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Access to finely tuned thin films that can act as electron transport layer (ETL) and adapt
to the absorber composition and whole cell fabrication process is key to achieve efficient
perovskite-based solar cells. In this study, the growth of mixed niobium-titanium oxide
(Nb-TiO2) thin films by atomic layer deposition (ALD) and its use to extract
photogenerated electrons is reported. Films were obtained at 200°C from titanium (1V) i-
propoxide (TTIP), (t-butylimido)tris(diethylamido)niobium(V) (TBTDEN), and water by
introducing Nb2Os growth cycle in a TiO> matrix. Process parameters (order of precursor
introduction, cycle ratio) were optimized, the growth mechanism and the effective Nb
incorporation investigated by in situ quartz crystal microbalance (QCM) and X-ray

photoelectron spectroscopy (XPS). The composition, morphology, structural and
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optoelectronic properties of the as-deposited films were determined using a variety of
characterization techniques. As a result, a fine control of the film properties (between
TiO2 and Nb20s ones) could be achieved by tuning the Nb content. To allow a successful
implementation in solar devices, a comprehensive annealing study under several
conditions (temperatures, various atmospheres) was conducted leading to an evolution of
the optical properties due to a morphological change. Ultimately, the incorporation of
these 15 nm-thick films in mesoscopic perovskite solar cells (PSCs) as ETL shows an
improvement of the cell performances and of their stability with increasing Nb content, in
comparison of both TiO, and Nb2Os pure compounds, reaching power conversion
efficiency (PCE) up to 18.3% and a stability above 80% of its nominal value after 138 h

under illumination.



|. INTRODUCTION

In the last decade, perovskite solar cell (PSC) has attracted scientists worldwide
attention,' both as single absorber solar cells and as top cell in tandem devices, reaching
record values of 26.1% and of 33.9% respectively.* Today, upscale manufacturing and
the long-term stability of PSCs remain key issues for wide-spread applications.>® The
stability of the perovskite photovoltaic device is strongly affected by the interfaces
between the charge transport layers (electron transport layer (ETL), hole-transport layer
(HTL)) and the perovskite absorber.” Among different charge transport layer materials,
inorganic metal oxides (TiO2, SnO2, NiOx) have demonstrated better stability in
comparison to the organic counterpart (PTAA, PCBM, Spiro-OMeTAD) due to higher
resilience to heat, light, and the local chemical environment.2 A TiO, compact layer
combined with a mesoporous TiO2 (mp-TiO») scaffold is the most efficient candidate so
far for an ETL in mesoscopic PSCs.® In order to optimize and adjust the ETL
optoelectrical properties, doping TiO2 with certain foreign elements such as Y3*,'° Ta®"!!
or Nb>* is a common approach to promote electron extraction. The strategy of
incorporating niobium in TiO, material has been applied on ITO-free,'> mesoscopic!®1¢
and planar PSC,'*!"-1% and leads to an improvement of power conversion efficiency
(PCE),!3-16.18-20 reduction of hysteresis'®!” and stability improvement.!>!7:18 A strong
electronic coupling between the charge transport layer and the perovskite for efficient
interfacial charge transfer is necessary, as well as a fine tuning of the Nb-incorporation
and of the layer thickness for the optimization of the film properties. Both solution-

based!3:!416.18.19 and physical vapor deposition'> methods have been used to prepare such



Nb-TiO2 nanomaterials for PSC applications. In parallel, the ALD is a powerful
technique for growing oxide layers in PSC due to its relatively low deposition
temperature, uniform coverage, nano-level control of the film composition and thickness
and its industrial scalability.8212® ALD is an alternative to chemical vapor deposition
(CVvD) method, where the substrate surface is alternately exposed to the vaporized
precursor fluxes, separated by purging periods to eliminate gas-phase reactions and
remove reaction byproducts. The self-limited adsorption of the precursor on the substrate
surface, provides indeed inherent control of the film thickness, excellent repeatability and
allow deposition of conformal and pinhole-free films with superior uniformity.>*-° Nb-
incorporated TiO> thin films can be accessed by ALD from various combinations of
precursors, namely Ti(QiPr)s (TTIP)/niobium(v) ethoxide (NEO)/H.0,*
TiCl4/NEO/H0,% Ti(OMe)s/NEO/H,0,* TiCla/niobium(v) (t-
butylimido)tris(diethylamido) (TBTDEN)/H.0,* and Ti(NMe2)s/TBTDEN/H.0).*
While Nb-TiO2 thin films prepared by ALD have been applied in catalysis®! and
thermoelectricity® applications there is no, to the best of our knowledge, report of its
application in PSC.

In this work, we finely tune the incorporation of Nb in TiO2 thin film and probe
its influence on the film properties and efficiency as ETL in PSC. For this, an
alternativecombination of precursors, various sequence of precursor introduction and
cycle ratio are used. Their influence on thin film optical, structural and electrochemical
properties is determined, and the growth mechanism is investigated by in-situ Quartz
crystal Microbalance (QCM). In the mp-PSC fabrication process, the TiOz is

implemented as a bilayer, with a mesoscopic film grown on top of the Nb-TiOz one,



involving a high temperature step (500°C). Thus, to ease the integration of such ALD
layers in PSC but also other fabrication processes in general, the impact of various
annealing conditions on the ALD-grown layers has been investigated. Finally, the
compact ALD-grown layers have been successfully implemented as ETL in complete
mesoscopic PSCs. A clear positive impact of the Nb incorporation on the cell is observed
with an efficiency increase of 2.1 % (PCE up to 18.3 %) and an improved stability (above

80% of its nominal value after 138 hours under illumination).

. EXPERIMENTAL

A. Material Synthesis

Thin films were prepared in a BENEQ TFS-200 ALD reactor. (t-
butylimido)tris(diethylamido)niobium(V) (((CH3zCH2)2N)sNb=NC(CHs)3, TBTDEN,
min. 98%, STREM), titanium (IV) i-propoxide (Ti(OiPr)s, TTIP, min. 98%, STREM) and
deionized water were used as Nb, Ti, and O sources, respectively. All chemicals were
used without further purification. Nitrogen (N2, 99.9999%, Air Liquide) was used as both
carrier and purging gas. TTIP and TBTDEN were heated in hot solid source systems
Beneq HS300 at Trrip = 85°C and Ttetoen = 70°C respectively, while deionized water
was kept at room temperature. Experiments were performed at Tqep = 200°C and the
pressure in the reaction chamber was kept in the range of 1 - 2 mbar. Thin films were
deposited simultaneously on 2 mm-thick sodalime glass, single-polished n-doped Si
(100) wafer with native oxide top layer and fluorine-doped tin oxide (FTO) on 3 mm-

thick sodalime glass.



Nb-TiO: film depositions were performed with the following program: n x (ny. {TiO2} +
{Nb20s}) where n is the number of supercyle and n; the number of TiO2 cycles in one
supercycle. The n; values of 1, 2, 5, 10 and 20 were investigated. Three precursor
sequences were investigated and referred to as sequence A (TTIP pulse / N2 purge / H,0
pulse / N2 purge / TBTDEN pulse / N2 purge / H20 pulse / N2 purge) ; sequence B (TTIP
pulse / N2 purge / H20 pulse / N2 purge / H20 pulse / N2 purge / TBTDEN pulse / N2
purge) ; and sequence C (H20 pulse / N2 purge / TTIP pulse / N2 purge / TBTDEN pulse /
N2 purge / H20 pulse / N2 purge. A titanium oxide growth cycle, i.e. {TiO2}, is described
elsewhere.*® A niobium oxide growth cycle, i.e. {Nb2Os}, corresponds to {Nb2Os} =
{[TBTDEN]/N2/H20/N2 = [1.5/0.05/0.5/2]/5/1/5 s}. “Combination” mode was chosen to
ensure proper mass transport of TTIP and TBTDEN. “Combination” mode is composed
of four steps ([t1/tz/ts/ta]). First, N2 is injected in the precursor hot source (t1), then all
valves are kept closed (t2), the precursor is pulsed (t3). Finally, N2 is injected with
simultaneous precursor pulse (ts).

Post-treatments were performed by annealing at various temperatures and atmospheres.
Annealing treatments under ambient air were done in a Controller P 330 Nabertherm
oven, at 300°C, 500°C and 600°C with a heating speed of 1.5°C/s and a plateau of 20 min
at the set temperature. Annealing treatments under N2 were done in a Jipelec Jetfirst
oven, at 300°C, 500°C and 600°C with the same heating sequence. Annealing treatments
under forming gas (FG, 95% N - 5% H., Alphagaz 2 quality) were done in AsOne
Annealsys oven, at 400°C, 500°C and 600°C, with a heating ramp of few minutes and a

plateau of 20 min.



B. Material Characterization

Thin films were characterized on samples deposited on single-polished n-doped Si
(100) wafers with native oxide layer on top (ellipsometry, GIXRD, XRR, XPS), sodalime
glass (spectrophotometry) or FTO (cyclovoltammetry). Thin film thicknesses were
determined by spectroscopic ellipsometry (SE) performed with a Horiba Jobin Yvon
Uvisel 2 ellipsometer, and X-ray reflectivity (XRR) using a PANalytical Empyrean
equipment using Cu-Ko radiations. The film thickness homogeneity was confirmed over
the whole substrate area (15 x 15 cm?). SE measurements in the wavelength range of
200-1700 nm were modelled using Tauc-Lorentz oscillators functions. X-ray diffraction
(XRD) studies were performed under grazing incidence (GIXRD) conditions for
crystallinity determination and phase detection.
Thin film compositions were obtained using a XPS Thermo Scientific K-Alpha"
spectrometer equipped with a monochromated Al-Ka X-ray source for excitation at
1486.6 eV and using an X-ray spot size of 400 um. Calibration of the spectrometer was
done using Cu and Au samples following the ASTM-E-902-94 protocol. In complement
to surface analyses, in-depth profiling was carried out using a monoatomic ion gun (Ar")
with an energy of 1000 eV, a 10 mA current intensity and an ion gun orientation of 30°
from the sample surface. The Thermo Scientific Advantage® software and library were
used for the XPS data treatment and peak fitting. C 1s peak positioned at 284.9 eV was
taken as a reference to present the high energy resolution core level spectra of the other
elements. The valence band structure has been investigated by UPS analyses conducted
on Thermo Scientific 250 Xi spectrometer with He source providing He' photons at 21.2

eV.



Transmittance and reflectance spectra were obtained using an Agilent Cary 500 UV-Vis-
NIR spectrophotometer equipped with an Agilent Diffuse Reflectance accessory.
Cyclovoltammetry measurements were carried out on a ALD-film/FTO/glass stack and
performed with an EC-LAB SP150 Bio-logic potentiostat using 0.8-1 cm? as effective
area. All films were too resistive to be characterized by four-point probe or Hall effect
measurements. A classical three-electrode set up has been used with a glass/FTO
substrate covered by the ALD-film as working electrode, a Pt wire as counter electrode
and a saturated calomel electrode (SCE) as reference electrode (E vs sve = 0.241 V). Thin
films were dipped in a Fe(CN)6> (0.1 M) / Fe(CN)s* (0.1 M) electrolyte. For each
sample, the current response was recorded during three potential cycles applied (range

between +1.5 V and -1.5 V, rate = 20 mV/s).

C. Solar cell device fabrication and characterization

The NIP architecture perovskite solar cells (PSCs) were fabricated with the
following stack : glass substrate, FTO, niobium-incorporated titanium dioxide (Nb-TiO2),
mesoporous titanium dioxide (mp-TiO2), triple-cation perovskite absorber
(Cs0,05(MAo,167FA0,833)0,95Pb(l0,822Bro,158)3, poly(triarylamine) (PTAA) HTL and Au back
electrode. Description of all fabrication steps and characterization data of the perovskite
absorber are provided in Supporting Information (Figures S13, S14 and S15).

Characterization: The current-voltage characterizations (J-V) were performed
with an Oriel solar simulator under 1000 W/m? corresponding to AM1.5G spectrum at

25°C on PSC that were first light-soaked at Voc for 20 s. The irradiance was calibrated



using a Si cell with a KGS5 filter, which spectral response is comparable to the one of
PSCs. The scan is conducted in both directions, forward then reverse, with a rate of 20
mV/s and a voltage step of 20 mV. The min and max voltage values were set at -0.1V and
+1.2V, respectively, along with an auto detect Voc, ie stopping the measurement just
after the Voc. A rectangular mask with area of 0.09 cm? was used during the
measurement to control the illuminated area. The external quantum efficiency (EQE) was
measured with an Oriel IQE2000 with a step of 20 nm. Indoor accelerated ageing was
conducted for 138 hours under LED solar simulator which spectrum matches to the
AMI.5G (including UV portion) in a climate chamber kept under N atmosphere at 20°C.
An MPPT is conducted all along the ageing process and I-V characterizations were
recorded every 15 min following the protocol described above. This experimental set-up
corresponds to ISOS-L1 protocol defined in the consensus statement for PSCs reliability

testing.’’

lIl. RESULTS AND DISCUSSION

A control of the Nb-incorporation, ie its atomic amount and dilution, is required to
finely tune the properties of the thin films. By ALD, this is usually achieved by a so-
called supercycle strategy, which is the combination of growth cycles of binary materials,
the right combination of precursors, and the order of introduction of the precursors that

directly impacts the surface chemical reactions involved.

A. Impact of the ALD precursor introduction sequence on Nb

incorporation



First, three precursor sequences (A, B and C, described in FIG. 1) have been tested
as these are known to impact the incorporation of the additional atom.’®*%40 Mass
variations relying on molecule desorption and adsorption during the film deposition have
been evidenced by recording in situ QCM measurements. The results obtained for the
three sequences are presented in FIG. 1 and compared to the ones of pure TiO> and

Nb>Os thin films.

For those two latter, positive mass variations are recorded after each metallic precursor
pulses (Amrio2! = 0.85 a.u. after TTIP pulse, and Amnw20s' = 0.82 a.u. after TBTDEN
pulse), while the H,O pulse leads to a negative mass variation (Amrio2” = -0.4 a.u. , and
Amnp20s° = -0.25 a.u.). It results in a growth per cycle (GPC) of Amrio2? = 0.45 a.u./cycle
for TiO, and Amnw205° = 0.57 a.u./cycle for Nb2Os. Mass variations that occur during the
{Nb2Os} cycle introduction in TiO, were recorded for n; = 5. In case of sequence A

where a water pulse follows each TTIP or TBTDEN pulse, mass variations are similar to

TiO2 _ Nb205 _

the ones observed for pure TiO; and Nb2Os (Ama 0.47 a.u./cycle and Ama
0.54 a.u./cycle). It shows that both TiO2 and Nb,Os are growing indifferently on
themselves or on the other. In other words, both TTIP and TBTDEN are reacting in a
very similar way on Ti-OH and Nb-OH terminated surfaces. In case of sequence B, the
TBTDEN pulse is followed by a TTIP pulse. While the mass variation during TBTDEN

pulse remains unchanged (AmgN° =

0.81 a.u.), mass variation during the TTIP pulse is
significantly smaller than in sequence A (Amg™ = 0.35 a.u. instead of AmTio2' = 0.85
a.u.). This means that TTIP is reacting either with the Nb-ligand terminated surface

fragments, or with the remaining -OH groups, or both. Finally, sequence C involves a

TTIP pulse followed by a TBTDEN pulse. The TBTDEN pulse leads to no change in the

10



mass variation (Amc™® ~ 0), which shows that TBTDEN almost does not react with the

TTIP-saturated surface, and makes sequence C irrelevant for incorporation of Nb in TiO».

In summary, different Nb insertion levels can be achieved by choosing the precursor
sequences. Sequence C leads to little to no insertion of niobium atoms. Sequence B
shows smaller growth per supercycle due to the poor reaction of TTIP on TBTDEN-
saturated surfaces. For both sequences B and C, reaction mechanisms of the two
successive metallic pulses cannot be fully elucidated by QCM measurements, while
sequence A leads to well-described growth mechanisms similar to the ones of bare TiO-
and Nb.Os. These observations, and the relative low GPC of TiO2 and Nb2Os that should
prevent the formation of biphasic systems, suggest that the Nb incorporation can be more
easily tuned with sequence A by adjusting the cycle ratio n.

QCM measurements were recorded with sequence A for several ny values (n1 =1, 2, 5, 10
and 20). No influence is observed on neither the Nb2Os cycle nor the growth of TiO-
cycles, which confirms the independence of the growth of the two oxides on each other
(see in Supporting Information, Figure S1). Hence, sequence A was selected as the most

appropriate one to finely incorporate Nb and will be used for the rest of this work.
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FIG. 1. Mass variations recorded by in situ QCM measurements for TiO2 (a), Nb2Os (b)
and the three precursor sequences A (c), B (d), and C (e). The pulse times are depicted in

colored bands below the curves.

B. Tuning of Nb-incorporation in TiO2, influence on thin film

properties and impact of post-treatments

1. Tuning of Nb incorporation level and influence on thin film
properties

Using a supercycle strategy, the cycle ratio {TiO2}:{Nb2Os} modulates the atomic
composition of the films.*! Films with sequence A and different cycle ratios (n1 = 1, 2, 5,

10, 20 ie. {TiO2}:{Nb2Os} = (1, 2, 5, 10, 20):1) were prepared. The number of

12



supercycle, n, was set to generate 15 nm-thick films, considering the target application of
those films as ETL in PSC. Assuming a simple rule of mixture between TiO2 and Nb,Os,
it corresponds to 450 cycles for TiO2, 350 cycles for Nb2Os, and {n, ni} = {200,1},

{140,2}, {72,5}, {40,10}, {20,20} for Nb-incorporated TiO thin films.

Final film thicknesses follow a simple rule of mixture, with intermediary GPC values for
all Nb-TiO; samples (see Supporting Information, Figure S2). It confirms the previous
hypothesis, ie the independence of the growth of the two oxides on each other, which
lead to a simple rule of mixture. XPS measurements were performed on two points of
each sample and confirmed the expected homogeneity of the surface composition and the
presence of all expected elements (Ti, Nb, O) along with superficial C (13-16 at.%) and
N (0.6-1.7 at.%) contaminations (see Supporting Information, Figure S3, Table S1). High
energy resolution core level spectra of Ti 2p, Nb 3d, O 1s, C 1s and N 1s were recorded
for all cycle ratios. Ti and Nb exhibit oxidation numbers of Ti (+IV) with binding
energies (BE) of 458.6 eV (2p32) and 464.5 eV (2pi12); and Nb (+V) with BE of 207.3 eV
(3dsr2) and 210.0 eV (3d3.2) (FIG. 2).% The only significant modification observed with
the cycle number variation is the relative intensity of Ti 2p and Nb 3d peaks, assessing
the presence of a unique phase of Ti1-xNbxO». The corresponding atomic percentages of

Nb and Ti are then employed to calculate the doping fraction xnb, defined as

_ [Nb]
"~ [NB]4[Ti]

Xnp . FIG. 2 presents the xnp fraction variation with respect to the dopant cycle

ratio, defined as R = 1/(n; + 1). We can observe that xnp follows the rule of mixture

(dashed line), confirming our hypothesis that both Nb>Os and TiO» grow the same way

on top of each other than on themselves. As a consequence, we demonstrated that the Nb
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amount can be finely controlled by the cycle ratio in the ALD supercycle, from [Nb]/[Ti]
=0.05 (n1 =20) to 0.76 (n1 = 1). A specific double structure is observed for the N
contamination with two features (BE =400.4 ¢V, 394.8 eV) attributed to remaining
ligand fragments. The low energy feature decreases with the cycle ratio, suggesting it is
due to the TBTDEN ligands while the high energy one remains constant. Despite the
sputtering artefact leading to the reduction of both Nb and Ti in Nb(+I1V) and Ti(+III), a
constant composition is measured within the whole layer (see Supporting Information,
Figure S4). Since the film thickness (15 nm) is within the range of the escape depth of
photoelectrons (7-10 nm), almost the entire layer is probed at once before starting the
profile. It is thus impossible to argue for a layered structure or a homogeneous one. The
same conclusion rises from additional non-destructive profiling by angle-resolved
measurements (from 20° to 60°) (see Supporting Information, Figure S5) where no
drastic evolution of the composition is measured when probing either 2-3 nm or 7-10 nm.
UPS measurements reveal an impact of the incorporation of Nb on the thin film
electronic structure. Indeed, there is a shift of the Valance Band Maximum (VBM)
position and of the work function, which translates in a modification of the Conduction

Band Minimum (CBM) (see Supporting Information, Figure S6).

Structurally, all thin films appear amorphous as determined by GIXRD. The cycle ratio
seems to have the expected impact on the optical properties of the films, namely the
optical band gaps of the ALD layers are evolving continuously between the bandgap of
TiO2 Eg = 3.32 eV and the one of Nb,Os E; = 3.46 eV.*>* Cyclovoltammetry studies

show that all samples are n-type (presence of a reduction peak) and display a hole-

14



blocking behaviour (no oxidation peak),** with very little impact of the Nb amount (see

in Supporting Information, Figures S7, S8, S9 and S10).
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FIG. 2. XPS measurements of the Ti 2p (a), Nb 3d (b) and N 1s (c) peaks of Nb-
incorporated TiO2 samples for n1 =0, 1, 2, 5, 10, 20. The evolution of the Nb doping
fraction Xnp calculated from the atomic percentage measured by XPS is depicted with

respect to the dopant cycle ratio R (d).

2. Impact of post-treatments on thin film properties

In the target application, the Nb-TiO; thin films are covered with mp-TiO2, which
fabrication requires a heating step at 500°C under air. Hence, the influence of post-
treatment on the film properties had to be investigated. More generally, as the application

of those films is not limited to a single specific PSC architecture, the impact of various
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annealing post-treatments, ie at various temperatures and atmospheres, was investigated.
In particular, the impact of annealing in ambient air at 300, 500 and 600°C; in N2 at 300,
500 and 600°C; and in forming gas (FG, H2 5% - N2 95%) at 400, 500, 600°C, was
explored.

A first impact of annealing is evidenced by GIXRD (see in Supporting
Information, Figure S10). The TiO» layer, amorphous as deposited at 200°C, crystallises
at 300°C in all atmosphere conditions tested in the anatase phase (ICDD 00-021-1272),
with the specific main diffraction peaks (101), (004), (200). When Nb is incorporated, the
crystallization leads to the same anatase phase as TiO2, for all Nb doping fraction
investigated, from xnp = 0.04 (n; = 20) up to xnp = 0.43 (n; = 1). For n; =5, 10, 20, the
Nb-TiOz crystallizes at 300°C in all atmospheres. Higher amounts of Nb atoms delay the
crystallization that takes place at higher temperatures (at 400°C (FG)- 500°C (air and N3)
for n; =2, at 600°C in all atmospheres for n; = 1). A finer analysis shows a small shift
towards lower angles of the anatase peaks for increasing Nb amount. It demonstrates an
expansion of the unit cell, with a linear increase of its volume with respect to the Nb

doping fraction.*

Electrochemical characterization by cyclovoltammetry was made for the samples
annealed at 500°C. After annealing at 500°C, all samples lose their hole-blocking
behaviour with the emergence of an oxidation peak (~ 1 mA after annealing in forming
gas and ~0.2 mA 1n air), while the reduction peaks remain (see in Supporting
Information, Figure S11). This can be attributed to the crystallisation of the thin films,
which is accompanied by its shrinkage and the apparition of cracks and grain boundaries,

as seen by scanning electron microscopy (SEM) (see Supporting Information, Figure

16



S12). SE and spectrophotometry measurements show a strong influence of the
crystallization on the optical properties of the samples, especially on the band gap width
as shown in FIG. 3. We observe an increase of 0.13 eV of the bandgap after the
crystallization in the anatase phase. A smaller effect evidenced is the slight increase of
the band gap with respect to the annealing temperature. At 500°C, the temperature which
would be reached during the integration in the solar cell, amorphous samples reach an
average bandgap of Eg = 3.36 eV while the crystalline samples exhibit an average band
gap of Eg = 3.50 eV. The continuous evolution of the bandgap between the value of TiO2

and the one of Nb>Os with increasing Nb amount is kept for all annealing temperatures.

Such differences could lead to significant effect on solar cell performance. Hence, the
five Ti:Nb ratios (n1 = 1, 2, 5, 10, 20) along with the TiO> and Nb,Os references were
then integrated as ETL in perovskite solar cells, and their performances were

investigated in terms of efficiency and stability.
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FIG. 3. Evolution of the band gap determined by SE with respect to the annealing
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FG). Data is plot depending on the structural properties (amorphous, blue; crystalline,
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C. Application of Nb-incorporated TiO2 thin films by ALD as

ETL in perovskite solar cells

Perovskite-based solar cells incorporating ALD-grown Nb-TiO: layers (n1 =1, 2,
5, 10 and 20) as ETL were fabricated (see schematic representation of the full stack in
FIG. 4), along with devices based on bare TiO; as reference, but also bare Nb.Os as this
latter has been reported as efficient ETL for PSC.**" For each condition, 4 cells were
prepared and characterized by J-V measurements in both directions forward (FW) and
reverse (RV), external quantum efficiency, MPPT tracking during indoor accelerated
ageing under continuous illumination to evaluate their relative power conversion
efficiencies and stabilities.

An important hysteresis between FW and RV measurements is observed for all samples

CEgy—PCEpy

with an average PCE difference of 3.1 % (and a relative difference £ = 18.2

RV

%), which is common for fresh PSC (measurement at D0). In the following, we focus on
RV measurements that show the best performances. First, when comparing at DO PSC
with bare TiO or bare Nb,Os (respectively blue and red in FIG. 4), only a slight increase
of performance is observed: average PCE is 16.2 % for TiO2 and 16.45 % for Nb2Os,
with similar Jsc and Voc values, which is accordance with the literature.*® For all PSC
with Nb-Ti0; layers, a continuous increase of PCE is observed from the TiO; value up to
n; = 1 with an average PCE of 17.96 % and a champion cell at 18.30 %. The open-circuit
voltage Voc shows an increase with the Nb amount, recovering the value of both bare

Ti0O;, and Nb2Os for n; = 1 and 2 around 1.10 V. The short-circuit current Jsc also
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exhibits an increase from 20.88 mA/cm? for TiO to 21.98 mA/cm? for n; = 1. The fill

factor (FF) shows no clear trend, although the best values are obtained for Nb-TiO; cells

(n; =10, 5 and 1) with FF values above 75 %.
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FIG. 4. J(V) (a) and solar cell performance characteristics (PCE, Jsc, Voc and FF, b) of

PSC with various ETL compositions. Schematic representation of the complete stack of

PSC ().

To investigate the impact of those newly developed ETL layers on the PSC

stability, two different methods were employed to determine the evolution with time of

the solar cell performances.
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The first common method to study ageing of PSC is referred as shelf ageing: PSC are
stored in the dark and under vacuum for several days and J(V) characteristics are
measured. In our case, PSC performances were determined at day 0, day 10, day 17 and
day 61. FIG. 5 shows the results between at day 0 and day 61 for TiO2, n1 =10, 5 and 1.
Hysteresis for PCE between FW and RV measurements after 61 days disappears. PCE
decays with time for all samples, although the incorporation of niobium appears to
stabilize the cell. Indeed, average PCE of TiO2 drops to 14.96 % while the one of n; =1
remains at 17.55 %, with a champion cell at 18.2 %. For the PSC with the composition n;
= 1, there is no hysteresis after 61 days. Moreover, the J(V) curves after 61 days are very

similar to the RV curve at day 0, showing a good stability over time.
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FIG. 5. Evolution of PCE for both FW and RV measurements at day 0 and day 61 of PSC
with bare TiO2 and Nb-TiO2 with ny =10, 5and 1 (a). FW and RV J(V) curves forny =1
measured at day 0 and day 61 (b).

The second ageing method that corresponds to ISOS-L1 protocol defined in the

consensus statement for PSCs reliability testing,®’ is under continuous illumination for
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138 h, maximum power point tracking (MPPT) and J-V measurements taken every 15
min. This protocol was applied on PSC with pure TiO» for reference, ni values of 20 and
2, and pure Nb>Os. EQE were measured both before (beginning of the life, BOL) and

after (end of life, EOL) the ageing (FIG. 6).

Device based on pure TiO: exhibit a quick loss of performance reaching 80 % of its
nominal PCE value within 10 h and showing no sign of stabilization, reaching 55 % after
138 h (see FIG. 6d). All the cell parameters (Jsc, Voc and FF) present similar decreasing
trends, reaching Jsc = 81 %, Voc= 87 % and FF = 78 % of their nominal values after 138
h. Pure Nb,Os-based PSC efficiency shows an even faster deterioration within short
ageing period, reaching 80 % after 3.5 h and 64 % after 16 h. However, after 16 hours the
performances increase and stabilize above 70 % from 62 h up to 138 h under
illumination, assessing a better stability than TiO; references. The PSC with Nb-TiO>
layers show an intermediary behaviour. For n; = 20 (low Nb content), the deterioration
seems to be slower than for pure TiO: for the first 15 hours. However, it exhibits a
continuous decrease, to finally reach similar performances than TiO> after 138 hours (58
%). Finally, for n; = 2 (high Nb content) PCE is stabilised after 8 h at 77 % and slightly
recovers to remain stable around 80 % of its nominal value up to 138 hours. This
evidences a better stability of those cells compared to Nb2Os ones and suggests the
existence of an optimal Nb content for PSC stability. After the initial strong decrease,
which is commonly attributed to interfaces,* the degradation rate can evaluated by a
linear fit between 20 and 70 hours. In that case, PSC with pure TiO2 and n; = 20 show a
strong degradation with negative rates (-0.2 and -0.32 %/h respectively) while PSC with

n; =2 and Nb,Os exhibit positive rates i.e. recovery (+0.01 and +0.13 %/h respectively).
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The evolution of Jsc shows a huge drop for PSC with pure TiO2 (80 % of its nominal
value after 138 h) while other samples remain above 90 % with a record value of 96 %
for n1 = 2. Voc and FF also show a recovery followed by a stabilization after an initial
decrease for films with high Nb contents (n; = 2 and Nb,Os) and a continuous
degradation for low-Nb content (TiO2, n; = 20). Improved stability with Nb incorporation
is confirmed by EQE measurements before (BOL) and after (EOL) 138 hours of
illumination. PSC with pure TiO2 or Nb2Os layers suffer loss in EQE around 20 % and 13

% respectively, while PSC with Nb-TiO; (n; = 2) loses only 8 % and remains near 80 %.
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FIG. 6. Evolution of normalized PV parameters (Jsc a, Voc b, FF ¢ and PCE d) with time
under constant illumination and MPPT of PSC with bare TiO,, bare Nb,Os and Nb-TiO>
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with n1 = 2, 20. Measurements were done every 15 min; EQE measurements at BOL and
EOL (e).

IV.SUMMARY AND CONCLUSIONS

In summary, ALD at 200°C has been successfully used to grow Nb-TiO; thin films
with a very fine tuning of the film properties. In-situ QCM measurements show that both
TiO2 and Nb2Os have stable GPC values (0.47 a.u./cycle and 0.54 a.u./cycle respectively)
when grown either on top of themselves or on top of one another. It allows a fine control
of the film composition and thickness, which are critical for tuning film properties. Film
thickness and incorporation level of Nb are confirmed by ex situ ellipsometry, XRR and
XPS measurements. The homogeneity both in-depth and on the surface of the samples is
insured as confirmed by multiple points, high resolution and angle-resolved XPS, along

with the presence of a single amorphous phase with very low contamination.

All films remain too resistive for Hall effect measurements, but the Nb incorporation
modifies the film electronic band structure as shown by UPS measurements. Films
display a hole-blocking behavior and appear appropriate for an application as ETL in
mesoscopic PSC. To mimic the PSC fabrication process, films were annealed at 500°C. It
leads to a crystallization in the anatase phase, an increase of the bandgap of 0.13 eV and a

minimal loss of the hole-blocking behavior.

When integrated as ETL in mesoscopic PSCs, the Nb-TiO: films demonstrate a
continuous enhancement of the cell performances with respect to the Nb amount, up to

+7 % of the TiO2 value for n; =1, reaching a PCE of 18.3 %. More importantly, the
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stability of the PSCs is largely improved by the incorporation of Nb. Indeed, 80% of PSC
PCE nominal value is conserved after 138 hours under illumination for cell with Nb-TiO;

layer (n1 = 2), to be compared with 55 % for TiO: reference.

The improvement of both performance and stability of PSCs by the incorporation of Nb
in a TiO; layer grown by ALD in soft conditions represents a very promising result,

considering that ALD can easily be implemented in large area systems.

SUPPLEMENTAL MATERIAL

See supplementary material at [URL will be inserted by AIP Publishing] for additional
data on substrate preparation, in-situ QCM measurements (experimental details, mass
variations during Nb-TiO. film growth (precursor sequence A, various n; values),
characterizations of as-deposited (GPC measured by XRR and SE, surface homogeneity
assessment by XPS, XPS depth profiling, angle-resolved XPS measurements,
transmission- reflection measured by spectrophotometry, light absorption spectra, SE
data and evolution of the optical bandgap, cyclovoltammetry) and annealed (GIXRD
diffractograms, cyclovoltammetry, SEM) thin films, and solar cells (description of all
fabrication steps, structural characterization of the perovskite absorber by SEM, XRD,

UV-Vis absorption spectra of the stacks).
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FIGURE CAPTIONS

FIG. 7. Mass variations recorded by in situ QCM measurements for TiO2 (a), Nb2Os (b)
and the three precursor sequences A (c), B (d), and C (e). The pulse times are depicted in

colored bands below the curves.

FIG. 8. XPS measurements of the Ti 2p (a), Nb 3d (b) and N 1s (c) peaks of Nb-
incorporated TiO2 samples for n1 =0, 1, 2, 5, 10, 20. The evolution of the Nb doping
fraction xnp calculated from the atomic percentage measured by XPS is depicted with

respect to the dopant cycle ratio R (d).

FIG. 9. Evolution of the band gap determined by SE with respect to the annealing
temperature gathering the data obtained for all tested annealing atmospheres (air, N2,
FG). Data is plot depending on the structural properties (amorphous, blue; crystalline,

red) with no regard of the Nb doping fraction or the annealing atmosphere conditions.

FIG. 10. J(V) (a) and solar cell performance characteristics (PCE, Jsc, Voc and FF, b) of
PSC with various ETL compositions. Schematic representation of the complete stack of
PSC (c).

FIG. 11. Evolution of PCE for both FW and RV measurements at day 0 and day 61 of
PSC with bare TiO2 and Nb-TiO2 with n; = 10, 5 and 1 (a). FW and RV J(V) curves for
ny = 1 measured at day 0 and day 61 (b).
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FIG. 12. Evolution of normalized PV parameters (Jsc a, Voc b, FF ¢ and PCE d) with
time under constant illumination and MPPT of PSC with bare TiO», bare Nb>Os and Nb-

TiO2 with ny = 2, 20. Measurements were done every 15 min; EQE measurements at

BOL and EOL (e).
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