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Atomic Layer Engineering of Aluminum-Doped Zinc Oxide
Films for Efficient and Stable Perovskite Solar Cells
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Kostiantyn Nikiforow, Marcin Hotdyrski, Mohammad Mahdi Tavakoli, Pankaj Yadav,
Matgorzata Kot, Grzegorz Piotr Kotodziej, Mateusz Wlazto, Soumitra Satapathi,

Seckin Akin,* and Daniel Prochowicz*

Atomic layer deposition (ALD) has been considered as an efficient method

to deposit high quality and uniform thin films of various electron transport
materials for perovskite solar cells (PSCs). Here, the effect of deposition
sequence in the ALD process of aluminum-doped zinc oxide (AZO) films on
the performance and stability of PSCs is investigated. Particularly, the surface
of AZO film is terminated by diethylzinc (DEZ)/H,O (AZO-1) or trimethylalu-
minum (TMA)/H,O pulse (AZO-2), and investigated with surface-sensitive
X-ray photoelectron spectroscopy technique. It is observed that AZO-2 signifi-
cantly enhances the thermal stability of the upcoming methylammonium lead
iodide (MAPDbI;) layer and facilitates charge transport at the interface as evi-
denced by photoluminescence spectroscopes and favorable interfacial band
alignment. Finally, planar-type PSC with AZO-2 layer exhibits a champion
power conversion efficiency of 18.09% with negligible hysteresis and retains
82% of the initial efficiency after aging for 100 h under ambient conditions
(relative humidity 40 + 5%). These results highlight the importance of atomic

layer engineering for developing efficient and stable PSCs.

1. Introduction

Over the last decade, photovoltaic technology has witnessed
a rapid development of lead halide perovskites (LHPs) as

promising light absorber materials,
demonstrating low-cost solution pro-
cessing, ease of fabrication, and out-
standing  optoelectronic  properties.!'?
Since the first report on the perovskite
solar cells (PSCs) employing methylam-
monium lead iodide (MAPDI;),Pl their
power conversion efficiency (PCE) has
now exceeded 25% for small-area cells.[*’]
The high efficiency of PSCs is achieved
by tuning the perovskite layer through
compositional engineering,®®  surface
passivation,®¥ and/or by using various
additives.*"1% Besides component engi-
neering of the perovskite layer, a lot of
works have been devoted to the devel-
opment of efficient charge transport
layers.l7-?1 Particularly, the electron trans-
port layers (ETLs) play an important role
in realizing efficient and stable PSCs.[2223]
Thus far, titanium dioxide (TiO,) is a
widely applied ETL in PSCs but it suf-
fers from low conductivity and high surface defect density.?¥
Among alternative ETLs, zinc oxide (ZnO) has been regarded
as a convenient candidate due to its high electron mobility and
well-matched energy level with perovskite material.?>2% This
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semiconducting ETL can be easily formed as a dense thin film
layer through spin-coating of sol-gel or nanocrystals solution,
chemical bath deposition, and magnetron sputtering.?’-2’]
However, regardless of the thin film formation method, the
basic nature of ZnO was found to trigger the decomposition of
the as-deposited MAPDI; layer during thermal treatment.[30-34
It has been proven that the deprotonation of the methylam-
monium cation and the formation of zinc hydroxide accelerate
the perovskite decomposition.l3*3% To overcome this obstacle,
the ZnO/perovskite interface instability can be mitigated by
the interface passivation of the ZnO surface with various org
anicl333+37.38.39:40-42] o1 inorganicl**-*8 modification layers, and
doping of ZnO bulk with metal heteroatoms.*-°!l In the latter
case, aluminum (Al) doping not only enhances the stability of
the ZnO/perovskite interface by decreasing the basic property
of ZnOPZ but also greatly improves its carrier concentration
and electron mobility.’3] Thus, Al-doped zinc oxide (AZO) thin
films have been reported to serve as a suitable ETL in PSCs.
For example, Dong et al. revealed that the AZO film formed by
spin-coating of Al(NOs); and Zn(OAc), onto the ZnO nanorods
suppresses the charge recombination at the interface and
enhances the PCE up to 10.7%.5% Mahmood et al. reported that
the PCE of PSCs with AZO films deposited using the electro-
spraying method increases from 10.8% to 12.0%.>°! However,
these deposition methods were not sufficient for compact
film formation and precise thickness control, leading to a low
PCE. Moreover, the thermal stability of the perovskite film
on AZO formed by spin-coating commercially available AZO
solution was strongly impacted as compared to the perovskite
film deposited on Sn0,.1°°! Therefore, it was highly desired to
develop a synthetic strategy for depositing high-quality AZO
film with better stability for the upcoming perovskite layer. In
this context, atomic layer deposition (ALD) has been reported
to form ultrathin and dense films in a precisely controlled way
by controlling the number of specified reaction cycles between
diethyl zinc (DEZ), water and trimethylaluminum (TMA).[7%8l
The applications of ALD-AZO films in PSCs mostly concern
examples where AZO was employed solely as the transparent
conducting electrodel>2°%% or is deposited on top of the perov-
skite layer.'®! However, the use of ALD-grown AZO as an ETL
in the planar PSC architecture is relatively rare.l®? Moreover,
the effect of the ALD parameters directly on the stability and
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quality of the upcoming perovskite coating has been rather
unexplored.

Herein, we demonstrate the effect of the ALD deposition
sequence of AZO film on its optoelectronic properties and the
film quality of the MAPDI; perovskite layer. Particularly, we find
that the ending of the ALD process with the TMA/H,0 pulse
lead to the formation of AZO film exhibiting superior electrical
conductivity compared to the AZO ended with DEZ/H,0 pulse
or pristine ZnO ETL. This modification not only improves the
thermal stability and charge transfer of the ETL/perovskite
interface but also shows favorable band energy alignment with
the perovskite layer. As a result, our champion PSC results in
a high PCE of 18.09% with alleviated hysteresis and improved
environmental stability.

2. Results and Discussion

Scheme 1 shows the schematic representation of ALD pro-
cesses for the formation of ZnO and AZO films. The growth
per cycle (GPC) values for the deposition were calculated to be
0.165 and 3.12 nm per cycle for ZnO and AZO, respectively (see
Tables S1-S3 in the Supporting Information for detailed infor-
mation). The GPC values were used to estimate the number of
macrocycles suitable for the formation of =20 nm thick layers.
The reference ZnO thin films were synthesized by subsequently
dosing diethylzinc (DEZ) and H,0 in 125 cycles (Scheme 1a).
The conventional design strategy for ALD of AZO follows the
process in which the single macrocycle is realized by the depo-
sition of 19 layers of ZnO and one layer of AlO, by dosing the
DEZ/H,0 and TMA/H,0 reagents, respectively (Scheme 1b).
The macrocycle was repeated five times and then the film was
terminated by deposition of 19 layers of ZnO, which led to the
ZnO-terminated AZO (AZO-1). The AlO,-terminated AZO
(AZO-2) was synthesized by repeating the macrocycle 6 times,
thereby the process was ended by deposition of single AlO,
layer using TMA/H,0 reagents (Scheme 1c).

The formation of AZO-2 film is beneficial for the improve-
ment of the surface conductivity and electron mobility as dis-
cussed below. All films were characterized by the four-point
probe and the Hall-effect measurements, and the resulting elec-
trical parameters are summarized in Table S4 in the Supporting

(c

AZO-2

Scheme 1. Schematic representation of growth process of ZnO and AZO films by ALD.
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Figure 1. a) The schematic presentation of energy diagram for the ZnO,
AZO-1, AZO-2 and MAPbI;. b) XRD patterns of the perovskite films
deposited on different ETLs and annealed at 100 °C at different times.

Information. It is found that Al doping of ZnO reduces the
thin film resistivity, and the conductivity parameter increases
as follows: AZO-2 > AZO-1 > ZnO. According to the literature
data,%%] the effect of Al-doping is attributed to the increase of
carrier concentration, which is not fully suppressed by the
reduction of mobility. However, the measured carrier mobility
parameters for ZnO and AZO samples are increased upon Al
doping. This effect, together with the increase of carrier concen-
tration caused by Al doping, results in a remarkable reduction
of the resistivity from 1.74 Q cm for ZnO to 6.8 x 107> Q cm
for AZO-2. The effect of elevated mobility parameter upon Al
doping has not been observed for much thicker AZO films(®4
and maybe attributed to the ultrathin layer of studied materials
and thickness-related defects.

Figure S1 in the Supporting Information shows the ultra-
violet photoelectron spectroscopy (UPS) measurement of the
ZnO, AZO-1, and AZO-2 films. Table S5 (Supporting Informa-
tion) summarizes the values of the Fermi levels, valence bands,
and conduction bands of these films extracted from the UPS
and UV-vis results. The direct bandgap energy of the investi-
gated films was extracted from the UV-vis absorption spectra
(Figure S2, Supporting Information). The bandgap of the pris-
tine ZnO is found to be 3.20 eV. However, the observed small
blue shift of the AZO-1 and AZO-2 film absorption edges
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suggests changes in the bandgap to 3.28 and 3.32 eV, respec-
tively.[®>®] Using bandgap data from the UV-vis and the valence
bands values from UPS measurement, we estimated the con-
duction band energy levels of ZnO, AZO-1, and AZO-2 ETLs
to be —4.29, —4.20, and 4.15 eV, respectively. Based on these
calculations and the values from the literature,[”] we plotted
the band diagram using these ETLs. As seen in the schematic
of Figure 1a, the energy band offset between perovskite and
AZ0-2 is 270 meV, which is lower than the offset values for the
AZO-1 (320 meV) and ZnO (410 meV) cases. As a result, the
electron transfer from the perovskite layer to both AZO-1 and
AZO-2 ETL can be facilitated compared with the ZnO ETL due
to a better energy band alignment. Notably, AZO-2 shows even
better band adjustment (lower energy band offset) with respect
to the MAPbDI; perovskite film. This can improve the charge
transfer and reduce the interface recombination, resulting in a
higher open circuit voltage (Voc) and thus better efficiency in
the PSCs.[8]

X-ray photoelectron spectroscopy (XPS) was used to probe
the surface analysis of the resulting thin films (Figure S3, Sup-
porting Information). In the ZnO film, the peak of Zn 2p,,
attributed to the crystalline lattice of zinc oxide is located at
1021.51 eV.¥% In the case of the AZO-1 and AZO-2 films, the Zn
2p3), peak is very similar to the one observed in the ZnO sample
with the positions of 1021.7 and 1021.6 eV, respectively. The O 1s
XPS spectrum of ZnO ETL was deconvoluted into three peaks
with energy levels of 530.2, 531.4, and 532.3 eV, which can be
assigned to the lattice of oxygen atom in the Wurtzite struc-
ture of ZnO (peak A), the oxygen deficiency (peak B), and the
hydroxyl groups on the ZnO surface (peak C), respectively.""!
The deconvolution of the Ols peak for AZO-1 and AZO-2 sam-
ples shows also a peak with the position of 533.2 eV (peak D),
which can be assigned to the surface C-O- groups.”! The
appearance of a similar Al 2p peak centered at 74.3 eV in AZO-1
and AZO-2 films indicates the formation of Al-O bond within
the original ZnO lattice through substitution of Zn?" sites”>”?!
rather than the formation of interface Al,O; phase or metallic
Al clusters during the ALD growth process.”¥ Moreover, depth
profiling measurement reveals that after removing the surface
layer with the first few cycles of sputtering Al distribution in
the bulk is constant, uniform, and similar for both samples
(Figure S4, Supporting Information). Results of the quantitative
analysis of the studied samples are presented in Table S6 in the
Supporting Information. Carbon and carbon-bounded oxygen
chemical states are not included in this analysis. As mentioned
above, the Ols peak (peak A) at around 530.5 eV could be
attributed to lattice oxygen atom, while the Ols peak (peak B)
at higher binding energy (531.4 eV) is assigned to oxygen defi-
ciency sites. Moreover, according to the literature data”>7¢! the
0% bounded with AI*" is occupying the same position as Ols
(peak B). Thus, in case of the AZO films both 0%~ bounded with
A" and the one from ZnO deficiency sites contribute to the
intensity of this peak. Those findings are in a good agreement
with obtained data. In both AZO-1 and AZO-2 samples, contri-
bution of the Ols peak (peak B) is higher (accordingly 11% at
and 14% at) comparing to ZnO sample (79% at) reflecting the
presence of the AI** in the samples. Worth noting that higher
atomic concentration at the beginning of the sputtering of the
A" and higher contribution of the Ols peak (peak B) into the
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oxygen atomic concentration in AZO-2 comparing to AZO-1
sample well-corresponded to the layer’s deposition scheme
ended with TMA/H,0 pulse. Average ratio of Al to Zn in bulk
material obtained from XPS profiling of the samples is 0.067
(=1:15) for AZO-1 and 0.048 (=1:21) for AZO-2 (Figure S5, Sup-
porting Information).

The subtle modification of a surface chemical state for
the ETL can lead to a significant change in the stability of the
ETL/perovskite interface. First, we tested the wettability of the
investigated ETLs by contact angle measurements. Figure S6
(Supporting Information) shows the contact angle images of
the corresponding ETL films after UV-O; treatment indicating
a better wettability of AZO-1 and AZO-2 films for perovskite
layer. Next, the thermal stability of the MAPDI; films depos-
ited on different ETLs was studied. The films were annealed
at 100 °C in argon glovebox at different times, and the color
change in films was monitored as shown in Figure S7 in the
Supporting Information. The MAPDI; film deposited on the
ZnO substrate starts to decompose after 10 min of annealing,
whereas the perovskite films deposited on AZO-1 and AZO-2
remained black during the applied heating time. The presence
of perovskite structure was confirmed by the analysis of the
X-ray diffraction (XRD) patterns, as shown in Figure 1b. The
morphology of the perovskite films was analyzed by scanning
electron microscopy (SEM). Top-view SEM images of all perov-
skite films reveal a compact morphology with no considerable
difference in grains size (Figure S8, Supporting Information).
The lack of defined grain boundaries observed in the perovskite
film deposited on the ZnO layer indicates the degradation of the
perovskite structure, which is well-corroborated with the XRD
data. A prolonged heating time (30 min) starts degradation of
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the MAPDI; film coated on top of AZO-1 as the presence of the
characteristic peak around 12.5° in the XRD pattern suggests
the formation of the Pbl, phase. In turn, there is a small Pbl,
peak over this period for the MAPbI; film deposited on AZO-2
ETL, indicating an improved ETL/perovskite interface stability.
Thus, the termination of the ALD process with TMA/H,0 pulse
reduces the acid-base reaction between ZnO and MAPbI; 3]
which results in better thermal stability of the perovskite layer.
The effect of ALD-deposited ETLs on the performance and
stability of PSCs was further investigated by the fabrication of
planar devices consisting of FTO/ETL/MAPbI;/spiro-OMeTAD/
Au (for device fabrication procedure see the Experimental Sec-
tion). The perovskite films were spin-coated on different ETLs
and annealed at 100 °C for only 10 min to avoid degradation.
Figure 2a shows the current-voltage (J-V) curves of PSCs
fabricated on different ETLs, and Table 1 lists the collected
photovoltaic (PV) parameters measured under AM 1.5G illumi-
nation and reverse scan. The ZnO-based device yields a cham-
pion PCE of 16.23% with a short-circuit current density (Jsc) of
22.82 mA cm™2, an open-circuit voltage (Vo) of 0.99 V, and a
fill factor (FF) of 72%. In contrast, superior photovoltaic perfor-
mance is observed for both AZO-based PSCs. While the AZO-1
device gives a PCE of 17.99% with a Jgc of 23.20 mA cm™2, V¢
of 1.04 V, and FF of 74%, the device with AZO-2 offers the best
PCE of 18.09% with a Js¢ of 23.16 mA cm™2, V¢ of 1.05 V, and
FF of 74%. The integrated Jsc values derived from external
quantum efficiency (EQE) spectra well agree with the values
of Jsc obtained from J-V measurements (Figure 2b). The sta-
bilized power output of these devices was monitored near the
maximum power point under continuous illumination for
100 s (Figure 2c). The best AZO-2 device shows a steady-state
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Figure 2. a) J-V curves of the best performing PSCs with different ETLs. b) EQE spectra of the devices based on the different ETLs. c) Steady state PCE
of ZnO, AZO-1, and AZO-2 based devices. d) J-V curves of the devices under both forward (blank circles) and backward (filled circles) scan directions.
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Table 1. The photovoltaic (PV) parameters of the corresponding PSCs were measured under AM 1.5G illumination and reverse scan. The average data
were collected from 8 devices for each ETL. The active area was set at 0.09 cm?.

ETL Voc V] Jsc [mA cm™?) FF [%] PCE [%] Jint [NA cm™2]

ZnO champion 0.99 22.82 72 16.23 22.46
average 0.98 +£0.01 22.80+0.08 69+15 15.45+0.41

AZO-1 champion 1.04 23.20 74 17.99 22.97
average 1.04 +0.01 23.177 £0.07 73111 17.65+0.30

AZO-2 champion 1.05 23.16 74 18.09 22.99
average 1.05£0.01 23.11+0.05 74+0.7 18.01+£0.20

efficiency of 1782%, which is among the highest efficiencies
reported on AZO-based planar PSCs. We also examined the
hysteresis of J-V curves of our devices based on different ETLs
under reverse and forward scans (Figure 2d). The hysteresis
index defined as [PCEbackward - PCEforward/PCEforward X 100]
is found to be the lowest (1.29%) for AZO-2 device in com-
parison to that of AZO-1 (5.51%) and ZnO (9.22%) cells. The
suppression of the hysteresis in the AZO-2 device can be attri-
buted to improved charge transfer, as discussed further below.
The statistics of PV parameters from the collected individual
devices are presented in Figure S9 in the Supporting Infor-
mation. It is found that the high efficiency of AZO-2 devices
is mainly due to the improvement in V¢ and FF parameters.
The large Vo is attributed to the favorable band alignment
(Figure 1a) with respect to the perovskite layer, which reduces
energy loss during charge transfer at the ETL/perovskite inter-
face. To further study the charge transfer process at the interface
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between ETL and perovskite, we performed steady-state photo-
luminescence (PL) and time-resolved PL (TRPL) measurements
on the perovskite films deposited on different ETLs. Figure 3a
shows the PL spectra of the corresponding perovskite films. It
is found that the perovskite film coated on AZO-2 exhibits a
significant PL quenching effect, indicating an improved charge
collection at the interface. Figure 3b shows the normalized
TRPL for the films deposited on different ETLs (for the fitting
parameters see Table S7 in the Supporting Information). The
perovskite film deposited on AZO-2 shows a carrier lifetime of
27 ns, which is shorter than that of AZO-1 (35 ns) and ZnO
(58 ns) samples. The reduced carrier lifetime indicates more
efficient charge transfer at the ETL/perovskite interface, which
is consistent with the steady-state PL results.

The carrier recombination mechanism was also investigated
by studying the V¢ dependencies under different light inten-
sities for the resulted devices (Figure 3c). We used a formula
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Figure 3. a) Steady-state PL and b) TRPL spectra of the perovskite films deposited on various ETLs. c) Measurement of V¢ as a function of illumina-
tion. d) Shelf-life stability test of the ZnO, AZO-1, and AZO-2 PSCs without encapsulation in ambient condition (relative humidity 40 + 5%) for 100 h.
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of Voc = mg“T In(¢p) (where kg is the Boltzmann constant, T is
the thermodynamic temperature, and q is the electron charge)
to unravel the trap-assisted recombination within the devices
and the slopes are determined to be 1.94, 1.67, and 1.56 kT/q
for devices based on ZnO, AZO-1, and AZO-2 ETLs, respec-
tively. A lower value obtained for modified ETLs indicates a
reduced trap-assisted recombination, inferring more effective
charge transfer at ETL/perovskite interface. This result is also
closely related and supportive with the increase in the Vp¢
value. The electrochemical impedance spectroscopy (EIS) was
also employed to investigate the charge dynamics of the PSCs.
Figure S10 (Supporting Information) shows the Nyquist plots
of the devices based on different ETLs measured under dark
near the V. Two semicircles are observed for all devices in
the frequency range of 1 Hz to 1 MHz. The semicircle at high-
frequency is ascribed to the charge transfer resistance (Ry),
while the semicircle at low-frequency is in accordance with the
recombination resistance (R.). As shown in Table S8 (Sup-
porting Information), the R values of the AZO-1 and AZO-2
ETL-based devices are lower than that of the ZnO counterpart,
suggesting the conducing nature of Al doping. Similarly, the
AZ0-2 ETL-based device shows the highest R, value of 163 Q,
indicating a suppression in the charge carrier recombination,
which arises from the reduced defect density. Moreover, the
larger FF is ascribed to low R, and high charge mobility of
AZ0-2, which could reduce the charge recombination.

We also monitored the shelf-stability of unencapsulated
PSCs under ambient conditions (at room temperature with rel-
ative humidity (RH) of 40 £ 5%) for 100 h (Figure 3d). AZO-2
ETL-based device sustained 82% of its initial PCE after aging
for 100 h, while the ZnO-based device reveals two-fold quicker
degradation up to 41% of its initial PCE under the same storage
conditions. The improved stability of the AZO-2 device is asso-
ciated with the enhanced ETL/perovskite interface stability.

3. Conclusions

In summary, we demonstrated that a subtle tuning of the ALD
deposition sequence during the formation of AZO film plays
a beneficial role on the properties of the upcoming perovskite
film and performance of the solar cell devices. The controlled
termination of the ALD process with TMA/H,0 pulse not
only offers high conductivity for the AZO film but also leads
to the favorable band alignment concerning the perovskite
layer, which facilitates charge transfer at the interface. In addi-
tion, the above modification of a surface chemical state of AZO
film prevents the degradation reaction at the ETL/perovskite
interface and improves the thermal stability of the MAPDI;
film compared to the control perovskite films deposited on the
AZO terminated with DEZ/H,0 pulse and ZnO ETLs. Conse-
quently, our best planar device yielded a high PCE of 18.09%
(stabilized at 1782%) with negligible hysteresis. Moreover, the
environmental stability of the optimized device is improved by
retaining 82% of its initial PCE after aging for 100 h at ambient
conditions. These results demonstrate the superiority of the
developed atomic layer engineering approach that may open
up new possibilities for the design of efficient AZO-based ETLs
to tackle the thermal instability issue of the ZnO/perovskite
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interface and offer a new direction for the fabrication of highly
efficient PSCs.

4. Experimental Section

Materials: All perovskite materials: methylammonium iodide (MAI),
lead iodide (Pbly), 2,2”,7,7”-Tetrakis[N,N-di(4-methoxyphenyl)amino]-
9,9"-spirobifluorene (spiro-OMeTAD), 4-tertbutylpyridine (TBP), and
lithium bis-(trifluoromethylsulphonyl)imide (Li-TFSI)) are received from
Sigma-Aldrich.

ETL Film Formation and Characterization: ALD-grown thin films were
deposited at 200 °C using Beneq P400A ALD reactor. Borosilicate glass,
quartz slides (Continental Trade), FTO covered glass slides (Biotain
Crystal) and polished silicon wafers (Sieger Wafer) were used as
substrates for the film growth. The deposition processes were carried
out using nitrogen as a carrier gas at 2500 sccm flow, which corresponds
to the 0.8 hPa pressure. Diethyl zinc (DEZ, Lanxess), TMA (Lanxess),
and deionized water were used as zinc, aluminum, and oxygen sources,
respectively. For the deposition of zinc oxide, the sequence of dosing and
purging pulses was as follow, ZnO: [H,0] + [N,] + [DEZ] + [N,] + [H,0]
with H,0 and DEZ dosing times 0.35 s and nitrogen purging time equal
to 3.0 s. The aluminum oxide was deposited according to the sequence
AIO,: [H,0] + [Ng] + [TMA] + [N,] + [H,0] with H,0 and TMA dosing
time 0.35 s and nitrogen purging time equal to 3.0 s. The AZO thin films
were deposited using previously optimized pulses ratio corresponding to
the minimal film resistivity [DEZ]/[TMA] = 19, according to the scheme:
nx (19 X ZnO + 1 x AIQ,) + 19 x ZnO, where the n is the number of
cycles. For the deposition of AZO thin films terminated by the AIO,
species, the deposition scheme was ended with TMA and H,O pulses,
according to the scheme: n x (19 X ZnO + 1 x AlO,). The thickness of
deposited films was measured on polished-Si deposited samples using
Filmetrics F20 reflectometer. The sample resistivity was measured using
Ossila four-point probe on samples deposited on borosilicate glass. Hall
measurements were carried out using HMS-5500, Bridge Technology
instrument, at room temperature.

X-ray photoelectron spectroscopic (XPS) measurements were
performed by a ULVAC-PHI VersaProbe 5000 spectrometer using
monochromatic Al Ka radiation (h = 1486.6 eV). X-ray source operates
at 100 um spot size, 25 W power, and 15 kV acceleration voltage. The
Multipak and CasaXPS software were used to evaluate the obtained
data. The binding energy (BE) scale refers to the Fermi level and was
adjusted to the carbon XPS peak position (C Ts — at the binding energy
of 284.8 eV). The distribution of the elements within the ALD layers was
investigated using the XPS technique combined with Ar* depth profile
sputtering. XPS depth profiles were cycled with Ar* bombardment with
1 kV ion beam for 1 min. Cycles were repeated until a signal from the
glass substrate was observed. The top-view images of the perovskite
films were assessed by field emission scanning electron microscopy
(FE-SEM) (S5500, Hitachi). UV-vis spectra were obtained using Thermo
Scientific Evolution 220 instrument. The band energy levels of ETLs were
studied by UPS (XPS-ASAM with detector DLSEGD-Phoibos-Hsa3500).
The contact angle measurements were assessed by a drop shape
analyzer (KRUSS, DSA100) at ambient temperature.

Solar Cell Preparation: The patterned fluorine-doped tin oxide (FTO)
glass was cleaned using Hellmanex detergent in deionized water,
acetone, and isopropanol for 20 min each, respectively. The ETL films
were prepared according to the procedure above. A perovskite precursor
composition of MAPbI; was spin-coated on the corresponding ETLs at
1000 and 4000 rpm for 10 and 20 s, respectively. 100 pL of chlorobenzene
was dripped at the 10 s before the end of the last step. After that, the
films were sequentially annealed at 65 °C for 1 min and 100 °C for 10 min.
Next, =70 x 107 M spiro-OMeTAD was prepared in chlorobenzene by
adding TBP and Li-TFSI in acetonitrile (molar ratio of spiro-OMeTAD:Li-
TFSI:TBP of 1:0.5:3.3) and deposited on top of the perovskite films by
spin-coating at 4000 rpm for 20 s. Finally, =80 nm of the gold electrode
was evaporated using thermal evaporation under high vacuum. The
active area was set at 0.09 cm?.
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Device Measurement and  Characterization: The photovoltaic
parameters of devices were defined with the power source meter
(Keithley 2400), using a 450 W Xenon light source from Oriel with
an AM 1.5 filter. The external quantum efficiency (EQE) analysis was
performed with a light-emitting-diode (LED) light source (Enli-Tech).
The electrochemical impedance spectroscopy (EIS) measurements
were measured by a potentiostat (lvium) under dark near the V.
For the stability test, unencapsulated cells were stored under ambient
conditions at relative humidity (R.H.) of 40%. The performance of the
cells was periodically measured under simulated sunlight. XRD data of
the perovskite films prior stability measurement were collected on the
Empyrean diffractometer (PANalytical). The PL spectra of perovskite
films were recorded with a spectrometer (Hitachi).
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