion efficiency (PCE) up to 22.11% with negligible
hysteresis, as compared to the 20.96% benchmark at room temperature.
Interestingly, the PCE of VO,-based PSC increases to over 23% at 85 °C,
which can be attributed to the dramatic change in the electrical properties
and better electron extraction caused by the MIT of VO, beyond its critical
phase-change temperature. In addition, the encapsulated VO,-PSC shows
superior thermal stability for 1000 h at 85 °C under 1 Sun illumination,
maintaining over 90% of initial PCE. This work initiates the state-of-art
concept of inserting thermally-induced phase-transition material as an EEL
to achieve efficient and durable perovskite photovoltaics.
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operational stability of PSCs still remains the key issue towards
commercialization.

Hole transport layers (HTLs) play a vital role in delivering
PSCs superior in both their performance and stability, and the
applied HTLs in this inverted structure have been well studied.
For instance, researchers have found that replacing the acidic
and hygroscopic PEDOT: PSS with alternative materials, like
PTAA,[® poly-TPD,®! or several self-assembled monolayers
(SAMs),3 can prominently improve the device performance.
Furthermore, several low-cost inorganic p-type HTLs, such as
NiO,,”1 Cu0,,™® CuCr0,,™ CuGa0,,*” CuSCN, ! and Cul,?%
have also been widely employed in both regular and inverted
PSCs, with an attempt to enhance device stability. However,
the back-contact electron transport layers (ETLs) stay an under-
researched topic for inverted PSCs. So far, fullerene deriva-
tives are commonly used for ETLs in inverted PSCs.[3 The
PSCs based on PCBM (or Cg) tend to exhibit severe hysteresis
behavior because difference between the Fermi level of PCBM
(or Cgp) and the work function of the metal electrodes (Ag, Cu,
Al) lead to the formation of a Schottky barrier at the interface,
which causes charge carrier accumulation at the interface, thus
weakening the device performance.?*2¢] BCP has been used
to tackle this issue,[?-?% as they can provide better-matched
energy level between PCBM (or Cg) and metal electrodes to
form ohmic contact. Unfortunately, such BCP is not stable
for long-term device operations.?®! In addition, SnO,, (or other
metal oxides) was also employed as ETLs in inverted PSCs.
However, the Cg, interface layer has been inserted between the
perovskite and SnO, in inverted PSCs to prevent ALD or sput-
tering damages on the perovskite films.?%3% However, most
of these researches mainly focus on the carrier transportation
and charge recombination between ETLs and perovskite films.
Little work has been studied systematically on charge recombi-
nation and extraction at the interface between ETLs and metal
electrode in inverted PSCs. More importantly, it is also related
to the high efficiency and long-term stability inverted PSCs
towards the commercialization.

Herein, we report a new strategy of interface modification
that leverages the unique metal-to-insulator transition (MIT)
characteristic of vanadium dioxide (VO,) that is inserted as
the inorganic top electron extraction layer (EEL) in p-i-n planar
PSCs. Due to the better cascade band alignment between ETL
and metal electrode, a significantly enhanced photovoltaic per-
formance, together with hysteresis-free behavior, has achieved
in the PSCs with such VO, layer. The champion device with
VO, presents a high PCE of 22.11%, compared with 20.96%
of the control device at room temperature. Interestingly, the
highest efficiency of optimized VO,-PSC can be increased to
over 23% at 85 °C due to the dramatic change in the electrical
properties by phase transition process under elevated tem-
perature—the electron mobility of the “metallic” state of VO,
at 85 °C becomes nearly 100 times larger than the “insulator”
state of VO, at room temperature. The enhanced charge trans-
portation and reduced interface recombination for VO ybased
PSC lead to improvement of device performance even at high
temperature. Encouraging results show that device based on
VO, presents better operational stability under different stress
conditions, such as different levels of air humidity, light illumi-
nation, and temperature elevation. In particular, the device with
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VO, shows superior thermal stability, maintaining over 85%
initial efficiency after 500 h at 85 °C heat without any encapsu-
lation. More importantly, the encapsulated VO,-PSC can retain
over 90% of its initial PCE under 1 Sun illumination at 85 °C.
Overall, our results have identified VO, phase-change material
as a potential candidate n-type electron extraction layer candi-
date for future commercial applications.

2. Results and Discussion

As a versatile transition, metal oxide semiconductor, mono-
clinic (M), and rutile (R) phase VO, have aroused great atten-
tion due to the MIT at a critical temperature of about 68 °C.1
Figure 1a presents the typical reversible phase transition pro-
cess of VO, between a low-temperature monoclinic (M) phase
and a high-temperature rutile (R) phase.

The X-ray diffraction (XRD) pattern of the as-prepared VO,
nanoparticles is shown in Figure S1, Supporting Information.
The main diffraction peaks assigned to the (011), (-211), (-212),
(220), (022), and (031) peaks at 27.9°, 36.8°, 42.2°, 55.5°, 576°,
and 64.9°, respectively, are well-indexed as the VO, compound
with a monoclinic structure (JCPDS card no. 043-1051). It
can be seen from the differential scanning calorimetry (DSC)
results in Figure S2, Supporting Information, the DSC curves
of the VO, nanoparticles have displayed endothermic peak at
67.2 °C and exothermic peak at 59.3 °C, indicating a typical MIT
characteristic of VO, (M). Figure 1b shows the transmission
electron microscopy (TEM) image of some particles scraped
from the as-coated VO, film on the quartz glass. The high-
resolution lattice fringes shown in Figure 1c with interplanar
spacing of 0.32 nm are consistent with the (111) crystal plane of
the VO, (M). Generally, a series of vanadium oxides with their
respective oxidation states during various synthesis methods
and annealing processes, such as VO (V#), V,0; (V*'), VO,
(V*), and V,0s (V*), are prone to be formed.*? In order to
further precisely confirm the surface composition and chemical
element valence state of the VO, film, a high-resolution X-ray
photoelectron spectroscopy spectrum for O 1s and V 2p core
levels is demonstrated in Figure S3, Supporting Information.
Two peaks, located at 516.42 and 524.06 eV, are associated with
the spin-orbit splitting of V 2p; ; and V2p, ,, which are in good
agreement with the V* oxidation state.*’] In addition, the peak
at 529.96 eV is assigned to O 1s owing to the binding energy
of V-O.

Furthermore, the phase transition for VO, (M/R) is con-
firmed as the crystal face variation exhibited by temperature-
dependent XRD patterns, shown in Figure S4, Supporting
Information, and Figure 1d. It can be indicated that the peak
at 279° identified as (011) VO, (M) shifts gradually to the 276°
as (110) VO, (R) under an increasing temperature from 30 °C
to 100 °C. In addition, the in situ Raman spectra shown in
Figure le can also indicate the reversible phase transition fea-
ture of VO, film. At the temperature of 30 °C, Raman peaks of
194, 224, 310, 389, 498, 615 cm™! could all be attributed to VO,
(M), which is consistent with other literature.34 However, there
are no peaks in Raman spectra of the VO, film at 90 °C, except
for the substrate peak. It manifests a gradual transformation
of VO, (M) to VO, (R) with the gradual disappearance of all
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Figure 1. a) lllustration of the reversible crystal phase transition of VO, between the low-temperature monoclinic (M) phase and the high-temperature
rutile (R) phase. b) TEM image, and c) HRTEM image of the VO, film. d) Magnified (110) plane in the XRD patterns of VO, film. e) In situ Raman spectra
of VO, film based on the fully-reversible phase transition under heating and cooling. f) Transmittance spectra of VO, film at different temperature.
g) Temperature-dependent conductivity based on the fully reversible phase transition.

characteristic peaks when temperature was increased from 30
to 90 °C during heating process. In contrast, the as-mentioned
peaks appear again from 90 to 30 °C during cooling process.
It is well known that VO, (M) indicates a distorted structure
with zigzag-type V—V atomic chains at room temperature and
it slowly changes to VO, (R) with straight V—V chains above
its critical temperature of 68 °C, accompanied with significant
physical property changes, such as the optical and electrical
properties.1*l For instance, regarding the optical property of
VO, film, transmittance spectra (Figure 1f) and absorbance
spectra (Figure S5, Supporting Information) all present that
there is no difference in the visible region from 300 to 900 nm,
but a dramatic change in the near-infrared range above 900 nm.
As for the electrical property shown in Figure 1g, the conduc-
tivity of VO, (R) at relatively high temperature is approximately
1000 times larger than that of VO, (M) at room tempera-
ture. It can be clearly seen that the “insulator phase” of VO,
(M) at room temperature showed the conductivity of =6.5 x
1072 S cm™!, while “metallic phase” of VO, (R) at high temper-
ature indicated higher conductivity of 1.12 X 102 S cm™. Even
under room temperature, the conductivity for “insulator phase”
of VO, showed high conductivity compared with SnO, or TiO,
as measured in our previous work.[®?2] That is to say the “insu-
lator phase” of VO, is not insulating at room temperature.

The photographs of the perovskite film and perovskite cov-
ered by VO, layer are illustrated in Figure S6, Supporting Infor-
mation. It is obviously seen that there are quite different colors
between the perovskite film and VO, film. The scanning elec-
tron microscopy (SEM) images of the as-deposited perovskite
film and the perovskite directly covered by VO, film are shown

Adv. Energy Mater. 2021, 2102844

2102844 (3 of 11)

in Figure S7, Supporting Information. It can be observed that
a smooth, large-grain, and pinhole-free perovskite film has
been formed in Figure S7a,b, Supporting Information. More
importantly, the morphology of VO, shown in Figure S7cd,
Supporting Information, is different from that of perovskite,
indicating that the VO, film can compactly cover the perovskite
layer. These SEM results also confirm that the spin-coated VO,
film is compatible with the organic-inorganic hybrid perovskite
layer. The energy-dispersive X-ray spectrometer mappings of
V and O elements shown in Figure S8, Supporting Informa-
tion, confirm that the VO, layer has a homogeneous composi-
tion distribution. In addition, Cs, Pb, I, and Br elements for the
perovskite film can also be detected.

To verify the effect of VO, layer on photovoltaic performance,
the inverted planar PSC with the device architecture of ITO/
PTAA/perovskite/PCBM/BCP (5 nm)/VO,/Ag was shown in
Figure 2a. As seen in Figure S9a,b, Supporting Information,
VO, film shows high transmittance in the visible-light wave-
length and the calculated optical bandgap of VO, film is approx-
imately 3.21 eV, which is also consistent with the previous
experimental results.36¥! As displayed in Figure S9c,d, Sup-
porting Information, the conduction band minimum (CBM) of
VO, can be confirmed by ultraviolet photoelectron spectroscopy
spectra. As seen from the corresponding energy level diagram
depicted in Figure 2b, the VO, has a considerably well-matched
energy alignment with the perovskite layer, resulting in better
device performance. The dependence of the champion device
performance on the thickness of VO, layer was also investigated
to identify the optimal thickness for PSCs shown in Figure S10,
Supporting Information, and the corresponding photovoltaic
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Figure 2. a) Schematic illustration of a typical inverted PSC based on VO, layer. b) Corresponding energy band diagram of an inverted device structure.
c) J-V curves of the PSCs based on PCBM/BCP (5 nm) and PCBM/BCP (5 nm)/VO, ETLs measured under different scan directions. d) IPCE spectra
of the champion PSCs with and without VO, layer. e) Stabilized power output of the devices with and without VO, layer tracked at the maximum
power point (MPP) under 1 Sun AM 1.5G illumination. f) Histograms of PCEs for 32 cells based on PCBM/BCP (5 nm) and PCBM/BCP (5 nm)/VO,,

respectively.

parameters are summarized in Table S1, Supporting Infor-
mation. The sufficient thickness of VO, film is necessary for
achieving efficient electron transporting and hole blocking.
However, the devices based on thicker VO, layers (for example,
larger than 30 nm), especially for the 90 nm VO,, showed infe-
rior performance with relatively low V. and FF, and particu-
larly worse [, owing to the high series resistance. This result is
further ascertained by the statistical PCE as a function of thick-
ness shown in Figure S11, Supporting Information. Thus, the
optimal thickness for the VO, layer was suggested to be around
30 nm in this work and a corresponding cross-sectional SEM
image of an optimal device is presented in Figure S12, Sup-
porting Information.

The J-V curves of the optimized devices with and without
VO, are exhibited in Figure 2c. As the control device, the PSC
without VO, shows a relatively low PCE of 20.96% with V,_ of
114V, Ji of 23.15 mA cm?, and FF of 79.43% under standard
AM1.5 solar illumination. It was found that the device based on
30 nm VO, layer demonstrates remarkable PCE of 22.11% with
Vo of 1.16 V, J of 23.82 mA cm™2, and FF of 80.03%, revealing
that higher V,, higher FF, and the particularly higher J . con-
tributed to the enhanced device. Both devices with and without
VO, show negligible hysteresis behavior, which is common
in inverted structure PSCs and consistent with the previous
reports. To verify the precision of the . values from the |-V
curves and evaluate the photocurrent enhancement, the inci-
dent photon-to-electron conversion efficiency (IPCE) spectra
of both devices are demonstrated in Figure 2d. The integrated
current densities calculated from the IPCE curves are 22.53
and 23.29 mA cm~2for the devices without and with VO, layer,
respectively, which are in excellent agreement with the J. values
obtained from the J-V curves within the margin of error. In
addition, the stabilized current densities measured at constant
biases of 0.96 and 0.98 V near the maximum power point for
the devices without and with VO, layer are shown in Figure 2e,
revealing steady-state PCEs of 20.86% and 22.06%, respectively.

Adv. Energy Mater. 2021, 2102844

2102844 (4 of 11)

Furthermore, a statistical comparison of the averaged PCEs of
32 separate cells without and with VO, layer are presented in
Figure 2f. As calculated, the averaged PCEs for devices without
and with VO, are 19.65% and 21.42%, respectively.

As an efficient electron extraction layer, superior electron
extracting and efficient hole blocking ability that can facili-
tate charge flowing from ETLs to perovskite and reduce the
recombination at the interface of ETLs/metal electrode and
excellent electrical properties to transport carrier with mini-
mized dissipation loss inside the ETLs are both required for
high-performance inverted PSC.?83 To investigate the interfa-
cial charge carrier dynamics between perovskite and different
ETLs, steady-state photoluminescence (PL) and time-resolved
PL (TRPL) spectra were obtained accordingly for the perovskite
films coated with VO,, PCBM, PCBM/VO, layers, respectively.
As can be seen in Figure 3a, the bare perovskite film indicated
the strongest PL intensity due to the efficient radiative recom-
bination of the photogenerated carriers, while it was appar-
ently quenched upon contacting with different ETLs.[*04] The
perovskite covered by VO, showed substantially quenched PL,
suggesting efficient charge extraction from perovskite to VO,
However, the perovskite-coated PCBM demonstrated more
quenched PL compared with that coated inorganic VO,, indi-
cating better contact between perovskite and PCBM. In addition,
the perovskite/PCBM/VO, exhibited a slightly faster quenched
PL than the perovskite/PCBM film, which might be ascribed
to the cascade energy alignment in perovskite/PCBM/VO,
shown in Figure 2b. The conclusion obtained from PL spectra
is further verified by the TRPL spectra, as shown in Figure 3b
and all parameters are listed in Table S2, Supporting Informa-
tion. Compared to the perovskite itself (7= 157.6 ns), perovskite
coated by VO,, PCBM, PCBM/VO, exhibits further reduced
lifetime of 7= 46.4, 32.9, and 25.4 ns, respectively. Obviously,
the perovskite/PCBM/VO, film manifested the much shorter
biexponential decay than any other perovskite/ETL film, pro-
viding a proof of the superior electron-extraction ability of the
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Figure 3. a) Steady-state PL spectra and b) time-resolved PL spectra of perovskite only and perovskite coated with different ETLs, respectively. Light-
intensity dependent c) /. and d) V, for the devices with and without VO, layer, respectively.

PCBM covered by VO, layer. Besides, electrochemical imped-
ance spectroscopy (EIS) was also obtained to investigate the
charge transport within the PSCs. The charge recombination
resistance (R,.) extracted from the low-frequency component
of Nyquist plots shown in Figure S13, Supporting Information,
suggests higher resistances for the VO,-based devices as com-
pared to the control one*? This result is in good accordance
with the PL and TRPL spectra.

To further understand the dynamic recombination and
charge carrier lifetimes of the devices without and with VO,
layer, transient photocurrent (TPC) and transient photovoltage
(TPV) were obtained and the results are shown in Figure S14,
Supporting Information.** The device with VO, revealed a
faster photocurrent decay than the device without VO, layer
shown in Figure S14a, Supporting Information, suggesting a
more efficient charge carrier extraction at the perovskite/ETL
interface. Moreover, the longer photovoltage decay in the device
with VO, layer than that in device without VO, implied that
the charge carriers possess a longer time to achieve the spa-
tial separation of the photogenerated electron/hole pair in the
device (Figure S14b, Supporting Information), which could sup-
press the non-radiative charge recombination and thus improve
device performance.®#]

Furthermore, both devices were also characterized by light
intensity-dependent photocurrent density and photovoltage. As
shown in Figure 3c, the device with VO, layer showed a slope
closer to 1 for the plot of ] as a function of light intensity, revealing
reduced non-radiative recombination within the device, which is
consistent with the result obtained from TPV decay curve.
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In addition, the light intensity dependence of the V, is shown
in Figure 3d. The device with VO, layer delivers a slightly lower
slope of 1.23 kT/q than that of the device without VO, (a slope
of 1.36 kT/q), where K is the Boltzmann constant, T is the abso-
lute temperature, and q is the elementary charge. This indicates
that the trap-assisted Shockley—Read-Hall recombination has
been further suppressed for the device based on VO, layer. [l
Moreover, the space charge limited current analysis based on
electron-only devices was carried out to estimate the electron
trap density (N, and trap-assisted recombination in devices
with and without VO, layer shown in Figure S15, Supporting
Information. The trap-filled limit voltage (Vqg) determined
as the onset voltage TFL region can be utilized to calculate N,
with the equation (N, = 2&& Vg /g2, where g is the vacuum
permittivity, &, is the relative dielectric constant, and L is the
thickness of the perovskite film).[*3% The lower Vi value of
0.175 V and correspondingly lower N;of 1.03 x 10 cm~ for the
device with VO, layer were obtained, compared to the values
obtained for device without VO, (VrgL = 0.303 V, Ny = 1.78 x
10'® cm—3). More importantly, it was also notably proved that
less trap-recombination center appears non-radiative recombi-
nation is greatly suppressed for the VO, based PSC.

To further investigate the properties of the interface, the
capacitance (C)-voltage (V) characteristics of the devices without
and with VO, were measured in the dark, as presented in
Figure S16, Supporting Information. The built-in potential (Vi)
obtained from the 1/C%V Mott—Schottky plots for the PCBM/
VO, based device (1.12 V) is slightly higher than the PCBM one
(1.08 V), which directly confirms that the device with VO, layer
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Figure 4. The energy diagram and charge transport mechanism of PSCs with various ETLs. a) Device without BCP layer. b) Device with thick BCP layer.
c) Device with 5 nm thin BCP layer in this work. d) Device with 5 nm BCP and VO, layer.

shows fast charge transfer and reduced charge accumulation at
the interface between perovskite and cathode.

As mentioned above, all the results indicated the VO, layer
could accelerate the carrier transportation and suppress the
non-radiative recombination at the interface. The enhanced
charge transportation can be confirmed by PL, TRPL, EIS, TPC
as well as light intensity dependence of [, The non-radiative
recombination is related to the defect density of bulk perovskite,
and also to the charge collection at all interfaces in the device,
such as better band alignments for transporting majority car-
riers and blocking minority carriers. P That is to say, it is not
just attributed to the interface, which is directly in contact with
the perovskite layer. Few works discussed the interface between
PCBM/BCP and electrode, which is exactly the novelty of this
work. The measurement of TPV and light intensity depend-
ence of V,; data can directly indicate the reduced non-radiative
recombination of the device based on the VO, layer. The corre-
sponding energy diagram and physical charge transport mecha-
nism of PSCs with various ETLs can be explained in Figure 4.

The impact of BCP on the carrier transportation of PSCs has
been clarified in some previous reports.’233 The device without
the BCP layer, charge accumulation would occur at the inter-
face between the PCBM and Ag due to the existence of Schottky
barrier (though not high), leading to inferior device perfor-
mance, shown in Figure 4a.>*>% The bulk thick BCP layer
shown in Figure 4b will induce the extraction barrier for the
majority carriers (electrons) leading to the electron accumula-
tion at the PCBM/BCP interface. The charge accumulation will
greatly increase the non-radiative recombination at the PCBM/
BCP interface.’? However, when the thickness of the BCP
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layer is reduced to be 5 nm in this work and the BCP cannot be
regarded as the bulk material. Meanwhile, 5 nm is thin enough
for electron tunneling. Therefore, charge accumulation occurs
at the PCBM/BCP/Ag interfaces is insignificant, which implies
good ohmic contact has been established in-between these
layers, shown in Figure 4c. Tunneling of electrons and pinning
the Fermi level will occur at the PCBM/BCP/Ag interfaces,
which equivalently lower the extraction barrier formed at the
PCBM/BCP interface, that is, electron affinity of BCP is equiva-
lently lowered, as confirmed by the previous work.””] Conse-
quently, the electron transportation will be improved signifi-
cantly. When VO, is inserted between the Ag and BCP layers,
better ohmic contact is expected shown in Figure 4d, Due to the
facilitated electron transportation from the PCBM/BCP layer
to electrode via the VO, layer, the electron accumulation at the
PCBM/BCP/Ag interface will be further reduced, which also
reduce the non-radiative recombination.

To further highlight the feature of VO, layer used in PSCs
as thermally-induced phase material mentioned above, the -V
curves of the devices without and with VO, layer were meas-
ured at 25 and 85 °C in N, atmosphere, respectively. As is
known, the phase transition temperature of VO, point is nearly
70 °C shown in Figure 1 and the perovskite-based devices nor-
mally will be measured at 85 °C for thermal stability, thus in
this work, PSCs were measured both at room temperature
(25 °C) and high temperature (85 °C) to check whether the
phase-changed VO, would affect the device performance as
we expected. We first measured the initial efficiency of devices
at 25 °C, then we increased temperature to 85 °C in 10 °C or
20 °C steps; when the temperature arrived at 85 °C, we waited
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Figure 5. a) J-V curves of the control device measured at 85 °C. b) J-V curves of the control device measured at 25 °C after the device cooling down
from 85 to 25 °C room temperature. c) Cycle stability of control device between 25 and 85 °C. d) J-V curves of the VO,-based device measured at
85 °C. e) J-V curves of the VO ,-based device measured at 25 °C after the device cooling down from 85 to 25 °C room temperature. f) Cycle stability

of control device between 25 and 85 °C.

~10 min for the MPP to stabilize, and then finally back at room
temperature, and measured it again. As shown in Figure 5a,
the optimal control device showed the PCE of 19.44% meas-
ured at 85 °C with V.. of 1.124 V, J of 22.49 mA cm™, and
FF of 7720%. Then, the control device was measured after
the device cooling down from 85 to 25 °C room temperature
(Figure 5b). Although the PCE of control device measured at
85 °C is lower than that measured at 25 °C, especially for V,.
and FF, resulting in the increased intrinsic carrier concentra-
tion of the active perovskite semiconductor at elevated tem-
perature which in turn will increase the dark saturation current
and thus reduce the V_.and also will affect the FF,[8! the PCE
will return to normal when measured again at room tempera-
ture (Figure 5c), which is consistent with Detailed-Balance
Principle in Solar Cell Physics,””! suggesting a good cycle sta-
bility shown in Figure 5c. From Figure 5a—c, the temperature
coefficient of control device is around —0.12 rel% °C™!, which
is exactly in accordance with the literature.®! The good cycle
stability of the control device from heating to cooling and low
temperature coefficient of control device could help exclude
the effect of perovskite degradation process. To our surprise,
the optimal device based on VO, layer shows a high PCE over
23% at 85 °C, with V,. of 1.177 V, J, of 24.38 mA cn?, and FF
of 81.03% (Figure 5d), which is among the highest efficiency
inverted PSCs summarized in Table S3, Supporting Informa-
tion. In addition, the PCE of VO,-based PSC at 85 °C is higher
than that of device with VO, layer at 25 °C, which is contrary to
the results of the control device (Figure 5e). It is also indicated
that the VO, -based PSC shows superior thermal cycle stability
from 85 to 25 °C (Figure 5f). Moreover, we also measured the
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VO ,-based PSC at 45 and 65 °C (below the phase-changed tem-
perature of VO ,), respectively, shown in Figure S17, Supporting
Information, and the corresponding photovoltaic parameters
are summarized in Table S4, Supporting Information. It can
be seen that the V. of the PSC with VO, layer was gradually
decreased when elevating from 25 to 65 °C, as well as FF. This
is related to the increased intrinsic carrier concentration of
perovskite absorber layer which in turn will increase the dark
saturation current and thus reduce the V,. and FF. However,
it suddenly increased when the temperature reached 85 °C. In
this work, there is no difference for the VO,-based PSC at low
temperature (25 °C, 45 °C, 65 °C) and high temperature except
for the phase-transition of VO,. Consequently, the enhanced
device performance of VO ybased PSC at 85 °C was attributed
to the phase-transition feature of VO, extraction layer. Although
the perovskite absorber itself leads to the V,. and FF losses for
the device at elevated temperature, it also depends on techno-
logical issues linked to carrier transport such as contact resist-
ances. In this work, the faster carrier collection and trans-
portation at the interface of PCBM/BCP and Ag for the VO,-
based device at 85 °C high temperature is of great significance
influence on device performance. As mentioned in Figure 1a,
the VO, at room temperature in VO,-based PSC is monoclinic
VO, (M phase), but the VO, at high temperature in VO,-based
PSC is rutile VO, (R phase). Meanwhile, the electron mobility
shown in Figure S18, Supporting Information, for these two
phases are quite different from each other. It can be clearly
indicated that the electron mobility of VO, at 85 °C was nearly
100 times higher than that of VO, at room temperature, which
can directly suggest the enhanced charge extraction ability at
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Figure 6. a) The energy diagram of the PSCs with VO, layer. b) The corresponding simulated J-V curves of the device.

high temperature. According to the theoretical calculation
(Figure S19 and Table S5, Supporting Information), it can
be qualitatively concluded that VO, (R) at 85 °C shows the
“metallic” state without the bandgap, while VO, (M) at room
temperature demonstrates the “insulator” state, indicating the
excellent electrical properties of VO, (R), which is consistent
with Figure 1g and Figure S18, Supporting Information. Also,
such a high temperature can increase electron kinetic energy
and facilitate the electron tunneling process compared to room
temperature, which contributes to the increased J.

In order to further understand the potential mechanism
behind the improvement of device with VO, layer at 85 °C,
we want to further indicate the electron affinity or the LUMO
level of BCP will affect the device performance with VO, layer
inserted. To phenomenologically understand the tunneling
effect, the drift-diffusion model is used to simulate the changed
J-V characteristics when the electron affinity of BCP layer is
gradually lowered from y = 3.5 to y = 3.7 (See Figure 6 for the
band structure in simulation and other simulation parameters
and numerical details can be found in our previous works.[¢%¢1),
At the room temperature, the electron affinity of BCP layer is
lowered from y = 3.5 to y = 3.6 (Figure 6a) due to the inserted
VO, layer and the corresponding J-V curves at room tempera-
ture indicated higher V;. and FF (Figure 6b), which is consistent
with the experimental J-V curves. As shown in Figure S20, Sup-
porting Information, the work function of the VO, metallic
phase was estimated to be around 4.25 eV, which is lower than
that of VO, at room temperature. At 85 °C, the VO, is phased
changed to be the metallic phase with lower work function,
leading to the lower electron affinity of BCP, which is further
lowered from y = 3.6 to y = 3.7 Therefore, the V,.and FF shown
in Figure 6b were increased, confirming that the faster charge
extraction and transportation at the interface will be dominant
to enhance the device performance for VO ybased PSC at 85 °C.
In conclusion, the pronounced increased V,. and FF are corre-
lated with the lowered barrier and pinning of Fermi level caused
by the electron tunneling. The electron tunneling in the PCBM/
BCP/VO, structure should be better than that in the PCBM/
BCP/Ag structure, especially when the VO, is phased changed
to be a metallic phase at high temperature, which will further
lower the extraction barrier between the Ag and BCP, consid-
ering the enhanced V,. and FF simultaneously and no treat-
ments for the perovskite layer and its contact interfaces.
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To verify the feasibility of employing VO, in enhancing
device stability, a comprehensive study was carried out on
both devices under different stress conditions. It can be
apparently seen in Figure 7a, the perovskite film covered
by PCBM/VO, (Sample C) shows the better stability com-
pared with bare perovskite film (Sample A), or perovskite
film covered by PCBM (Sample B) under all three condi-
tions. Both Figures S21 and S22a, Supporting Information
show superior stability of device based on VO, layer under
ambient conditions. The VO,-PSC maintained approximately
over 90% of its initial PCE after 1000 h, whereas the pristine
device without VO, layer retained only approximately 30%
of its initial PCE after 400 h under relatively high humidity
condition. In addition, Figure S22b,c, Supporting Informa-
tion, show the thermal stability of devices with and without
VO, layers under 65 and 85 °C without any encapsulation,
respectively.

Take Figure S21c, Supporting Information, as an example,
the device without VO, layer shows poor thermal stability,
losing 50% of its initial PCE within 200 h. Comparatively, the
device with VO, layer retains over 85% under 85 °C. More
importantly, long-term operational stability of the encap-
sulated devices was tested under 1 sun irradiation in an N,
filled glovebox at an elevated temperature of 85 °C shown
in Figure 7b. The device with VO, layer could obtain over
90% of its initial value after 1000 h of aging, indicating that
it is among the most stable inverted PSCs measured under
MPP tracking at 85 °C. From the above discussion, we offer
a promising and unique approach for the commercialization
of perovskite photovoltaic technology with high efficiency and
long-term stability.

3. Conclusions

By employing thermally-induced phase-change material VO,
as an efficient electron extraction layer in an inverted PSC,
we have demonstrated an effective strategy to improve device
performance and its operational stability. Benefiting from the
suitable cascade band alignment of PCBM/BCP/VO,, which
can effectively reduce the interfacial charge recombination
and facilitate the carrier extraction, the champion device has
achieved an efficiency of 22.11%, thus outperforming the

© 2021 Wiley-VCH GmbH

so[onIe 5900y uadQ 10y 1dedxa ‘paprured jou A[3oLns ST UONNQLYSIP pue asn-3y *[1202/11/20] Uo -JO Asioatun) [euoneN Ag Ssnpa snu- | Axo1dqi| wod-Lo[im-Areiqraurjuo//:sdny wolj papeorumod 0 ‘1202 ‘0¥89+191



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

(a) A B C A B C A B C

RH 50-65%, 25°C

65°C in Nz box

85°C in Nz box

LU
O
o
o
1]
N
=
E
S 04
—a— PCBM/BCP
- MPP in nitrogen-filled glovebox —&a— PCBM/BCP/VO2
0 . 260 . 4(I]O G(I]O . 8[I]0 . 1000

Time (hour)

Figure 7. a) Photographs of perovskite film samples coated by different ETLs under various stress conditions. Sample A: bare perovskite film, Sample
B: perovskite covered by PCBM, Sample C: perovskite covered by PCBM/VO;, layers. b) Long-term operational stability of the encapsulated PSCs under
MPP tracking at 85 °C under continuous light irradiation with a white LED lamp (100 mW cm~2) in an N,-filled glovebox.

control device with a lower PCE of 20.96%. More importantly,
due to the dramatic change in the electrical properties and
better band alignment by phase transition process, the PCE
has achieved a steady-state PCE of over 23% at 85 °C. Addi-
tionally, it should be noted that the VO ,-based device exhibits
outstanding stability under various stress conditions, espe-
cially when it is under the 85 °C heat operational condition.
To sum up, the outstanding performance of VO ;PSC opens
avenue for a new strategy that can simultaneously enhance
the efficiency and stability of PSCs with thermally-induced
phase-change materials.

Supporting Information

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