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The power conversion efficiency (PCE) of perovskite solar
cells (PSCs) has increased from 3.8% to 25.2% over the past
decade.[1–7] Two architectures, mesoporous and planar device
structures, are commonly used for PSCs. In formal (n-i-p) mes-
oporous PSCs, a mesoporous electron transport layer (ETL) is
used as a scaffold; this mesoporous ETL naturally leads to lower
optical reflection in PSCs than planar ETL,[8–11] though requiring
high temperature and complex processing. The planar n-i-p
structure, in contrast, is simpler to fabricate at low tempera-
tures;[12–15] however, the planar structure usually results in a

lower short-circuit current density (Jsc)
due to higher optical reflection losses at
the front side compared with the mesopo-
rous counterparts.[16–18]

Lead halide PSCs with Jsc values above
25mA cm�2 are mostly achieved by meso-
porous structures using formamidinium
lead triiodide (FAPbI3)-based perovskites
with a minimal content of methylammo-
nium (MA) and/or bromide.[6,19–21] These
mesoporous PSCs have demonstrated the
highest certified PCEs, with values above
24% (the highest PCE is 23.7% for planar
PSCs).[5,6] Among FAPbI3-based PSCs with
bandgaps around 1.50 eV, the highest Jsc val-
ues (>26mA cm�2) reported to date were
obtained using mesoporous titanium-oxide-
based ETL and by introducing MACl or
MDACl2 to stabilize α-FAPbI3.[6,21] Their

external quantum efficiency (EQE) curves showed an almost
flat and uniform absorption higher than 90% in the visible spectral
range (400–750 nm), giving a Jsc as high as 26.7mA cm�2

(certified, with antireflective coating on glass).[6]

For planar PSCs, You and co-workers achieved the highest cer-
tified PCE of 23.7% using SnO2 nanocrystals (NCs) film as the
ETL (�30 nm thick), where the Jsc is 25.2 mA cm�2 (with antire-
flective coating on glass) and the FAPbI3-based perovskite
(bandgap �1.53 eV) was fabricated using a two-step sequential
deposition method.[5,22,23] Efficient planar FAPbI3-based PSCs
reported by other groups typically exhibited Jsc values in the
range of 23.0–24.5mA cm�2.[24–26] The planar PSCs fabricated
by one-step antisolvent method usually showed slightly lower
Jsc than those processed by two-step method due to the thinner
perovskite layers obtained by one-step method.[12,27,28]

The fact that Jsc achievable in mesoporous PSCs is higher than
that in planar counterparts is attributed to the antireflective effect
of the pores in the mesoporous structure. Antireflective strate-
gies such as texturing perovskite films[29–32] and nanostructuring
transport layers[33–35] have been attempted to further improve the
Jsc of planar PSCs. However, the texturing structures result in
difficulties for follow-up fabrication steps and consequently
degrade the electrical performance of solar cells. We reasoned
that the PCE of planar PSCs could be further increased once
the primary reflection loss at the front side (caused by nonideal
ETLs) could be reduced without the sacrifice of electrical perfor-
mance. Yet, little attention has been paid in planar PSCs to
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Planar perovskite solar cells (PSCs) hold promise for simple processing at low
temperatures; however, they usually show lower short-circuit current density ( Jsc)
than their mesoporous counterparts owing to their higher primary optical
reflection losses at the front side. The antireflective nature of a mesoporous
electron transport layer (ETL) enables a low optical reflection in the front surface
of solar cells, which is challenging to realize in planar PSCs. Herein, an anti-
reflective cascaded ETL structure using SnO2/TiO2–Cl bilayers is devised to
reduce optical reflection losses and to improve electrical performance in planar
PSCs. The antireflective cascaded ETL results in an enhanced Jsc of 25.4 mA cm�2

in formamidinium lead triiodide based planar PSCs, compared with the control Jsc
of 24.6 mA cm�2 using single-layered SnO2 ETL. A record-high Jsc of
26.1 mA cm�2 is further achieved using an additional antireflective coating on the
front glass side, leading to a power conversion efficiency of 22.9%.
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design an ETL that can simultaneously reduce primary reflection
losses and improve device electrical performance.

Here, we pursued an ETL structure that enables both
enhanced light capturing and improved electrical performance
in n-i-p structured planar PSCs. We devised an antireflective cas-
caded ETL using SnO2/TiO2–Cl bilayered NC films (Figure 1a).
The bilayer structure leads to reduced nonradiative recombina-
tion, cascaded energy levels, and lower optical reflection losses.
Based on this strategy, we achieved a record-high Jsc of
26.1 mA cm�2 and a PCE of 22.9% in FAPbI3-based planar
PSCs (optical bandgap of 1.54 eV), where the Jsc is comparable
to those achieved in most-efficient mesoporous cells.

To compare the photovoltaic performance on different ETLs,
we fabricated FAPbI3-based planar PSCs on SnO2 single-layer
and SnO2/TiO2–Cl bilayer ETLs (Figure 1a). According to
Fresnel equations, tuning the refractive index and thickness of
ETLs (functioning as an antireflective structure as well) is crutial
to minimize the primary optical reflection in planar PSCs.
Constructing bilayer ETL structure, in principle, offers the poten-
tial to further lower the reflection over a broader spectral range
compared with single-layer ETL. The perovskite absorber layers,

with a composition of FA0.92MA0.08PbI3, were fabricated by two-
step sequential deposition according to previous works which
have demonstrated record-efficiency planar PSCs.[5] The statisti-
cal performance from 28 devices for each ETL is shown in
Figure 1b. Planar PSCs with SnO2/TiO2–Cl ETL exhibit consid-
erably higher average PCE than those with SnO2 ETL (21.9% vs
19.8%). The improvement comes mainly from Jsc and open-
circuit voltage (Voc), where the average Jsc increases from 24.5
to 25.3 mA cm�2 and Voc increases from 1.06 to 1.12 V. We noted
that the performance of cells with antireflective cascaded ETL
was more reproducible than that of devices with SnO2 ETL, as
indicated by the narrower PCE distribution. We also observed
less hysteresis in PSCs with the cascaded ETL (Figure 1c), which
can be attributed to faster charge extraction and reduced interfa-
cial trap density (which will be discussed later). The PSCs with
SnO2/TiO2–Cl ETL exhibited better shelf stability than those with
SnO2 ETL (Figure S1, Supporting Information).

The best-performing cells with SnO2 and SnO2/TiO2–Cl ETLs
showed PCEs of 20.8% (stabilized 19.9%) and 22.3% (stabilized
21.7%) under reverse scans, respectively (Figure 1c, Figure S2,
Supporting Information). The specific photovoltaic parameters

Figure 1. Photovoltaic performance of PSCs with antireflective cascaded ETL. a) Device structures of planar PSCs with SnO2 and cascaded SnO2/TiO2–Cl
ETLs. b) Comparison of photovoltaic parameters ( Jsc, Voc, FF, and PCE) for solar cells with SnO2 and SnO2/TiO2–Cl ETLs. c) J–V curves of champion
devices based on SnO2 and SnO2/TiO2–Cl ETLs. d) 1�R (total absorptance of solar cell) and EQE spectra of the champion devices. The integrated
Jsc values are 24.5 and 25.3mA cm�2 for devices on SnO2 and SnO2/TiO2–Cl ETLs, respectively.
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are summarized in Table 1. Figure 1d shows the EQE and total
absorptance (1�R, where R is device reflectance) curves of planar
PSCs on SnO2 and SnO2/TiO2–Cl ETLs. As observed in previous
works,[5,23,24] the PSCs with SnO2 ETL (thickness optimized to be
�30 nm) exhibited an obvious dip in the EQE curves between
400–700 nm, due to a strong optical reflection peak in this wave-
length range. By inserting another layer of TiO2–Cl (�60 nm)
between SnO2 and perovskite, the reflection loss is significantly
reduced in devices with SnO2/TiO2–Cl ETL, leading to increased
EQE values overall. The peak reflectance intensities of 17%
between 300–400 nm and 12% between 400–600 nm in devices
with SnO2 ETL were reduced to 5% and 7%, respectively, in
devices with SnO2/TiO2–Cl ETLs. The integrated Jsc from EQE
spectra was increased from 24.5 to 25.3 mA cm�2, which are in
good agreement with those values measured from J–V scans. We
further tested the cascaded ETL in PSCs with a perovskite com-
position of (FAPbI3)0.97(MAPbBr3)0.03, and similar performance
enhancement by cascaded ETL was observed (Figure S3,
Supporting Information). Unless otherwise stated, the perovskite
composition studied in this work refers to FA0.92MA0.08PbI3.

The improvement in Jsc by SnO2/TiO2–Cl ETL is attributed
dominantly to the reduced primary reflection at the ETL/
perovskite interface. To gain further insight into the improve-
ment in electrical performance (mainly Voc here), we first calcu-
lated the valence band (EVB) and the conduction band (ECB) of
ETLs and perovskite layer using ultraviolet photoelectron spec-
troscopy (UPS) and UV–vis–NIR spectroscopy (Figure 2a and
Figure S4, Supporting Information). The band alignment shows
that the SnO2/TiO2–Cl bilayered ETL has cascaded conduction
bands with the perovskite layer, which is beneficial for the
electron extraction. The smaller band offset between TiO2–Cl
and perovskite than SnO2 helps increase Voc in solar cells. We
further investigated the perovskite films deposited on SnO2

and SnO2/TiO2–Cl ETLs using scanning electron microscopy
(SEM) and X-ray diffraction (XRD). We found that the perovskite
films grown on SnO2/TiO2–Cl ETL exhibited larger grain sizes
and more uniform size distribution than those on SnO2

(Figure S5, Supporting Information). Cross-sectional SEM
images show that the perovskite layers (around 850 nm thick)
had a columnar character for the crystal grains from the bottom
to top. XRD patterns showed similar crystallinity and identical
crystal structure for films grown on either ETL (Figure 2b).

We further characterized the carrier extraction characteristics
between ETL and perovskite using steady-state photolumines-
cence (PL) and time-resolved PL decay (Figure 2c, d). We
observed stronger PL quenching in intensity and faster PL decay
for perovskite films on SnO2/TiO2–Cl than those on SnO2, which

indicates faster extraction of carriers at the cascaded ETL/
perovskite interface. We then carried out space-charge-limited-
current (SCLC) tests to quantitatively estimate the bulk trap
density in perovskite films grown on SnO2 and SnO2/TiO2–Cl
ETLs using a device structure of glass/ITO/ETL/perovskite/
C60/BCP/Cu, where C60 is fullerene and BCP is bathocuproine
(Figure 2e). The trap density Nt is calculated from the equation

VTFL ¼ eNtL2

2εε0
,[36] where e is the elementary charge, L the thickness

of perovskite film, ε the relative dielectric constant, ε0 the vacuum
permittivity, and VTFL the trap-filling voltage. The trap densities
are calculated to be 7.1� 1015 and 3.4� 1015 cm�3 for perovskite
films grown on SnO2 and SnO2/TiO2–Cl ETLs, respectively.
A lower dark saturation-current density was also observed for
PSCs with SnO2/TiO2–Cl ETL (Figure S6, Supporting
Information), in agreement with the lower trap density for perov-
skite films grown on SnO2/TiO2–Cl. We proceeded to use tran-
sient photovoltage decay technique to characterize solar cells
with SnO2 and SnO2/TiO2–Cl ETLs. The charge-recombination
lifetime τ of devices with SnO2/TiO2–Cl is longer than that of
devices with SnO2 (38 vs 12 μs). The longer recombination life-
time in devices with SnO2/TiO2–Cl ETL is attributed to the
reduced recombination rates at the cascaded ETL/perovskite
interface and lower bulk trap density in perovskite films grown
on the cascaded ETL.[37]

To further understand the optical improvement by the cas-
caded ETL, we performed optical modeling of planar PSCs using
a validated optical model (GenPro4).[38] We measured the com-
plex refractive index of each layer using ellipsometry (Figure S7,
Supporting Information). We calculated the optical reflection
and implied photocurrent density (integration of the absorption
by the perovskite layer with AM 1.5G spectrum) by varying the
thickness of SnO2 and TiO2–Cl layers (Figure 3a). The thick-
nesses of other layers were fixed and derived from experimental
measurements. As expected from thin-film optics, the device pri-
mary reflectance and thus the implied Jsc values are dependent
on the thickness of ETL. If only optical absorption was consid-
ered, the highest Jsc could be achieved with SnO2 single layer
at a thickness of �110 nm.

In addition to the optical effect, the electrical properties of the
ETL, i.e., conductivity and charge extraction capability, play a cru-
cial role in the performance of solar cells. We characterized the
vertical electrical resistance of ETLs with various thicknesses and
stacking sequences using a sandwiched structure of ITO/ETL/Al
(Figure 3b). The resistance of single-layer SnO2 is higher than
that of TiO2–Cl for each thickness (30, 60, and 90 nm), indicating
a better conductivity for TiO2–Cl NC film. It is interesting to note
that the cascaded ETL stack (30 nm SnO2þ 60 nm TiO2–Cl) has
a lower resistance than that of either 30 nm SnO2 or 60 nm
TiO2–Cl film. This offers benefit of increasing Jsc (as indicated
by the optical simulation shown in Figure 3a) without increas-
ing the resistance of ETL when thicker ETL layer stack is used.
In contrast, reversing the ETL stack to TiO2-Cl/SnO2 led to a
Schottky-diode-like behavior and thus resulted in significantly
higher resistance, which could be induced by the Schottky barrier
(�0.2 eV) for electron transporting from SnO2 to TiO2–Cl.

We then fabricated PSCs with varied ETLs and characterized
their photovoltaic performance (Figure 3c and S8, Table S1,
Supporting Information). Unlike the simulation results, the Jsc

Table 1. Photovoltaic parameters of champion planar PSCs with SnO2 and
SnO2/TiO2–Cl ETLs.

ETL Scan direction Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

SnO2 Reverse 24.6 1.093 77.3 20.8

Forward 24.7 1.071 74.5 19.7

SnO2/TiO2–Cl Reverse 25.3 1.114 79.1 22.3

Forward 25.4 1.117 76.2 21.6
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of solar cells with SnO2 ETL did not increase as the thickness of
SnO2 increased from 30 to 90 nm. Instead, the average Voc

dropped significantly as the thickness of SnO2 ETL was increased;
the Jsc started to decrease when the thickness of SnO2 increased
beyond 40 nm. In contrast, the performance of devices with
TiO2–Cl ETL is less sensitive to the thickness of TiO2–Cl and
the average Voc and fill factor (FF) did not obviously change as
the thickness increased from 30 to 90 nm, which can be explained
by the higher conductivity of TiO2–Cl film in comparison
to SnO2. The optimized thicknesses of single-layer ETLs are

30 and 60 nm for SnO2 and TiO2–Cl ETLs, respectively. We then
evaluated the performance of PSCs with SnO2/TiO2–Cl cascaded
ETL, where the SnO2 layer was fixed at 30 nm and the TiO2–Cl
layer was varied from 30 to 90 nm. The highest average PCE was
achieved with a total thickness of 90 nm for the cascaded ETL.
Further increasing its thickness to 120 nm caused partial delami-
nation of perovskite films from the substrates, leading to an obvi-
ous drop in Jsc and Voc. Herein, we can conclude that the series
resistance of the ETL is a determining factor for the cell perfor-
mance. It should be also noted that the ETL stack sequence is

Figure 2. Characterization of perovskite films deposited on SnO2 and SnO2/TiO2–Cl ETLs. a) Band alignment of SnO2, TiO2–Cl, and perovskite layer.
b) XRD patterns of perovskite films deposited on SnO2 and SnO2/TiO2–Cl ETLs. c,d) Steady-state and time-resolved PL spectra of perovskite films on
glass, SnO2 and SnO2/TiO2–Cl ETLs excited from glass side. e) SCLC measurements of electron-only devices with SnO2 and SnO2/TiO2–Cl ETLs.
f ) Transient photovoltage measurements of solar cells based on SnO2 and SnO2/TiO2–Cl ETLs.
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crucial to the performance of solar cells. Reversing the stack
sequence to TiO2–Cl/SnO2 led to poor photovoltaic performance
due to its Schottky-barrier characteristics, though low primary
reflectance at the front side could be achieved in the visible-
spectral range (Figure 3d,e and S4d, Supporting Information).

To further reduce the optical reflection loss at the front glass
surface, we attached a nanostructured antireflective foil (ARF) on

the front glass side (Figure 4a).[39] As a result, the overall primary
reflectance was reduced by �3% between 300 and 800 nm wave-
length range, resulting in an obvious increase in EQE
(Figure 4b). The PCE of the identical device was improved from
22.3% to 22.8% after the deployment of ARF (Figure 4c and
Table 2). The Jsc values can be reproducibly increased by
�0.6mA cm�2 after adding an antireflective coating at the front

Figure 3. Photovoltaic performance of PSCs with varied thicknesses of ETL. a) Calculated implied Jsc of solar cells by varying the thickness of SnO2 and
TiO2–Cl layers in the cascaded ETL stack. b) Dark J–V characteristics of ITO/ETL/Al structures with various thickness and stacking sequence of ETL.
c) Photovoltaic parameters (Voc, Jsc, FF, and PCE) of solar cells with various thicknesses of SnO2, TiO2, and SnO2/TiO2–Cl ETLs. The thickness of SnO2

layer in SnO2/TiO2–Cl ETLs (total thickness shown in the figure) was fixed at 30 nm. d) Device total reflectance curves (left) of PSCs based on SnO2

(90 nm), TiO2–Cl/SnO2 (60þ 30 nm), and SnO2/TiO2–Cl (30þ 60 nm) ETLs, and the photon flux of the global standard spectrum AM1.5 G (right).
e) EQE curves of PSCs SnO2 (90 nm), TiO2-Cl/SnO2 (60þ 30 nm), and SnO2/TiO2–Cl (30þ 60 nm) ETLs.
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side of glass substrate (Figure S9 and Table S2, Supporting
Information), despite of the parasitic absorption loss of ARF
itself below 400 nm wavelengths (Figure S10a, Supporting
Information). By fabricating several batches of planar PSCs with
both cascaded ETL and ARF, we obtained the best PCE of 22.9%,
with a Voc of 1.137 V, Jsc of 26.1 mA cm�2, and FF of 77.1%
(Figure 4d). The integrated Jsc value from the EQE spectra is
25.7 mA cm�2 (Figure S10b, Supporting Information), in good
agreement with the J–V measurements.

In summary, we have devised an antireflective cascaded
SnO2/TiO2–Cl ETL that can effectively increase the photocurrent
density of planar PSC without compromising in electrical perfor-
mance. The primary optical reflection of planar PSCs at the front
side can be dramatically reduced using cascaded ETL. Based on
this strategy, we achieved a record-high Jsc of 26.1 mA cm�2 and
a high PCE of 22.9% in FAPbI3-based planar PSCs. The Jsc values
achieved herein are comparable to those achieved in most-
efficient mesoporous PSCs reported so far. The proposed antire-
flective cascaded ETL strategy offers a simple and versatile
approach to improve the efficiency of planar PSCs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 4. Performance enhancement of PSCs using antireflective foil at the front of glass surface. a) Structure of PSC with cascaded ETL and ARF.
b) 1�R and EQE curves of a PSC without and with ARF. c) J–V curves of the device with and without AR film under reverse scans. d) J–V curve of
the champion device with ARF under reverse scan.

Table 2. Photovoltaic parameters of PSCs with and without ARF.

Device Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

w/o ARF 25.2 1.114 79.3 22.3

with ARF 25.8 1.125 78.7 22.8

Champion (with ARF) 26.1 1.137 77.1 22.9
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