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Sequential Preparation of Dual-Layer Fluorine-Doped Tin
Oxide Films for Highly Efficient Perovskite Solar Cells

Kun-Mu Lee,*® "< Min-Yao Hou,® Vembu Suryanarayanan,” and Ming-Chung Wu*® > 9

A dual-layer fluorine-doped tin oxide (FTO) film has been fabri-
cated by means of sequential spray pyrolysis for high-efficiency
perovskite solar cells (PSCs). The H-FTO/L-FTO dual layer film
consists of a H-FTO layer prepared at high deposition tempera-
ture (~450°C) and a L-FTO layer, fabricated at low deposition
temperature (=~ 150°C), which is used to replace the traditional
compact TiO,/FTO layer. The effects of F/Sn molar ratio, precur-
sor solution concentration, and deposition temperature on the
electrical, optical, surface morphological, and grain structural
characteristics of H-FTO layers have been studied systematical-
ly. With an increase in precursor solution concentration, the
mobility and carrier concentration of H-FTO increases; howev-
er, the grain size and sheet resistance decreases as the precur-
sor solution concentration increases. A high deposition tem-

Introduction

Organic—-inorganic hybrid perovskite-structured solar cell (PSC;
CH;NH;Pbl;, methylammonium lead iodide (MAPbI,)) devices
have attracted much attention, owing to their increasing
power conversion efficiency (PCE) from 3.8% in 2009 to the
latest world record of 22.7%."? As a result of their outstand-
ing optoelectronic characteristics, such as high absorption co-
efficient,” low exciton binding energy of about 0.03 eV, long
carrier diffusion length,”® and tunable energy band gap,” the
PCE has been improved. With all of the advantageous proper-
ties mentioned above, perovskite-structured materials are be-
lieved to be suitable light absorbers in solar cell, laser, photo-
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perature results in a large grain size and enhanced haze value.
The L-FTO layer expresses compact layer growth, inconsistent
with the H-FTO surface structure, and possesses excellent elec-
tron collection and transport efficiency. The effect of the hole-
blocking characteristics of L-FTO on the PSC performance is
studied. This study provides a novel dual-layer FTO film to re-
place the traditional compact TiO,/FTO layer, which is usually
prepared by coating TiO, precursor on FTO following calcina-
tion at 450°C. The H-FTO/L-FTO dual-layer film can simplify the
fabrication process and maintain a high power conversion effi-
ciency (PCE); this results in more efficient electron transporta-
tion and blocking of holes. The champion device of PSCs with
H-FTO/L-FTO shows the highest PCE of 17.37% under the illu-
mination of 100 mWcm 2 (AM1.5G).

detector, and light-emitting devices.” Various methods of per-
ovskite film preparation have been developed. Some of these
processes include a one-step solution process,” the modified
sequential deposition technique,” the dual-source thermal
evaporation technique,’” and a vapor-assisted solution pro-
cess.™ Most PSCs are based on a compact layer containing
mesoscopic transition-metal oxides, such as TiO,,"? ZnO," and
Sn0,.™ In addition, CdSe nanocrystals have been employed as
an electron transport/extraction layer for PSCs due to high
electron mobility and solution processability at low tempera-
tures.™ Recently, PSCs have also been fabricated by employ-
ing a fullerene compact layer as the bottom n-type charge-ex-
traction layer.'">'”" Perovskite-structured materials deposited
onto compact TiO,/mesoporous TiO, layers (electron transport
layer (ETL)) with a high PCE have been widely studied. These
studies commonly focus on how TiO, acts as a scaffold and
how to improve perovskite coverage.” The challenge of using
TiO, is the requirement for a complicated, high-temperature
(>450°C) process. Nowadays, Sn0,""*'® and doped Sn0,"* ™
are used as effective ETLs, on account of their high optical
transmission and low-temperature fabrication processes. Yan
et al. demonstrated that PSCs with SnO, annealed at low tem-
perature exhibited higher photovoltaic performance than that
of SnO, annealed at high temperature."® Liu et al. reported
that PSCs with a Nb:SnO, film had a higher fill factor (FF) in a
low-temperature process and could passivate electron traps ef-
fectively, and thus, resulted in high electron mobility."*? More-
over, considering high electron mobility equally in both direc-
tions, the effectiveness of ETLs may be further increased if
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electron back-flow can be suppressed. Therefore, a gradient
heterojunction (GHJ) strategy has been widely applied to facili-
tate charge separation in silicon and organic solar cells. The
potential gradient creates an appropriately structured hetero-
junction that acts as a driving force to promote electron trans-
port in the desired direction.”® Dual-layered ETLs, such as
ZnO/TiO, and SnO,/TiO,, with a heterojunction potential gradi-
ent are favorable for electron extraction. Therefore, they have
been widely used to improve the performance of PSCs.?"
However, the architectures of such dual-layered ETLs are
planar and often show apparent J-V hysteresis behavior. On
the other hand, transparent conducting oxides (TCOs) have
been prepared from both organic and inorganic materials for
photovoltaic applications. In general, TCO layers consists of
three inorganic films, including indium tin oxide (ITO), fluorine-
doped tin oxide (FTO), and doped zinc oxide. Organic films
with high transparency to IR light are prepared from a polymer
network, for example, poly(3,4-ethylenedioxythiophene) and
derivatives of poly(3,4-ethylenedioxythiophene), such as gra-
phene and a carbon nanotube network. For efficient carrier
transport, TCOs applied in optoelectronic devices, including
sensors, photovoltaics, and flat panel displays, exhibit transmit-
tance 80% greater than that of incident light and conductivi-
ties higher than 10° Scm™". Due to defects and grain bounda-
ries in PSCs, the transmittance of TCO films can result in light
scattering. To prevent light absorption over most of the solar
spectrum, a band gap greater than 3.2 eV and a carrier concen-
tration of 10°cm™> for low resistivity of the TCO thin-film elec-
trodes are necessary. FTO not only has better stability under at-
mospheric conditions, better resistance to high temperature,
and high tolerance to physical abrasion, but also it is chemical-
ly inert and cheaper than ITO. Hence, FTO has been considered
as a potential material. FTO preparation methods include
chemical vapor deposition,”? spray pyrolysis,”® and magnetron
sputtering.”” Among these methods, spray pyrolysis stands
out for many advantages. These include simple, inexpensive
experimental procedures, high growth rate, ease of adding var-
ious doping materials, and the possibility of mass production
for large, uniform coatings. The use of this method to fabricate
doped tin oxide thin films is preferred. Moreover, to increase
absorption, light scattering, and the PCE of the solar cells, tex-
tured transparent conductors have been investigated in both
organic and amorphous Si solar cells.” The surface roughness
and light-trapping structure are correlated to the haze of the
film. With a higher surface roughness, it is prone to scatter and
refract light at different angles, and results in a longer light
transmission path in the film. Therefore, we could efficiently as-
similate the incident light. Although FTO is an important con-
stituent of PSCs, studies on the properties of FTO that affect
the performance of PSCs have not been conducted.

Herein, we demonstrate a sequential process to prepare the
H-FTO/L-FTO dual layer, which consists of a high transmittance
and low sheet resistance H-FTO layer prepared at high deposi-
tion temperature and a hole blocking layer of L-FTO, which is a
compact layer prepared at low deposition temperature. For
the H-FTO layer, we conducted studies on the effects of F/Sn
molar ratio; concentration and film deposition temperature;
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and electrical, morphological, and optical properties. The effect
of L-FTO deposition temperature on cell performance and sur-
face morphology of PSCs are also investigated. Moreover, the
L-FTO/meso-TiO, GHJ interlayer configuration inside ETLs simul-
taneously achieves effective extraction and efficient transport
of photoelectrons. With such an interlayer configuration, GHJs
formed at the perovskite/ETL interface act collectively to ex-
tract electrons from the perovskite layer. GHJs formed at the
boundaries of interconnected SnO, and meso-TiO, throughout
the entire ETL layer, and thus, could extract electrons from the
slow electron mobility of meso-TiO, to the high electron mobi-
lity of the FTO film. Therefore, the GHJ can further prevent
electron back-flow and allow the use of FTO films for electron
transport.

Experimental Section
Preparation of H-FTO/L-FTO dual layer

To optimize the parameters for the preparation of the H-FTO/L-FTO
dual layer, a precursor solution containing SnCl,-2H,0 (7.11 g; Al-
drich) and NH,4F (1.11 g; Aldrich) in distilled water (50 mL) was pre-
pared. The pH was maintained at 2.0 by adding HCl (Aldrich). The
H-FTO/L-FTO dual layer was coated on the glass substrate by
means of precursor solution spray pyrolysis in an open environ-
ment under various substrate temperatures. Dry air was used as
the gas carrier during the coating process and the precursor flux
was 10 Lmin~" continuously. Before the coating process, glass sub-
strates were cleaned in an ultrasonic cleaner for 30 min with a so-
lution of surfactant, rinsed in ethanol for 30 min, and dried in air.
For the preparation of the H-FTO layer, the glass substrate temper-
atures were maintained at various temperatures, including 400 (H-
FTO-400), 450 (H-FTO-450), and 500 °C (H-FTO-500). The spray time
(ty) was maintained at 15 min and the distance between the spray
nozzle and substrate was maintained at 30.0 cm. For the L-FTO
layer to form a thin compact layer, the precursor solution was
sprayed on the H-FTO layer at 100 (L-FTO-100), 150 (L-FTO-150),
and 200 °C (L-FTO-200) for 5 min. In comparison, the TiO, compact
layer (reference sample) was fabricated by spray pyrolysis with the
precursor solution at 450°C.

Fabrication of PSCs

Methylammonium iodide (MAI) was composed of CH;NH,
(279 mL; 40% in methanol, Aldrich), mixed with HI (30.0 mL;
57 wt% in water, Aldrich) in a 250.0 mL round-bottomed flask, and
stirred at 0°C for 4 h. The precipitate was retrieved by evaporation
at 55°C for 1 h. MAI was then dissolved in ethanol, recrystallized
from diethyl ether, and dried at 60°C in a vacuum oven for 24 h.

By using neutral wash solution (Extran” MA 02, Merck Inc.), ace-
tone, and isopropanol, the H-FTO/L-FTO and H-FTO/reference sam-
ples were cleaned. The substrate was dried at 80°C for 24 h fol-
lowed by UV-ozone treatment for 10 min. A mesoporous TiO, film
(particle size: =20 nm, crystalline phase: anatase) with a thickness
of 150 nm was screen printed onto the substrate by using home-
made pastes and finally heated at 500 °C for 30 min.

After cooling to room temperature, the substrate was transferred
to a glove box filled with nitrogen. A solution of Pbl, (1.25m) and
MAI (1.25m) in y-butyrolactone (GBL) and DMSO (in a ratio of 5/5,
v/v) was spin-coated onto the substrate through a two-step pro-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.chemsuschem.org

\\;} ChemPubSoc

+

+

ok

cess at 1000 rpm for 10s followed by 5000 rpm for 20s. The
substrate was treated with toluene (100.0 uL) by drop-casting
during the second spin-coating step. The substrate was then
dried on a hot plate at 100°C for 10 min. A solution of
N2,N2,N2",N2",N7,N7,N7’,N7’-octakis(4-methoxyphenyl)-9,9"-spiro-
bi[9H-fluorene]-2,2',7,7-tetramine (spiro-OMeTAD) was intermixed
with a solution of lithium bis-trifluoromethanesulfonimide (Li-TSFI;
17.5uL, 520 mg), acetonitrile (1.0 mL), and 4-tert-butylpyridine
(28.5 uL). The solution was spin-coated onto the substrate at
2000 rpm for 30 s. Finally, a silver layer of 100 nm thick was depos-
ited as the metal electrode by thermal evaporation. The device
structure is shown in Figure S1 in the Supporting Information. By
using a shadow mask during Ag evaporation, the active area of
the solar cell of 0.16 cm? was defined.

Measurement of material properties

XRD patterns were measured on a Siemens Kristalloflex diffractom-
eter (D5000, Siemens) with Cuy, radiation (A=1.534 A). A field-
emission (FE) scanning electron microscope (Hitachi S-800) operat-
ed at 10.0 kV was employed to observe the surface microstructure.
The surface morphology could be observed by tapping mode of a
Digital Instruments multimode scanning probe microscope
through AFM (E-sweep, SEIKO). A UV/Vis/near-infrared (NIR) spec-
trophotometer (U4100, HITACHI) was utilized to record the thin-
film transmittance. Whole measurements were applied to deter-
mine the characteristics of the film, such as carrier mobility and
carrier concentration. To measure the sheet resistance of Ag-depos-
ited films by using the appropriate correction factors, the four-
point probe was used. A surface profile meter (Tencor P15, KLA
TENCOR) was used to measure the thickness of the films.

Measurements of photovoltaic characteristics

In this study, a 3A (AAA) solar simulator (KXL-500F, Wacom, Japan)
was used. The solar simulator was composed of a NREL-certified sil-
icon solar cell (Oriel, 91150 V), with a KG-5 bandpass filter, and the
light intensity was fixed at 100 mWcm ™2 (AM1.5G). By using a com-
puter-controlled digital source meter (2400, Keithley), J-V curves of
photovoltaic devices could be estimated, and the photovoltaic de-
vices were measured from forward bias to short circuit (FB-SC; re-
verse scanning) and in reverse (SC-FB; forward scanning). The
modified J-V hysteresis index™ was defined by using Equation (1):
JRS JFS (1)

hysteresis index =
RS

in which Jis and Jgs are the current densities of the forward and re-
verse scans, respectively, which were measured at 80% open-
circuit voltage (Vy(). The incident photon-to-electron conversion ef-
ficiency (IPCE) spectra were measured in a black box by using a
commercial IPCE measurement system (QE-R, Enlitech).

Results and Discussion

Effect of F/Sn ratio and precursor concentration on the H-
FTO layer

Uniform, high-quality, dual-layer L-FTO/H-FTO films were pre-
pared with optimal optical and electrical properties at con-
trolled deposition temperatures by means of the spray pyroly-
sis method. The H-FTO layer composition has a significant
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impact on determining high conductivity with high utilization
of light in PSCs. For the FTO-coated glass slide, fluorine atoms
act as shallow-level n-type dopants to create more free elec-
trons in the samples, which can lead to high conductivity. The
physical properties of various H-FTO layers fabricated with dif-
ferent F/Sn molar ratios are shown in Figure 1. With increasing
molar ratio of F/Sn, the carrier concentration and mobility in-
crease. At a F/Sn molar ratio of 0.8, the mobility reaches a max-
imum of about 28.2 cm?V~" (Figure 1a). The transmittance ini-
tially decreases with increasing fluorine concentration, and it is
not until the molar ratio of F/Sn reaches 0.5 that the transmit-
tance increases with further increases in fluorine concentration
(Figure 1b). Reflectance decreases in the visible region, but is
enhanced in the NIR region with increasing fluorine concentra-
tion. The result above indicates that, during the doping pro-
cess, only a few fluorine atoms could fill the oxygen vacancies,
which would result in a lower concentration of scattering cen-
ters and increasing mobility of the F-doped films (Figure 1c).
However, once it exceeds the limit of incorporated F content,
the electron mobility would be reduced and the resistance of
the H-FTO layer (with smaller grain size) would be increa-
sed.”*>? Figure 1d shows the XRD patterns of predominant
changes to the (110) and (211) planes with increasing molar
ratio of F/Sn. Furthermore, in the XRD patterns, the signal of
the (200) plane disappeared and the signal of the (301) plane
appeared. However, with increasing concentration of fluorine
ions, the preferred orientation changes from (110) to (211)
planes. The growth changes can be analyzed based on struc-
ture factor calculations.”™ The results imply that tin atoms
occupy only regular lattice sites at a low molar ratio of F/Sn.
However, if the concentration of fluorine ions exceeds the
limit, tin occupation of interstitial sites gradually occurs, which
results in preferred growth changes to the film."*”

Similar results are also obtained for the effect of the F/Sn
ratio upon increasing the concentration of SnCl,, while keeping
the F/Sn molar ratio at 0.8. As shown in Figure 2a, XRD pat-
terns show predominant changes to the (110) and (211) planes
upon increasing the concentration of SnCl,. Figure 2b reports
the lowest sheet resistance of (6.3+0.1) Qo' at 1.0m SnCl,.
The resistance increases at higher concentrations and the
transmittance decreases. The reflectance decreases in the visi-
ble region, but increases in the NIR region with increasing pre-
cursor concentration because of the increase in film thickness
and density of scattering centers in the H-FTO layer. Because
the decomposition temperature of ammonium fluoride is quite
low (< 100°C), the instantaneous formation of a cloud of HF in
the vicinity of the growing SnO, film may result in etching of
the film. The competitive evolution of HF [Egs. (2) and (3)] may
determine the rate of deposition of the SnO, film.B”

NH,F — NH, 1 +HF ] (2)
SnO, + 4HF — SnF, T +2H,0 (3)
Equations (1) and (2) show that fluorine evolution leads to a

delay in the formation of the FTO layer. Hence, 1.0 M SnCl, and
a F/Sn molar ratio of 0.8 was preferred in our studies.
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Figure 1. a) Plot of carrier concentration and mobility, b) transmittance spectra, c) reflectance spectra, and d) XRD patterns of H-FTO layers with various F/Sn
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Effect of deposition temperatures on H-FTO and L-FTO
layers

Figure 3 shows surface microstructure, cross-section, and AFM
topographic images of the H-FTO layer deposited at 400, 450,
and 500°C. The morphology evidently changes with tempera-
ture. The grain size and thickness of the H-FTO layer increase
as the deposition temperature increases. More scattering cen-
ters result in a lower free electron diffusion rate (higher sheet
resistance of film) if the H-FTO layer is deposited at lower tem-
peratures. As the deposition temperature increases, the grain
size of the H-FTO layer significantly increases, and the carrier
mobility increases as the grain boundary decreases. The free
electron diffusion rate is enhanced, leading to a low sheet re-
sistance.

The XRD patterns of H-FTO layers prepared on a glass sub-
strate at 400, 450, and 500°C are shown in Figure S2 in the
Supporting Information. An apparent overview of relative
changes in peak intensities corresponding to different crystal
orientations is given. The peak positions of the H-FTO layer are
homologous with the patterns of a tetragonal crystal structure.

71.81 nm 0.0 nm

119.68 nm 0.0 nm

Figure 3. Surface microstructure (1), cross-section (2), and AFM topographic (3) images of

various H-FTO layers deposited at 400 (a), 450 (b), and 500 °C (c).

As the temperature of the substrate increases, the intensity of
all planes increases. Suitable growth undoubtedly prefers a
high deposition temperature and specific interactions between
the nucleus and surface. The applicable orientation of the crys-
tal plane is related to the interaction of surface energy and the
orientation of the plane; a low surface energy interaction is fa-
vorable.’" Other properties of H-FTO layers are listed in
Table 1. As the deposition temperature increases, the grain
sizes and RMS roughness of various H-FTO layers increase from
34.6 to 46.5nm and from 15.2 to 37.0 nm, respectively. The
phenomenon mentioned above leads to a transmittance de-
crease and an increase in haze from around 10 to 35%
(Figure 4). Herein, with increasing deposition temperature (400
to 500°C), the sheet resistance decreases (14.2 to 7.9 Q/n).
The haze value represents the film surface topography behav-
ior and light-trapping level. Although an increase in deposition
temperature leads to an increase in haze value, the high
degree of surface roughness distributes the light at several
angles through refraction and scattering. This induced longer
light-passing length exists in perovskite films that are several
hundreds of nanometers thick and efficiently assimilates inci-
dent light. Hence, we chose the more advantageous
H-FTO-450 layer for further study.

After obtaining the H-FTO-450 layer, the L-FTO
compact layer was sequentially deposited with pre-
cursor at 100, 150, and 200°C, as a hole blocking
layer for PSCs. Figure 5 shows the surface microstruc-
ture, cross-section, and AFM topographic images of
reference sample and various L-FTO compact layers
spray coated on the H-FTO-450 layer. The reference
sample shown in Figure 5a used for comparison was
a compact layer of about 50 nm thick TiO, coated on
the H-FTO layer, which was calcined at 500 °C. L-FTO-
100 does not a form continuous film, and thus, leads
to the appearance of several block L-FTO (Figure 5b).
Due to the slow reaction rate of the sprayed precur-
sor, clusters partially react to form sediment, leading
to many areas of H-FTO remaining uncovered by L-
FTO. Therefore, the film is not compact and is not
able to obstruct holes effectively, and thus, leads to
severe shunting paths and interface electron/hole re-
combination. The SEM image of L-FTO-150 expresses
compact layer growth along the H-FTO-450 surface (
~50 nm; Figure5c). If the temperature reaches
200°C, large protrusion deposits are formed with
thicker L-FTO layers (=75 nm; Figure 5d). The in-

223.41 nm

Table 1. Electrical properties of H-FTO films fabricated at various temperatures.®!

H-FTO Ts RMS roughness Grain size Resistivity R Carrier conc. Mobility
A [nm] [nm] [Qcm] [Q/o] [10®°cm™] [em?V s
H-FTO-400 400 15.2+0.1 34.6 26x1073 14.2+0.7 9.23 1.55
H-FTO-450 450 26.7+0.1 41.8 86x10°* 8.2+0.6 6.66 18.34
H-FTO-500 500 37.0+0.1 46.5 59%x10°* 79+0.6 5.38 21.47

[a] The molar ratio of F/Sn is 0.8 and the deposition time is 10 min. Tg=substrate temperature; RMS (root-mean-square) roughness and grain size are mea-
sured and calculated from AFM and XRD analyses, respectively; Rs=sheet resistance.
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creasing L-FTO thickness at higher temperature is due to the
high reaction rate of L-FTO, upon which the precursor is active-
ly deposited once brought into contact with the substrate by
the carrier gas. AFM images confirm that the L-FTO-200 film is
rougher than that of the L-FTO-150 film. The RMS roughnesses
of L-FTO-150 and L-FTO-200 films deposited on H-FTO-450
substrates are (31.4+0.1) and (34.0+0.1) nm, respectively
(Table 2). The UV/Vis absorbance spectra of perovskite films
with various L-FTO films are shown in Figure S3 in the Support-
ing Information. The onset adsorption of perovskite films with
various compact layers starts at A~780 nm, as confirmed by
the IPCE spectra. These UV/Vis spectra are almost identical, in-
dicating similar morphologies, due to the excellent quality of
deposition on large-area, uniform, perovskite films. This reveals
that perovskite film formation is not influenced by different L-
FTO films. The large differenced in V- and FF could be primari-
ly due to the properties of the L-FTO layer annealed at differ-
ent temperatures.

To study the mechanism of electron-hole motions, samples
of perovskite film, Perovskite/L-FTO-100, Perovskite/L-FTO-150,
Perovskite/L-FTO-200, and Perovskite/TiO, compact layer (for
comparison), were prepared on H-FTO-450/glass to obtain the
photoluminescence (PL) value. By performing PL measure-
ments, we can evaluate whether the L-FTO film efficiently ex-
tracts photogenerated electrons from the perovskite film. The
steady-state PL spectra of various samples are shown in
Figure 6. The Perovskite/L-FTO-150 film shows respectably
high PL quenching compared with those of the others. The re-
sults prove that L-FTO-150 has better electron collection and
transport efficiency, which may be due to improved electron
mobility.

Figure 5. Surface microstructure (1), cross-section (2), and AFM topographic (3) images of reference sample (a) and the H-FTO-450 layer (deposited at 450 °C)

coated with L-FTO layers deposited at 100 (b), 150 (c), and 200°C (d).
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Table 2. Film roughness of various L-FTO compact layers and the photovoltaic characteristics of PSCs under illumination of 100 mWcm2 (AM1.5G).
L-FTO Ts Roughness Scanning direction Jsc Voc FF PCE Hysteresis index
ra [nm] [mAcm™] [\ [%] [%]
reverse 22.02 1.057 70.7 16.46
Reference PSC B 30.5£01 forward 22,03 1.049 554 12.80 0-209
reverse 21.85 0.893 523 10.20
L-FTO-100 100 32.2:£01 forward 21.33 0.873 49.9 9.29 0-280
reverse 22.29 1.018 76.0 17.37
LFTO-150 150 31:4:£01 forward 2228 1.022 67.0 15.30 0.1
reverse 22.52 1.021 75.0 17.24
L-FT0-200 200 340£01 forward 22,90 101 66.7 15.44 0.098

—o==perovskite (p)
=o=ref. sample

$ =o=p/L-FTO-100
3 —A=p/L-FTO-150
R —o—p/L-FTO-200

Intensity

750 800 850 900
Wavelength (nm)

650 700

Figure 6. PL spectra of individual perovskite-structured active layers, which
were coated on different substrates, including a reference sample (compact
TiO,/H-FTO-450) and various L-FTO/H-FTO-450 films.

(a)

Ag/ Ag/ Ag/ Ag/

MAPbl;/meso-TiO, MAPbI,/meso-TiO,

Effect of L-FTO on PSC performance

The architectures of reference PSC and PSCs with various dual-
layer L-FTO/H-FTO films are shown in Figure 7a. A cross-sec-
tional SEM image of a PSC with the dual-layer L-FTO-150/H-
FTO-450 film is shown in Figure 7b. The interface of the H-FTO
and L-FTO layers has no apparent boundaries, and the thick-
nesses of the L-FTO/H-FTO dual layer, MAPbl,/meso-TiO,, HTM,
and Ag layer are approximately 600, 400, 300, and 100 nm, re-
spectively. PSCs with various L-FTO films show similar respons-
es in the IPCE spectra (Figure 7c). In addition, the cell per-
formance with different thicknesses of 150-L-FTO layer is ob-
tained to understand the correlation between 150-L-FTO thick-
ness and PCE. Various film thicknesses of the L-FTO-150 layer
are demonstrated by repeating the spray cycle, and the actual
thickness of the 150-L-FTO layer with various spray cycles was

L-FTO-100
L-FTO-150
L-FTO-200

Compact TiO, H-FT0-400

H-FTO-450

FTO H-FTO-500
Glass Glass

_Ag

S

HTM

MAPbl;/meso-TO,
L-FTO

H-FTO

500 nm

IPCE (%)
8

ref. sample
30F L Fr0-100
20 ——LFTO-150
10 L-FTO-200

400 500 600 700 800
Wavelength (nm)

Figure 7. a) Device structure of reference PSC and PSCs with various dual-layer L-FTO/H-FTO films. HTM = hole-transporting material. b) Cross-sectional SEM
image of a PSC with the dual-layer L-FTO-150/H-FTO-450 film. c) IPCE spectra of reference PSC and PSCs with various dual-layer L-FTO/H-FTO films.
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Figure 8. a) The thickness of the 150-L-FTO layer with various spray cycles of
the 150-L-FTO layer. b) The cell performance distribution of PSCs (20 cells)
for different thicknesses of 150-L-FTO layer.

observed by SEM (Figure 8a). The PCE distribution of
20 PSCs with different thicknesses of 150-L-FTO layer (

Q
S—
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Full Papers

from the intrinsically slow electron mobility of meso-TiO, film,
electron back transfer and charge recombination between L-
FTO/meso-TiO, and CH;NH;Pbl; layers can be suppressed. Be-
cause direct contact between ETL and HTL can be avoided,
upon preparing a compact and smooth CH;NH;Pbl; perovskite
layer, charge recombination can be decreased.'® Figure 9d
and e illustrates the steady-state current and conversion effi-
ciency (J-t and 77—t curve) applied with a constant bias voltage,
with the architecture of glass/H-FTO/150-L-FTO/meso-TiO,/
CH;NH;Pbl,/spiro-OMeTAD/Ag, under AM1.5G illumination. The
steady-state current was measured and the on/off shadow
cover test process was continued for 300 s. The steady-state
conversion efficiency obtained from the n-t curve was 16.77 %,
which approached an average efficiency of 16.33% measured
from the forward and reverse scanning J-V curves.

Conclusions

High-quality, dual-layer L-FTO/H-FTO films were prepared by
means of sequential spray pyrolysis deposition with controlled
step temperatures. The effects of molar ratio of F/Sn, concen-
tration of the precursor, and deposition temperature on H-FTO
were investigated. With increasing precursor concentration,
the carrier concentration and mobility of H-FTO increased, but
the sheet resistance and grain size of H-FTO decreased. A high
deposition temperature resulted in large grain size and en-
hanced haze value. Increasing the molar ratio of F/Sn led to
changes to both the (110) and (211) planes and structural mor-
phology. Finally, upon comparing the performance of PSCs

(2)
~—

(b) (

is shown in Figure 8b. The PSC with a 30 nm L-FTO-
150 layer (prepared by 2 cycles) shows a high PCE of
17.4%, whereas the absence of such a layer leads to
very poor light harvesting. Further increasing the
number of spray cycles of the layer, the efficiency of
the PSC decreases due to the increase in series resist-
ance, as a result of enhanced thickness.

Figure 9a-c presents the J-V curves of PSCs
with various L-FTO layers under illumination of
100 mWcm ™2 (AM1.5G), and the photovoltaic charac-

- - N
(=] (4] (=]
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teristics of the PSCs are listed in Table 2. The PSC Voltage (V) Voltage (V) Voltage (V)

with L-FTO-100 shows a poor V,c and FF, and those (d) (e)

with L-FTO-150 and L-FTO-200 present higher Vo, FF, 25 25

and PCE values, and show similar J-V behavior. 20F 2f

Therefore, there is no need for a higher temperature - ST

calcination process (200 °C). These performances are %15 ,_:;15'

comparable to that with the reference sample. Fur- <Et10 :510 " miamy

thermore, we also confirmed the effect of the meso- S5 S sl 7o 2048 macme

TiO, layer in this study. The L-FTO-150 layer was only Ef.=1677%

prepared for PSC, for which it showed poor cell per- ) . . . . . 0 . . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300

formance with high hysteresis behavior (Figure S4 in
the Supporting Information). This indicates that the
meso-TiO, layer plays important roles in ETL/perov-
skite interface connection, electron collection, and

preparation of a smooth perovskite layer. Resulting 450 film.

ChemSusChem 2018, 11, 1-10 www.chemsuschem.org
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Figure 9. The J-V curves for forward and reverse scans under illumination of AM1.5G of
PSCs with various L-FTO layers: a) L-FTO-100, b) L-FTO-150, and ¢) L-FTO-200 coated on
H-FTO-450. d) J-t curve and e) -t curve of the PSC with the dual-layer L-FTO-150/H-FTO-
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with various L-FTO layers, the PSC with L-FTO-150 expressed a
compact layer growth consistent with the H-FTO surface struc-
ture and had excellent electron collection. Its transport efficien-
cy showed the highest PCE of 17.37%, with a low hysteresis

index of 0.111, wunder the illumination of AM1.5G
(100 mMWcm™).
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FULL PAPERS

K.-M. Lee,* M.-Y. Hou, V. Suryanarayanan, ne ng S
M.-C. Wu* — —
EN-ER y ' K ool -
(LFTO) LFTO Il w— L-FTO-100
Sequential Preparation of Dual-Layer ‘a’ 70} g irom
Fluorine-Doped Tin Oxide Films for Glass — O Wavetength amy
Highly Efficient Perovskite Solar Cells
Turn up the heat on doping: A dual- are prepared at high (H) and low (L)
layer, fluorine-doped tin oxide (FTO) film deposition temperatures to yield the H-
is fabricated through sequential spray FTO/L-FTO dual-layer film as a replace-
pyrolysis for the preparation of high-ef- ment for the traditional compact TiO,/

ficiency perovskite solar cells. FTO layers FTO layer.
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