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HIGHLIGHTS
Inhibited interfacial carrier
injection is the main issue for ETLfree perovskite PV
Tuning carrier lifetimes can
counterbalance the inhibited
injection interface
Long carrier lifetimes enable
efficient carrier collection at the
ETL-free interface
Efficient ETL-free PV is achieved
with perovskite with microsecond
carrier lifetimes

The performance of electron-transport-layer-free (ETL-free) perovskite
photovoltaics is far more sensitive to the carrier lifetime of perovskite films than
analogous ETL-containing devices. A long carrier lifetime can counterbalance the
inferior interface in the absence of a distinct ETL, enabling efficient carrier
collection in ETL-free perovskite PV. By using perovskite films with microsecond
carrier lifetime, Hu and co-workers achieved ETL-free solar cells with >19.5%
power conversion efficiency, which is comparable to the analogous value of ETLcontaining devices.
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SUMMARY

The Bigger Picture

Electron-transport-layer-free (ETL-free) device architectures are promising
designs for perovskite photovoltaics because they offer simpler configurations,
low cost, and convenience for versatile optoelectronics. However, the development of ETL-free photovoltaics is hindered by their low performance. Herein, we
reveal that a low electron-injection rate at the ETL-free interface is responsible
for the performance loss. Moreover, we demonstrate that improving carrier
lifetimes in the perovskite films can remedy the poor carrier extraction at
interfaces, enabling carrier collection efficiency in ETL-free photovoltaics to
approach that in ETL-containing devices. Using perovskite films with microsecond carrier lifetimes, we obtained ETL-free devices with a power conversion
efficiency (PCE) of 19.5%, nearly eliminated hysteresis, and good stability. Such
a PCE value is comparable to that (20.7%) of the analogous ETL-containing photovoltaics. These results offer opportunities for ETL-free architecture designs in
the perovskite photovoltaics family. More importantly, this research provides a
general approach to improving the performance of photovoltaics with low-injection-rate interfaces.

Interface properties essentially
determine the performance of
perovskite photovoltaics (PV).
Typical electron-transport-layerfree (ETL-free) perovskite PV
suffers from significant loss of
performance as a result of inferior
carrier dynamics at the interface.
Here, we determine that the low
efficiency of ETL-free perovskite
PV is attributed to insufficient
photoexcited carrier collection,
which originates from the
inhibited carrier injection at the
interface without a distinct ETL.
We found that improving the
carrier lifetimes of perovskite films
can effectively counterbalance the
low-injection-rate interface (e.g.,
ETL-free interface), enabling
efficient carrier collection in ETLfree perovskite PV. By using
perovskite films with microsecond
carrier lifetimes, we achieved ETLfree PV with >19% efficiency,
which makes ETL-free devices
comparable to p-i-n-structured
perovskite devices. These results
indicate a general approach to
improving the performance of PV
devices with inferior interfaces.

INTRODUCTION
Perovskite photovoltaics (PV) has attracted tremendous attention because of recent
advances in power conversion efficiency (PCE) and diverse processing options.1–8
Other than high performance, factors including good stability, simpler device
configuration, and low processing cost should be considered in the next-generation perovskite PV. Currently, high-performance perovskite solar cells exclusively
employ p-i-n device architectures,5–7 wherein distinct electron transport (n-type)
and hole transport (p-type) layers are generally viewed as critical components for
reliable photogenerated carrier extraction.9 However, the deposition processes
to construct a p-i-n architecture, especially for inorganic electron-transport layers
(ETLs), typically require high-temperature conditions (e.g., 500 C for TiO2,
500 C for BaSnO3, and 250 C for ZnO).7,10–12 Such high-temperature steps
compromise the low-cost advantage of solution-based approaches for perovskite
film deposition (e.g., generally performed at 25 C–100 C), leading, for example,
to increased projected payback time for perovskite PV and other optoelectronics.13
Additionally, in building more complex optoelectronic devices, such as all-perovskite tandem solar cells, the high temperatures to process ETLs in top cells can
damage the perovskite and/or other temperature-sensitive films in bottom cells.
The high temperatures can also melt prospective flexible substrates and/or cause
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ion migration from substrates, limiting the applications of perovskite technology in
versatile optoelectronics. More importantly, the existence of some ETLs themselves
can detrimentally affect the perovskite devices.14–17 For example, ZnO ETLs can
cause decomposition of perovskite layers during annealing15 and TiO2 ETLs can
induce degradation of perovskite films under illumination.16 Regardless of these
performance issues, the inclusion of numerous layers in devices is not desired for
effective commercialization. In short, these ETL-induced issues lead to prospects
of lower processing yields, increased payback times, faster degradation, and difficulties in constructing more versatile and complex perovskite optoelectronics. To
address these issues, building solar cells without distinct ETLs in the architectures
is a promising direction for next-generation perovskite PV. In fact, studies have
demonstrated that perovskite films possess superior properties for charge-carrier
dissociation18 and transport,19,20 and that the transparent electrodes (e.g., fluorine-doped tin oxide glass [FTO] and tin-doped indium oxide glass [ITO]) themselves are typically n-type semiconductors. Therefore, distinct ETLs should not
theoretically be necessary for high-performance perovskite PV. Unfortunately,
all current-generation ETL-free perovskite solar cells suffer from low PCE, with
relatively large hysteresis and inferior stability.21–29 In this regard, creating deeper
understanding and developing effective approaches to improving the performance
are keys for the success of ETL-free perovskite PV.
In this work, we reveal that the carrier injection process is significantly inhibited at
the interface in the absence of an ETL, which leads to insufficient carrier collection
and severe interfacial carrier recombination. The recombination decreases the
external quantum efficiency (EQE) in both short- and long-wavelength ranges
and thereby compromises the performance for ETL-free perovskite PV. Moreover,
we demonstrate that improving the intrinsic carrier lifetimes in perovskite films
can counterbalance the inferior device interfaces and carrier recombination at
the ETL-free interface. Through such carrier dynamics engineering, the carrier
collection efficiency in the ETL-free perovskite PV can be remarkably tailored to
approach that in ETL-containing devices. Benefiting from this discovery, we exploit
perovskite films with microsecond carrier lifetimes to successfully realize ETL-free
perovskite PV with a best PCE of 19.52% (18.48% on average), nearly eliminated
hysteresis, and good stability. Such a high PCE is comparable to the value
(20.7%) achieved for ETL-containing solar cells prepared with analogous perovskite
films. Our research provides insights into ETL-free solar cells and points to a promising direction for perovskite PV and analogous optoelectronic devices, offering
simultaneously high performance, simplified processing, and better prospects for
ultra-low-cost device fabrication.

RESULTS AND DISCUSSION
ETL-free and ETL-Containing PV
To identify the difference between typical ETL-free and ETL-containing PV, we used
pristine CH3NH3PbI3 (MAPbI3) perovskite films as absorbers. We deposited the
pristine MAPbI3 films by a one-step method employing a precursor solution containing a 1:1 molar ratio of MAI and PbI2. ITO-coated glass was used as the transparent
electrode substrate. In the ETL-containing PV devices, SnO2 was chosen as the
distinct ETL because of the wider bandgap of SnO2 (e.g., compared with TiO2),
such that the distinct ETL would minimally affect the light absorption within the
perovskite films during device operation (as discussed later).30 The full details of
film deposition are described in the Experimental Procedures. Top-view scanning
electron microscopy (SEM) images in Figures 1A and 1B present the morphologies
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Figure 1. ETL-free and ETL-Containing PV Using Pristine MAPbI3
(A and B) Top-view SEM images of a pristine MAPbI 3 film deposited on glass/ITO substrate (A) and glass/ITO/SnO 2 substrate (B). Scale bars, 1 mm.
(C and D) PCE distributions (C) and external quantum efficiency (EQE) spectra (D) for ETL-free and ETL-containing PV.
(E) The steady-state PL spectra of pristine MAPbI 3 films deposited on quartz, glass/ITO, and glass/ITO/SnO 2 substrates.
(F) The TRPL spectrum of a pristine MAPbI 3 film deposited on quartz substrate. We obtained the average carrier lifetime (t avg ) by considering the longlived component (t 1 ) and short-lived component (t 2 ) and their corresponding amplitudes (A 1 and A2 ).

of typical pristine MAPbI3 films on glass/ITO and glass/ITO/SnO2 substrates, respectively, from which one can deduce that the MAPbI3 films share similar film morphologies and compactness on both substrates. From X-ray diffraction (XRD) patterns
(Figure S1), the MAPbI3 films exhibit similar structural properties on both substrates.
The optical absorption spectra (Figure S2) illustrate that the MAPbI3 films also have
similar optical features (Eg = 1.60 eV). These results indicate that glass/ITO and
glass/ITO/SnO2 substrates do not affect the basic structural/optical properties of
MAPbI3 films. In many respects this observation is not surprising, given that both
SnO2 and ITO present a tin-oxide-based surface.
To examine the PV performance for such MAPbI3 films in devices, we fabricated
ETL-free and ETL-containing perovskite PV devices with the device architectures
of glass/ITO/MAPbI3/2,20 ,7,70 -tetrakis[N,N-di(4-methoxyphenyl)amino]-9,90 -spirobifluorene (Spiro-OMeTAD)/Au and glass/ITO/SnO2/MAPbI3/Spiro-OMeTAD/Au,
respectively. Figure 1C presents the statistical distributions of the PCE values,
from which the ETL-free solar cells yield PCE from 7.70% to 11.40% (8.68% on
average) for 24 devices, while ETL-containing solar cells yield PCE from 15.78% to
17.99% (16.97% on average) for 24 devices. The statistical results indicate that the
PCE of a typical ETL-free PV device is significantly lower than that of a typical ETLcontaining device when using the pristine MAPbI3 films, which is consistent with
the earlier reports.21,22 To ascertain the reasons for the compromised PCE, we
compared the EQE for ETL-free and ETL-containing perovskite PV.
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From the EQE spectra (Figure 1D), the EQE response of the ETL-free device falls
significantly lower than that for the analogous ETL-containing device, especially in
the short (300–400 nm) and long (500–750 nm) wavelength ranges. Such results indicate that the carrier collection is less effective in ETL-free devices (e.g., owing to
enhanced recombination in the ETL-free device structures). Since the glass/ITO
and glass/ITO/SnO2 substrates have nearly the same optical absorption features
(Figure S3) and the perovskite films have similar grain structures, the reduced carrier
collection in ETL-free devices likely derives from the different interfaces. Previous
study attributed this device performance loss to the lack of effective hole blocking.22
From this opinion, because of the absence of a distinct ETL, photogenerated holes
can easily reach the ITO/MAPbI3 interface and ITO contains a high density of
electrons that would facilitate the recombination of photogenerated holes at this
interface, eventually leading to the loss of photogenerated carriers and device performance. However, one study showed that the work function of ITO (4.7 eV) is
higher than the Fermi level of MAPbI3.31 Therefore, The band-bending direction
of MAPbI3 films at the ITO/MAPbI3 interface is downward and the built-in electric
field formed at the interface points from ITO to MAPbI3 film, which attracts electrons
and repels holes photogenerated in MAPbI3 films (shown in Figure S4). In addition,
ITO is a typical n-type semiconductor whose valence band maximum edge is lower
than that of perovskite materials. Such situations make the as-formed ITO/MAPbI3
interface preferable for electron extracting and hole blocking. Based on this analysis,
the performance loss in ETL-free perovskite PV may not be due to the lack of hole
blocking.
To understand the impact of the ITO/MAPbI3 interface on photogenerated carriers,
we performed photoluminescence (PL) quenching measurements. Figure 1E presents the steady-state PL spectra for the MAPbI3 films on quartz, glass/ITO, and
glass/ITO/SnO2, respectively, from which we can observe that the PL signal
quenches less on the ETL-free substrates. The quenching results evidently illustrate
that the interfacial carrier injection process is substantially inhibited without the
assistance of a distinct ETL, which suggests that the compromised performance of
ETL-free perovskite PV originates from the inhibited carrier injection on the ITO substrate. One study indicated that the work function/Fermi level of SnO2 is around
4.36 eV, which is higher than the work function of ITO.30 Without the SnO2 ETL
in the devices, the interfacial built-in electric field may become weaker because of
the relatively lower work function of ITO. The inhibited injection could be derived
from this weaker built-in electric field.
At or near the interface, if the carriers photogenerated in perovskite films cannot be
rapidly collected, these carriers will undergo recombination (e.g., radiative and/or nonradiative recombination) in the perovskite films. From the time-resolved photoluminescence (TRPL) result (Figure 1F), the pristine MAPbI3 films used in typical ETL-free PV
exhibit short average carrier lifetimes (tavg = 1.17 G 0.02 ns). We refer to such lifetimes
as ‘‘intrinsic’’ lifetimes since they are measured for films on quartz substrates rather than
for films within device structures, wherein built-in electric fields will affect the values
measured. The photogenerated carriers with such short intrinsic lifetimes will more
readily recombine at or near the interface if the built-in electric field cannot cause
them to drift to the interface and rapidly across the interface to the contact.
For reducing the carrier recombination near the low-injection-rate interface, the
typical approach involves adding an additional layer at this poor interface to provide
a strong built-in electric field to quickly drift the carriers across the interface for
extraction (ultimately, before recombination). However, this approach adds extra
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layers to the ETL-free architectures and creates an architecture that is essentially
identical to that for the ETL-containing devices. Logically, if we are not able to
improve the interfacial band alignment to enhance carrier drifting, the next best
thing would be to improve the carrier lifetimes within the perovskite films so that
the photogenerated carriers can survive long enough to diffuse to the interface
and make it across the less effective interface. Based on this analysis and expectation, increasing the lifetimes for the carrier diffusion could be an effective method
to compensate the weaker ‘‘drifting ability’’ (e.g., built-in electric field), which is
highly desired for ETL-free PV (even more so than in ETL-containing PV). In the
following section, we explore the effect of intrinsic carrier lifetimes in perovskite films
on the performance of ETL-free PV devices.
Impact of Carrier Lifetimes on PV Performance
The effect of the intrinsic carrier lifetimes on the performance of ETL-free perovskite
PV was explored by introducing extra PbI2 into the MAPbI3 films to tune the film
carrier lifetimes.10,13 Top-view SEM images (Figure S5) show that the MAPbI3 films
with 2.5%, 5.0%, and 7.5% extra PbI2 on glass/ITO substrates have grain size similar
to that in the pristine MAPbI3 film as shown in Figure 1A. From the atomic force
microscopy (AFM) images in Figure S6, the MAPbI3 films share similar surface roughness, within the range of 6–8 nm, illustrating that adding extra PbI2 to the MAPbI3
films does not significantly affect film morphology. The optical absorption spectra
(Figure S7) indicate that adding 0%–7.5% extra PbI2 in MAPbI3 films does not
remarkably affect the absorption characteristics of the films.
We performed TRPL measurements for the MAPbI3 films on quartz substrates to evaluate the optoelectronic properties of the MAPbI3 films with extra PbI2. By comparing
the TRPL kinetic traces in Figures 2A and 1F, it can be observed that adding extra PbI2
significantly increases the intrinsic carrier lifetimes of the MAPbI3 films, from several
nanoseconds to several hundred nanoseconds. To further pursue this point, we also
performed steady-state PL measurements on the MAPbI3 films (Figure 2B), showing
significant intensity enhancement with extra PbI2 addition, which is consistent with
the TRPL results. In addition to the intrinsic carrier lifetimes, we also measured the
steady-state PL for the MAPbI3 films with extra PbI2 on glass/ITO substrates to
examine whether extra PbI2 in MAPbI3 films may change the carrier injection rate at
the ITO/MAPbI3 interface (as shown in Figure S8). Since the PL intensity of the MAPbI3
films significantly varies with different PbI2 levels, we define a PL quenching rate
metric (QRPL)—i.e., QRPL = (I1  I2)/I1, where I1 is the PL intensity of the MAPbI3 film
on quartz while I2 is the analogous value on ITO—to better evaluate the carrier injection at the ITO/perovskite interface. By comparing the QRPL values (Figure S9), it is
seen that the extra PbI2 itself in MAPbI3 films does not enhance carrier injection yield
at the ITO/perovskite interface, as underscored by the extent of PL quenching. This
result is reasonable since the relative conduction band position of PbI2 is higher
than that of perovskite materials so that prospective extra PbI2 accumulation at the
ITO/MAPbI3 interface would not improve the band alignment for electron injection.32
Taken together, the TRPL and PL results indicate that addition of extra PbI2 significantly improves the carrier lifetimes in the MAPbI3 films but does not facilitate the
electron-injection rate at the ITO/MAPbI3 interface.10,13
To show the correlation between the intrinsic carrier lifetimes and performance for
ETL-free perovskite PV, we fabricated solar cells by using extra-PbI2-added MAPbI3
films with the same ETL-free architecture (glass/ITO/MAPbI3/Spiro-OMeTAD/Au)
described above. For each PbI2 addition level, 24 devices were used for acquiring
the statistical results shown in Figures 2C and S10. It can be observed that the trend
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Figure 2. Correlations between Carrier Lifetimes and PV Properties
(A) The TRPL spectra of MAPbI 3 films with the addition of 2.5%–7.5% extra PbI 2 .
(B) The steady-state PL spectra of MAPbI3 films with the addition of 0%–7.5% extra PbI 2 . The MAPbI 3 films for TRPL and PL were deposited on quartz
substrates.
(C) PCE distributions (displayed in box plot format) for ETL-free PV using MAPbI 3 films with the addition of 0%–7.5% extra PbI 2 . The corresponding
distributions of the V oc , J sc , and FF are shown in Figure S10.
(D) The correlations between PbI 2 addition level in MAPbI 3 films and average PCE values for ETL-free and ETL-containing solar cells. The correlations for
other PV parameters are shown in Figure S12.
(E) EQE spectra of the ETL-containing PV using MAPbI 3 films with the addition of 0%–7.5% extra PbI 2 . The red arrow shows the progression of EQE in the
long wavelength region with increasing extra PbI 2 content.
(F) EQE spectra of the ETL-free PV using MAPbI 3 films with the addition of 0%–7.5% extra PbI 2 . The red and blue arrows show the progression of EQE in
the long and short wavelength regions, respectively, with increasing extra PbI 2 content.
(G) EQE spectra of the ETL-free and ETL-containing PV using MAPbI 3 films with the addition of 5% extra PbI 2 .

of all the PV parameters is similar to the trend of carrier lifetimes as the PbI2 addition
level changes, illustrating close correlation between the device performances and
the intrinsic carrier lifetimes, and that long carrier lifetimes substantially benefit
the ETL-free device performance. For comparison, ETL-containing PV devices
were also fabricated. From the PCE distributions shown in Figure S11, the intrinsic
carrier lifetimes are also seen to affect the performance of ETL-containing PV. To
explore the degree to which the carrier lifetimes can impact on the ETL-free and
ETL-containing perovskite solar cells, respectively, we calculated the correlations
between extra PbI2 addition levels and average PCE values. From Figures 2D and
S12, it is found that the performance of ETL-free devices is substantially more sensitive to the intrinsic carrier lifetimes than ETL-containing PV.
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We also measured the EQE for the ETL-containing and ETL-free PV devices (Figures
2E and 2F) to better understand the impact of intrinsic carrier lifetimes on photogenerated carrier collection. We observed that as carrier lifetimes increased,
both the short- and long-wavelength spectral responses substantially improved
for ETL-free PV, whereas only the long-wavelength range increased for ETL-containing PV. For ETL-containing PV (Figure 2E), the EQE increase in the long-wavelength range can be attributed to the reduction of bulk-defect-induced recombination, enabling more long-wavelength-excited carriers to travel through the
perovskite films for extraction. For ETL-free devices (Figure 2F), the additional
enhancement of short-wavelength EQE could be due to reduced carrier recombination at the ETL-free interface, leading to increasing numbers of short-wavelength-excited carriers being effectively collected at the ITO/perovskite interface.
The EQE spectra explain the result that the performance of ETL-free PV is more
sensitive to carrier lifetimes. Moreover, comparing the EQE spectra shown in Figure 2G, we see that the EQE values for the ETL-free PV progressively converge
to that for ETL-containing PV for long carrier lifetimes, totally different from the
situation for short carrier lifetimes (Figure 1D). Long carrier lifetimes in perovskite
films therefore appear to be important for obtaining high-performance ETL-free
PV. In addition, these results also suggest that use of distinct ETLs is beneficial
for the device performance if the intrinsic carrier lifetimes in the associated perovskite absorbers are relatively short.
Perovskite Film with Microsecond Carrier Lifetimes
For further boosting the PCE of ETL-free PV, mixed-cation lead mixed-halide
perovskite films (Cs0.05FA0.8MA0.15PbI2.55Br0.45, referred to as CsFAMA, where
FA = formamidinium) with microsecond carrier lifetimes were used as the light
absorbers in devices (see the Experimental Procedures for deposition details).33
The top-view SEM image of a CsFAMA film on glass/ITO substrate (Figure 3A)
reveals that the grain size is 500 nm, with good compactness and coverage
over a large area (Figure S13). According to the AFM image (Figure S14), the
CsFAMA films exhibit flat surfaces with roughness on the order of 20 nm. The
relatively flat surface reduces the contact area at the CsFAMA/Spiro-OMeTAD
interface, leading to reduced interfacial recombination and therefore benefiting
the device performance.
The XRD pattern (Figure 3B) for a CsFAMA film on glass/ITO substrate demonstrates
that the CsFAMA film contains only the photoactive perovskite a phase (black
phase), and no nonperovskite d phase (yellow phase) exists to negatively affect
the optoelectronic properties. To evaluate the optical properties of the CsFAMA
film, we performed optical absorption and steady-state PL measurements
(Figure 3C), which demonstrate that the optical absorption onset and PL peak are
consistent (Eg = 1.59 eV shown in Figure S15). To understand the carrier dynamics,
we acquired TRPL data for a CsFAMA film on quartz substrate. The intrinsic carrier
lifetimes extracted from the PL dynamics (Figure 3D) are t1 = 1,231.9 G 27.7 ns
and t2 = 301.9 G 28.3 ns; these values have respective amplitudes A1 = 71.4%
and A2 = 28.6% (tavg is 966.4 G 27.9 ns). Such microsecond carrier lifetimes, approximately three times the value achieved for the previously shown MAPbI3 film with 5%
extra PbI2, are expected to substantially boost the performance of ETL-free perovskite PV, as discussed above.
High-Performance ETL-free Devices
Given the above results, ETL-free perovskite solar cells were fabricated with the
device architecture ITO/CsFAMA/Spiro-OMeTAD/Au. From the SEM image of
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Figure 3. Characterization of CsFAMA Perovskite Films
(A) Top-view SEM image of a CsFAMA perovskite film. Scale bar, 1 mm.
(B) The XRD pattern of a CsFAMA perovskite film.
(C) The optical absorption spectrum and PL spectrum of a CsFAMA perovskite film.
(D) The TRPL spectrum of a CsFAMA perovskite film. The film for SEM, optical absorption, and XRD
measurements was deposited on glass/ITO substrates. The film for PL and TRPL measurements was
deposited on quartz substrates.

the device cross-section (Figure 4A), the thicknesses of the CsFAMA, SpiroOMeTAD, and Au layers are seen to be 650, 150, and 80 nm, respectively.
The statistical distributions of PCE values (reverse scanning direction) for 24
ETL-free devices (Figure 4B) vary from 17.85% to 19.52% (18.48% on average).
For comparison, analogous ETL-containing perovskite solar cells with an ITO/
SnO2/CsFAMA/Spiro-OMeTAD/Au structure yielded similar performance levels
(Figure 4B), such that PCE values vary from 19.60% to 20.72% (20.03% on
average). To evaluate the hysteresis behavior, we measured the best-performing
devices by using both forward and reverse voltage-scanning directions. From
the reverse (forward) scan, the best-performing ETL-free device (Figure 4C) yielded
a PCE of 19.52% (18.84%), open-circuit voltage (Voc) of 1.061 (1.069) V, shortcircuit current density (Jsc) of 23.61 (23.39) mA cm2, and fill factor (FF) of
77.79% (75.37%). The best-performing ETL-containing device (Figure S16) yielded
a PCE of 20.72% (20.51%), Voc of 1.100 (1.100) V, Jsc of 23.75 (23.51) mA cm2,
and FF of 79.28% (79.23%). We can see that the ETL-free device hysteresis
approaches that of the ETL-containing device.
The EQE spectrum of the best-performing ETL-free device (Figure 4D) illustrates
high quantum efficiency for energies above the band gap, leading to an integrated
Jsc of 23.39 mA cm2, which is consistent with the results from the current densityvoltage (J-V) characteristics. The steady-state output profile (Figure 4E) shows that
the best-performing ETL-free device has a steady-state output current density (J)
of 21.37 mA cm2 under 0.89 V applied bias, corresponding to a stabilized PCE
value of 19.02%—i.e., showing good agreement with the J-V measurement.
Such a performance level for the ETL-free devices approaches record metrics for
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Figure 4. Device Architecture and Performance for ETL-free Perovskite PV
(A) Cross-section SEM image of an ETL-free perovskite solar cell with device architecture glass/ITO/CsFAMA/Spiro-OMeTAD/Au. Scale bar, 500 nm.
(B) PCE distributions for ETL-free and ETL-containing perovskite solar cells prepared with CsFAMA films.
(C) J-V characteristics of the best-performing ETL-free perovskite solar cell prepared with a CsFAMA film. J-V characteristics are evaluated with reverse
and forward voltage-scanning directions.
(D) EQE and integrated J sc of the best-performing ETL-free perovskite solar cell with a CsFAMA film.
(E) Steady-state output profile for the best-performing ETL-free perovskite solar cell, prepared using a CsFAMA film, under a bias voltage of 0.89 V.
(F) Correlations between carrier lifetimes of perovskite films and average PCE for ETL-free and ETL-containing perovskite PV.

any type of perovskite devices and represents the best PCE performance level
among all currently reported ETL-free perovskite solar cells to date.
The correlations between intrinsic carrier lifetimes and device performance were
examined for ETL-free/ETL-containing PV (Figure 4F). The results indicate that the
PCE discrepancy between ETL-free and ETL-containing perovskite solar cells is
significantly reduced as the carrier lifetime increases, and further suggest that
extending the carrier lifetimes of perovskite films (e.g., >>1 ms) may boost the
PCE of associated ETL-free perovskite solar cells to the same level as ETL-containing
perovskite solar cells. Moreover, the PCE of the best-performing ETL-free device
remains 19.1% (from J-V measurement) after 1,000 hr of storage (temperature of
25 C and relative humidity of 25% in the dark), illustrating that the ETL-free
devices have good environmental stability (Figure S17). The photostability of the
best-performing ETL-free perovskite solar cells was also measured using continuous
light soaking (one sun) under ambient conditions (temperature of 25 C and relative
humidity of 25%) without encapsulation (Figure S18). Such stability tests suggest
that ETL-free PV with CsFAMA perovskite films having good stability can be made.
Conclusion
In conclusion, we use EQE to reveal that typical ETL-free perovskite solar cells with
relatively low carrier lifetimes in perovskite films exhibit more substantial photogenerated carrier loss compared with ETL-containing devices. PL quenching experiments show that the injection of carriers from the perovskite to the transparent
conducting oxide contact (ITO) is less effective for ETL-free devices. To address
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this interface issue without changing the ETL-free device design, we tailor the carrier
lifetimes of the perovskite films and demonstrate that improved carrier lifetimes can
enhance the carrier collection efficiency at the low-injection-rate interface, making
the carrier dynamics in ETL-free devices essentially as good as those in ETL-containing devices. On the basis of such an understanding, the use of perovskite films with
microsecond carrier lifetimes enables ETL-free perovskite solar cells to realize a best
PCE of 19.52% with nearly eliminated hysteresis and good stability. Such high-performance ETL-free perovskite solar cells are comparable to the analogous ETLcontaining devices (PCE: 20.72%). These results offer opportunities for versatile
perovskite PV with simple processing, low cost, and high performance. Our results
also provide a general approach to improving the performance of PV with low-injection-rate interfaces not only limited to the perovskite PV family.

EXPERIMENTAL PROCEDURES
Perovskite Film Deposition
For deposition of the pristine MAPbI3 films, precursor solutions were prepared with
1.2 M PbI2 and 1.2 M MAI in the DMF/DMSO co-solvent (VDMF/VDMSO = 9:1). Extra
PbI2 with levels of 0%, 2.5%, 5%, and 7.5% (mol %, relative to stoichiometric MAPbI3)
was added into the MAPbI3 precursor solutions, respectively, to tune the carrier lifetimes in the MAPbI3 films. For each system, the precursor solutions were stirred at
25 C for 24 hr and filtered with a 0.45-mm PTFE syringe filter before further use.
The MAPbI3 films were then deposited by spin-coating the precursor solution on
substrates at 5,000 rpm for 30 s. Chlorobenzene (1.5 mL) was poured on the surface
of the MAPbI3 film 5 s after commencing spin-coating. The as-deposited MAPbI3
films were annealed at 100 C for 10 min to form the resultant films. For the
Cs0.05FA0.80MA0.15PbI2.55Br0.45 (CsFAMA) films, a 1.2 M precursor solution was
prepared with 0.06 M CsI, 0.96 M FAI, 0.18 M MABr, 1.02 M PbI2, and 0.18 M
PbBr2 dissolved in DMF/DMSO co-solvent (VDMF/VDMSO = 4:1) and 10% extra PbI2
(mol %, relative to CsFAMA) was added to the CsFAMA precursor solution.7,34
The precursor solution was stirred at 25 C for 24 hr and filtered with a 0.45-mm
PTFE syringe filter before further use. To obtain the CsFAMA film, we spin-coated
the CsFAMA precursor solution on the substrates at 2,000 rpm for 10 s and
4,000 rpm for 20 s, respectively. During the second step, 1.5 mL of chlorobenzene
was poured on the top surface of the CsFAMA film 5 s before the end of the
spin cycle. The as-deposited films were then annealed on a hotplate at 100 C for
10 min to form the resultant CsFAMA films. All the preparation and deposition steps
were performed in a nitrogen-filled glovebox.
Device Fabrications
ITO-coated glass substrates (10 U/sq) were cleaned in soapy water, deionized water,
acetone, and isopropanol with sonication. The ITO-coated glass substrates were
then subjected to ultraviolet-ozone (UVO) treatment for 10 min. For the ETL-free
perovskite solar cells, the perovskite films were directly deposited on the ITO
substrates according to the procedure mentioned above. Li-doped Spiro-OMeTAD
was then spin-coated as the hole-transporting layers on the perovskite films. A solution consisting of 72.5 mg of Spiro-OMeTAD, 28.8 mL of 4-tert-butylpyridine, 17.6 mL
of Li-bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution (520 mg Li-TFSI in 1 mL of
acetonitrile), and 1 mL of chlorobenzene was employed with a spin speed of
3,000 rpm for 30 s. To complete the device, Au was thermally evaporated on the
hole-transporting layers to serve as the electrode. For the devices with SnO2 ETLs,
the SnO2 ETLs were deposited by spin-coating a SnO2 suspension (15 wt % in
H2O) in air on the UVO-treated ITO substrates and then annealing on a hotplate
at 150 C for 20 min to form 20-nm-thick ETLs in air.30 The glass/ITO/SnO2
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substrates were then treated with UVO for 10 min. Finally, the perovskite, Li-doped
Spiro-OMeTAD and Au layers were sequentially deposited to complete the ETLcontaining perovskite solar cells by following the procedures described above for
the ETL-free devices.
Characterizations
Morphologies of the CsFAMA and MAPbI3 films were imaged with a scanning
electron microscope (FEI XL-30 SEM-FEG). AFM images were characterized using
a scanning probe microscope (Digital Instruments Dimension 3100). XRD measurements were carried out on a PANalytical Empyrean Powder X-ray diffractometer
using Cu Ka radiation. The charge-carrier lifetimes were characterized via TRPL experiments using an Edinburgh FLS980 fluorescence spectrometer with excitation
wavelength of 510 nm. The steady-state PL was also measured with the Edinburgh
FLS980 fluorescence spectrometer with excitation wavelength of 510 nm. Optical
absorption measurements were performed on a Shimadzu UV-3600 spectrophotometer. The EQE was taken using a QE-R instrument from Enlitech without bias voltage.
The J-V characteristics and steady-state output were measured using a Keithley 2420
source meter. The illumination source was a Newport Oriel 92192 solar simulator
with an AM 1.5G filter, operating at 100 mW cm2. All devices were masked with
area aperture of 0.09 cm2 to define the active areas. All the J-V characteristics of
perovskite solar cells were evaluated with voltage-scanning speed of 1.0 V/s. A standard silicon solar cell from Newport Corp was used as a reference for J-V and EQE
measurements. All measurements were performed under ambient conditions with
relative humidity level below 30%.
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