Received: 5 October 2021

Accepted: 7 October 2021

DOI: 10.1002/nano.202100306

RESEARCH ARTICLE

Comparison of the sputtered TiO, anatase and rutile thin
films as electron transporting layers in perovskite solar cells

Fahimeh Shahvaranfard'

| Ning Li*?> | Saman Hosseinpour® | Seyedsina Hejazi* |

Kaicheng Zhang' | Marco Altomare* | Patrik Schmuki* | Christoph J. Brabec'?

! Department of Materials Science and Engineering, Institute of Materials for Electronics and Energy Technology (i-MEET), University of

Erlangen-Nuremberg, Erlangen, Germany

2 Helmholtz Institute Erlangen-Niirnberg for Renewable Energy (HI ERN), Erlangen, Germany

3 Institute of Particle Technology (LFG), Friedrich-Alexander-Universitit-Erlangen-Niirnberg (FAU), Erlangen, Germany

4 Department of Materials Science and Engineering, Institute for Surface Science and Corrosion WW4-LKO, University of Erlangen-Nuremberg,

Erlangen, Germany

Correspondence

Fahimeh Shahvaranfard, Ning Liand
Christoph J. Brabec, Department of Mate-
rials Science and Engineering, Institute
of Materials for Electronics and Energy
Technology (i-MEET), University of
Erlangen-Nuremberg, Martensstrasse
7,91058 Erlangen, Germany.

Email: fahimeh.shahvaranfard@fau.de
Helmbholtz Institute Erlangen-Niirnberg
for Renewable Energy (HI ERN), Erlan-
gen, Germany.

Email: ning li@fau.de;
christoph.brabec@fau.de

1 | INTRODUCTION

Organic-inorganic hybrid halide perovskite solar cells
(PSCs) are one of the most promising candidates for energy
conversion in the photovoltaic field due to the outstanding
optical and electronic properties that lead to a record effi-

ciency of over 25%.1'%

Abstract

We examine comparatively the performance of sputtered TiO, rutile and anatase
thin films as an electron transport layer (ETL) in MAPbI;-based perovskite solar
cells. Both anatase and rutile TiO, ETLs are deposited (on fluorine-doped tin
oxide [FTO] substrates) by magnetron sputtering in the form of nanocrystalline
thin films. We systematically investigate the role of crystallographic phase com-
position of TiO, ETLs on the photovoltaic performance of perovskite solar cells.
The champion power conversion efficiencies (PCEs) of 18.4% and 17.7% under
reverse scan mode are obtained for perovskite solar cells based on TiO, anatase
and TiO, rutile ETL, respectively. The results show that the magnetron sputter-
ing deposited ETLs differ from each other only in their phase composition while
the overall performance of the devices is not greatly affected by the crystallo-
graphic phase of the TiO, ETLs. Our results point to an important fact that for
a proper and reliable comparison between the performance of TiO, anatase and
rutile ETLs, it is crucial to investigate films of similar morphology and structure
that are synthesize under similar conditions.
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In PSCs, the perovskite light absorber is sandwiched
between an electron transport layer (ETL) and a hole trans-
port layer (HTL).[*°] ETL, as one of the key functional
components in PSCs, is often comprised of a metal oxide
scaffold (e.g., Ti0,,!71 Sn0,,!%1°1 or ZnO!"12]), Properties
of ETL, such as transparency, surface roughness, electron
extraction ability, and bands’ position, play key roles in the
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overall cell efficiency. Among different metal oxides devel-
oped as ETL, TiO, is the most frequent choice owing to its
high chemical and photochemical stability, relatively high
electron mobility, and low cost.!'>17]

Anatase and rutile are the most common crystal forms
of TiO,. Rutile is generally considered to be the thermody-
namically most stable phase for bulk titania, whereas the
anatase phase typically becomes more stable in nanostruc-
tured TiO,.[1819]

Recent works have compared anatase and rutile TiO,
ETLs and their crystalline phase-dependent charge extrac-
tion performance as well as the effect of the TiO, phase on
the efficiency of perovskite solar cells. For instance, Zhu
et al.l?%] have reported on the improvement of the device
performance using anatase TiO, compared to the device
fabricated with amorphous and rutile TiO,. Yella et al.l?!]
found that nanocrystalline rutile TiO, performed better
than a planar anatase TiO,, an improvement which was
ascribed to the large nanocrystalline rutile TiO,/perovskite
interface area for electron extraction.

In a recent work by Wang et al.,|?2! TiO, rutile and TiO,
anatase ETL were synthesized by two different methods;
chemical bath deposition and spin coating. Their results
indicated that rutile TiO, ETL that was synthesized by
chemical bath deposition helped to improve the extrac-
tion of photoexcited electrons and decreased electron-
hole recombination, due to its better conductivity, and
enhanced ETL/perovskite light absorber interface com-
pared to anatase TiO, ETL that was synthesized by the spin
coating method. However, due to the different techniques
used to produce anatase versus rutile TiO,, it may not yield
comparable ETL morphological and structural features.

In this study, we aim to systematically compare the per-
formance of anatase TiO, (A-TiO,) versus rutile TiO, (R-
TiO,) as ETL that are synthesized with magnetron sput-
tering in methylammonium lead iodide (MAPI) perovskite
solar cells. Nanocrystalline anatase and rutile TiO, thin
films are deposited on fluorine-doped tin oxide (FTO) sub-
strates. The sputtering conditions are not only adjusted to
accurately control the ETL crystallographic phase (as pure
rutile or pure anatase) by tuning the chamber pressure dur-
ing sputtering, but also tuned to achieve ETLs with compa-
rable morphological and structural features, for example,
in terms of surface roughness, thickness, and average crys-
tallite size. We show that this is a key point for a proper
comparison between the role of different phases TiO, in
perovskite solar cells.

Our results, in fact, show that comparing ETLs of dif-
ferent phases without considering other differences in the
properties of the films may be misleading in elucidating the
impact of the ETL crystal structure on the overall device
efficiency. Here we report that the performance of per-
ovskite solar cells is not substantially affected by the crys-

tallographic phase of the TiO, ETLs. With this work we
want to draw attention to the important of a proper com-
parison between the performance of R-TiO, and A-TiO, as
ETLs. Such a proper comparison requires that layers are
(i) synthesized by the same method, and (ii) do not differ
from each other in their morphological or micro-structural
features. When such requirements are not met, the device
performance may be simultaneously influenced by various
parameters, for example, surface morphology, crystal size,
and wettability, thus making a direct anatase versus rutile
phase comparison unreliable.

It should be noted that here we focus on the factors that,
besides crystalline structure, affect the performance of the
ETLs. Indeed, high-performance light absorbers, such as
mixed cation/anion hybrid perovskite materials instead of
MAPI, further improves the efficiency of the device.

2 | RESULTS AND DISCUSSION
The FTO substrates coated with TiO, film were charac-
terized by XRD to identify their crystallographic compo-
sition. The XRD patterns of 200 nm high pressure (HP)-
TiO, and low pressure (LP)-TiO, before and after ther-
mal treatment in air at 450°C for 1 hour are shown in
Figures 1A and Sla, respectively. No information on the
crystallographic phase of 30 nm sputtered TiO, film could
be traced by XRD, probably due to the low thickness of
the layers which is below the detection limit of the XRD
setup used. The XRD patterns confirm mainly anatase
crystalline phase composition of as-formed HP-TiO, and
mainly rutile crystalline phase composition of as-formed
LP-TiO, (Figure Sla). Comparing Figure Sla and Figure 1A
indicates that the degree of phase crystallinity increased
with thermal treatment. The XRD pattern of HP-TiO,
shows diffraction peaks at 25.36°, 48.03°,and 54.75° which
correspond to 101, 200, and 105 crystallographic planes
of A-TiO,, respectively..?*2>*] The XRD pattern of LP-TiO,
shows diffraction peaks at 27.57°, 36°, 41.37°, and 54.69°
corresponding to 110, 101, 111, and 211 crystallographic
planes of R-TiO,, respectively.[?*?*] The phase character-
ization of the 30 nm thick TiO, films was performed by
confocal Raman spectroscopy and the corresponding spec-
tra are provided in Figure 1B. The characteristic peaks
corresponding to anatase (at 397, 516, and 638 cm™1)[*!
appear as sharp peaks in Figure 1B whereas the char-
acteristic peaks corresponding to rutile (at 241, 445, and
~610 cm )12 are less pronounced, due to the large over-
lap with the FTO characteristic peaks (see the S1b).
Figure 2A-D shows top view and cross-sectional SEM
images of 30 nm sputtered TiO, film on FTO substrate
formed by magnetron sputtering at different chamber pres-
sures. As shown in Figure 2A,B, the TiO, films form a
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FIGURE 1 A, X-ray diffraction (XRD) patterns of 200 nm
HP-TiO, and LP-TiO, on FTO. Crystallite size of anatase and rutile
films was calculated from the most intense peak from XRD pattern
and Scherrer equation and is ~100 nm. B, Raman spectra of the

30 nm HP-TiO, and LP-TiO, on FTO. The Raman spectra are
background corrected for the FTO coated glass substrate

continuous layer on the surface of the FTO regardless of
the sputtering pressure. The thickness of as-sputtered lay-
ers is ~30 nm for both anatase and rutile TiO, films (Fig-
ure 2C,D).

To further study the surface roughness, 30 nm A-TiO,
and R-TiO, films on FTO were characterized by AFM (Fig-
ure 2E,F). The root mean square (RMS) for A-TiO, and R-
TiO, were 34.4 and 36.2 nm, respectively, which are vir-
tually identical. For comparison, Figure S2 shows the top
view SEM image and AFM characterization of pristine
FTO. According to these results, it becomes evident that
the observed surface roughness and grain size of the TiO,
layers (Figure 2) are not entirely related to the TiO, layer
and are predominantly affected by the FTO substrate.

The contact angle of the water droplet was measured
to investigate the wettability of two types of TiO, films
and the formation of perovskite light absorber on TiO,
ETLs.[??’] The contact angle of water droplets on A-TiO,
and R-TiO, films is illustrated in Figure S3. The contact

Height 5.0 ym

FIGURE 2 Top view and cross-sectional SEM images of (A
and C) A-TiO,, (B and D) R-TiO,; AFM images of (E) A-TiO,, (F)
R-TiO, on FTO

angle of water on A-TiO, and R-TiO, was 65.4° and 68.7°,
respectively, confirming similar surface wetting properties
of the two types of TiO, ETLs.

As shown in Figure S4, similar grain size distributions
are found for perovskite layers deposited on the two ETLs.
The grain size distribution statistics extracted from SEM
imaging exhibited comparable feature sizes for the two
samples (Figure S4) suggesting that the minor differences
in roughness and wettability of TiO, anatase and rutile
films do not impact perovskite layer growth. We conclude
that the similar surface morphology and structural features
of TiO, anatase and rutile layers that are deposited by mag-
netron sputtering indeed result in comparable perovskite
layers morphology.

Perovskite solar cells were fabricated with a device archi-
tecture of FTO/TiO,-ETL/MAPbI;/PDCBT/Mo0O,/Ag.
Figure 3 shows cross-sectional SEM images of full devices
fabricated with different ETLs. Cross-sectional SEM
images of both devices show homogenous coverage of the
TiO, layers.

To assess the photovoltaic performance of the PSCs, J-
V curves were measured in the forward scan mode under
AM 1.5 G illumination (100 mW cm~2) and the results are
compiled in Figure 4. The average performance parame-
ters of both cells are summed up in Table 1. According to
the results, devices based on A-TiO, show an average pho-
tovoltaic conversion efficiency (PCE) of 16%, a short circuit
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FIGURE 3 Cross-sectional SEM image (A)
of full device fabricated with (A) 30 nm
A-TiO, (B) 30 nm R-TiO,

current density (Jgc) of 22.2 mA cm™2, an open circuit volt-
age (Vo) of .08 V, and a fill factor (FF) of 67%. The best
performing device fabricated with A-TiO, obtained a PCE
0f17.2%, a Jgc 0f 22.6 mA cm ™2, a Vo 0of 1.09 V, and a FF of
70%. For devices fabricated with R-TiO,, an average PCE of
15.6%, a Jgc of 22 mA cm~2, a Vo 0f 1.07 V, and a FF of 66%
are achieved. The best performing device fabricated with
R-TiO, showed a PCE of 16.7%, a Jgc of 22.8 mA cm~2, a
Voc 0f1.07V, and a FF of 68%. Figure 4C-F shows the char-
acterization of 20 devices constructed with different TiO,
crystallographic phase ETLs in the forward scan. It should
be noted that A-TiO, devices show slightly higher perfor-
mance parameters but not to a significant extent. To fur-
ther validate the current density obtained from J-V curves,
EQE measurements were performed for devices fabricated
with A-TiO, and R-TiO, and the results are shown in Fig-
ure 4G. The Jgc values for A-TiO, and R-TiO, are 20.6 and
20.3 mA cm™2, respectively, which are consistent with the
average Jgc value from the J-V curves. As shown in Fig-
ure 4A,B, the same trend is observed in the cell perfor-
mance loss for both devices constructed with A-TiO, and
R-TiO, ETL under forward and reverse bias scans. This
indicates that hysteresis is not impacted by using A-TiO,
versus R-TiO, ETL in these perovskite solar cells.

According to these results, we found that the photo-
voltaic performance of the devices is not majorly affected
by the crystallographic phase of the TiO, ETLs. To further
clarify this hypothesis, we carried out further investiga-
tions on the structural and optical properties of the fabri-
cated TiO, layers.

Kelvin probe measurements, which provide information
on the surface electronic properties,!2$2°] were employed
to measure the work function of TiO, ETLs. Table 2 shows
the average work function of 30 nm anatase and rutile lay-
ers. A minor work function difference of about 50 meV
was observed for anatase (4.27 eV) versus rutile (4.22 eV),
suggesting that both TiO, layers would follow similar
energy band alignments with reference to perovskite light
absorber.!*0]

The optical properties of 30 nm A-TiO, and 30 nm
R-TiO, on FTO were further investigated to understand
whether the small differences in the blue regime of the

Open Access,
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EQE can be related to different optical properties of the
interface layer. Figure 5 compares the transmission (T),
reflection (R), and absorption (A) spectra that were sep-
arately measured in an integrated sphere setup. We notice
that the spectra of A-TiO, versus R-TiO, are in fact very
similar. Small differences in the interference peaks (best
seen in the reflection curve) underline that both samples
not only have a similar layer thickness but also a compa-
rable refractive index. As a control for the accuracy of the
measurements, the sum of transmittance, reflectance, and
absorptance (i.e., the trend line A+T+R) is also plotted in
Figure 5, showing that the deviation from 100% is less than
1.5%. Based on the optical analysis of the two TiO, layers,
we conclude that the minor difference in cell performance
or the small blue shift in the EQE are not caused by the sys-
tematically different optical properties of the TiO, layers.
Steady-state photoluminescence (PL) spectra of perovskite
(MAPI) layer on FTO, FTO/A-TiO, and FTO/R-TiO, are
shown in Figure 6A. The PL results confirm an improve-
ment in charge extraction for both A & R-TiO,/perovskite
interface compared to bare FTO/perovskite. However, both
A-TiO, and R-TiO, show comparable PL quenching. The
PL results further prove that anatase and rutile TiO, thin
films act very similarly in the extraction of photo-induced
electrons from the perovskite layer.

Impedance measurements were performed at 0.8 V in
the dark to assess the recombination behavior of the device
with A-TiO, and R-TiO, at a bias representative for the
maximum power point (MPP). The Nyquist plots of devices
are shown in Figure 6B. The semicircle in the Nyquist
plots is discussed in terms of the most simple transient
replacement circuit, where the recombination resistance
is parallel to the geometric capacitance of the cell and in
series with a further resistance representing all parasitic as
well as internal series resistance losses.[**!] Table S1 sum-
marizes the extracted electrical parameters from the equiv-
alent circuit model presented as the inset in Figure 6B.
The series resistance is slightly smaller for A-TiO, than
its R-TiO, counterpart; however, differences in the series
resistance of 10-20% are not expected to impact the device
performance. Similarly, a slightly higher recombination
resistance, which is indicative of reduced recombination
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TABLE 1
ETL Jsc [mA
construction cm~?] Voc [V]
A-TiO, 222+0.4 1.08 + 0.009
R-TiO, 22+0.5 1.07 £ 0.01
TABLE 2 Work function values based on the Kelvin probe

measurements in dark
Work function [eV]
A-TiO,
R-TiO,

4.27 + 0.009
4.22 + 0.016

losses, is found for A-TiO,, though the differences between
R-TiO, and A-TiO, are again small. It is expected that sam-
ple characterizations under light also result in the compa-
rable response from the two samples. We cannot exclude
that such minor variations are originating from small vari-
ations of the properties of the sample such as slightly lower
roughness, higher wettability, or a work function shift.
Nevertheless, we note that loss analysis from impedance
spectroscopy agrees well with the trend found from J-V
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Summary of the photovoltaic parameters of devices based on A-TiO, and R-TiO, ETLs

PCE,,,,
FF [%] PCE,, [%] [%]
67 +2.2 16 + 0.67 17.2
66 + 2.7 15.6 + 0.66 16.7

analysis for A-TiO, versus R-TiO,. It should be noted
that besides morphology, grain size, and structure of the
deposited films the characteristics of the defects within
the films can also affect the performance of the deposited
layers, as is shown in our previous publications.!™*!
However, the characterization of defect structures in the
deposited films falls out of the scope of the current work.

3 | CONCLUSION

The effect of crystallographic phase composition of TiO,
ETL on the performance of methylammonium lead iodide
(MAPI) perovskite solar cells was systematically explored.
Since TiO, thin films play a key role as the ETL in
perovskite solar cells, we characterized these films with

00+ -
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o
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UV-Vis transmittance (T), reflectance (R) and absorptance (A) spectra of 30 nm (A) A-TiO, and (B) R-TiO, on FTO

6
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A, Steady-state PL spectra of perovskite layer on FTO, FTO/A-TiO, and FTO/R-TiO,. B, Nyquist plots of full device measured

in dark at an applied voltage of 0.8 V. The inset shows the equivalent circuit used for fitting
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respect to their physical features, optical properties, and
the ability to act as an efficient ETL in perovskite solar
cells. The film deposition parameters were tuned in order
to fabricate TiO, layers that identical in their physical
and structural properties and differ only in the term
of their phase composition. Our results illustrated that
such anatase and rutile TiO, that are deposited by mag-
netron sputtering performed relatively comparable when
processed identically. Thorough analyses explored that
anatase and rutile TiO, layer showed only minor variations
in their morphological and optical features. Accordingly,
these minor variations in the film properties resulted only
in minor performance differences of perovskite solar cells.
Hence, our results indicate that for the proper comparison
between different phases of the TiO, layer in an ETL, other
physical and structural properties of the fabricated films
should be identical, which can be achieved by controlling
the fabrication parameters during film deposition.

4 | EXPERIMENTAL SECTION

4.1 | Device fabrication

FTO coated glass substrates (7 Q m~2, Solaronix) were
ultrasonically cleaned in acetone, ethanol, and deionized
water and were then dried with nitrogen. TiO, films were
deposited on FTO substrates with DC magnetron sputter-
ing in an ultrahigh vacuum chamber (Createc, SP-P-US-
6 M-3Z) with pre-pump pressure of ~10~% mbar. The lay-
ers were deposited with two different chamber pressures,
2.5% 1073 and 2.5 X 1072 mbar at 30 °C. A pure Ti (99.90%)
was used as the target. For TiO, films that were deposited
with different chamber pressure, the sputtering time was
tuned to achieve similar layer thicknesses (~30 nm). The
sputtering rates for high and low sputtering pressure were
~0.8 and ~0.95 nm min’!, respectively, and the DC sputter-
ing was performed at 150 W operating power.

The TiO, layers with a thickness of ~30 nm were synthe-
sized for fabrication of perovskite solar cells and their sub-
sequent characterization. Samples were identified based
on the sputtering chamber pressure. TiO, films that were
deposited with high sputtering pressure were labeled as
HP-TiO, and TiO, films that were deposited with low sput-
tering pressure were labeled as LP-TiO,. The layers were
then annealed in an air furnace at 450 °C for 1 hour.

To fabricate the perovskite solar cells, the as-prepared
FTO coated TiO, layers were transferred to a nitrogen-
filled glovebox. The perovskite solution was prepared
by dissolving 710 mg of Pbl, (Lumtec) and 240 mg of
CH;NH;I (Lumtec) in dimethylformamid (DMF) (Sigma-
Aldrich) mixed with dimethylsulfoxid (DMSO) (Sigma-

Aldrich) at 40°C. The perovskite precursor was spin-
coated on the TiO, film at 4000 rpm for 15 s followed by
blowing off extra solvents with a N, stream (gas quench-
ing process).

The samples were then dried on a hot plate at 110°C
for 10 min. As a hole transport layer, 10 mg mL™!
solution of poly[5,5"-bis(2-butyloctyl)-(2,2’-bithiophene)-
4,4’-dicarboxylate-alt-5,5'-2,2’-bithiophene](PDCBT,
1-Material) in chlorobenzene, was deposited by spin
coating on the perovskite layer at 2000 rpm for 30 s and
dried at 70°C for 3 minutes. Finally, a 15 nm-thick MoOy
(Alfa Aesar) and 120 nm-thick Ag counter electrode were
coated through a shadow mask (with an opening of 10.4
mm?) on PDCBT via thermal evaporation.

4.2 | Characterization

The crystallographic composition of deposited TiO,
ETLs was assessed by X-ray diffraction (XRD, X’pert
Philips MPD diffractometer, equipped with a Panalyti-
calX’celeratordetector) and confocal Raman spectrometer
(LabRAM HR - Evolution, Horiba Scientific Ltd.),
whereas the morphology of the deposited TiO, ETLs and
perovskite layers was investigated by a field-emission
scanning electron microscope (Fe-SEM, S4800, Hitachi).
The water contact angle was measured in a static mode by
OCA 20 (DataPhysics).

Current density-voltage (J-V) characterization of the
solar cells was performed under simulated AM1.5G with a
light intensity of 100 mW cm~2 which was calibrated with
a Si cell with the scan rate of 2.5 V s (step: 0.05 V). The
external quantum efficiency (EQE) spectra were measured
using an Enli Technology (Taiwan) EQE system (QE-R).

The work function of the layers was measured by using
a Kelvin probe system in dark and the UV-vis light absorp-
tion spectra were obtained using a PerkinElmer spec-
troscopy system (Lambda 950 UV/VIS Spectrometer).

Steady-state photoluminescence (PL) was carried out
using an Argon-ion 488-nm laser as excitation source, a
Horiba monochromator and a Silicone detector. Solid state
impedance spectroscopy was performed in dark at 0.8 V
and in a frequency range from 1 MHz to 1 Hz by using a
Zahner system.
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