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Low-temperature atomic layer deposition (ALD) offers significant merits in terms of processing uniform,
conformal and pinhole-free thin films, with sub-nanometer thickness control. In this work, plasma-assisted
atomic layer deposition (ALD) of nickel oxide (NiO) is carried out by adopting bis-methylcyclopentadienyl-
nickel (Ni(MeCp),) as precursor and O, plasma as co-reactant, over a wide table temperature range of
50-300 °C. A growth rate of 0.32 A per cycle is obtained for films deposited at 150 °C with an excellent
thickness uniformity on a 4 inch silicon wafer. Bulk characteristics of the NiO film together with its inter-
facial properties with a triple cation hybrid perovskite absorber layer are comprehensively investigated,
with the aim of integrating NiO as hole transport layer (HTL) in a p—i—n perovskite solar cell (PSC) architecture.
It is concluded that "key” to efficient solar cell performance is the post-annealing treatment of the ALD NiO
films in air, prior to perovskite synthesis. Post-annealing leads to better wettability of the perovskite layer and
increased conductivity and mobility of the NiO films, delivering an increase in short-circuit current density (Jsc)
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and fill factor (FF) in the fabricated devices. Overall, a superior 17.07% PCE is achieved in the post-annealed
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Introduction

The bloom of hybrid organic-inorganic perovskite solar cells
(PSCs) with outstanding power conversion efficiencies (PCEs)"
has captured great interest in the photovoltaic (PV) community.
Over the last years, novel interfacial designing approaches and
efficient charge transport layers (CTLs) have been introduced to
foster the advancement of this PV technology. It has been
demonstrated that the quality of the perovskite/CTL interface
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NiO-based PSC when compared to the 13.98% PCE derived from the one with pristine NiO.

plays a vital role in determining how efficiently the charges can
be extracted, influencing the overall operation of the fabricated
solar cells.>”

Recently, the inverted PSC (p-i-n) configuration has received
tremendous attention owing to its advantages over the conventional
n-i-p configuration, such as simple, low-processing temperature,*
negligible hysteresis effect,”> and its potential in tandem solar
cells.® Replacing the conventional organic hole transport layers
(HTLs) with inorganic alternatives contributes to improve device
robustness, reduce parasitic absorption losses and tackle scalable
processing challenges.”'® In case of p-i-n perovskite-based tandems,
solution-based deposition of organic HTL (spiro-TTB) on random-
pyramid textured Si solar cells was recently demonstrated to result in
poor surface coverage, leading to recombination centers and
potential shunting in the devices." A similar effect can be
expected when processing organic HTLs on CIGSe solar cells,
which have a typical surface root-mean-square roughness in the
range of 50-200 nm, with lateral feature sizes typically in the
order of 500 nm to 1 pm."?

Nickel oxide (NiO) as inorganic HTL is a potential candidate,"?
as it can chemically withstand most of the solvents used in PSCs.
In addition, it does not corrode the underlying ITO substrate, in
contrast to the commonly employed poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (PEDOT:PSS) HTL. It has a wide

This journal is © The Royal Society of Chemistry 2019
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direct band gap (3.4-3.8 eV) which allows for high optical
transmittance. In addition, a deep valence band edge (~5.4 eV)
results in a good energy band alignment with several perovskite
compositions, delivering high open circuit voltages (V,) in the
fabricated solar cells.’ To date, several reports have demonstrated
PSCs with NiO fabricated by low-temperature solution-processes
and vacuum-based deposition techniques.” However, NiO films
deposited by low-temperature solution processing usually con-
tain defects and uncontrolled incorporation of impurities which
affect light transmission and carrier transport properties."* When
adopting vacuum-based deposition techniques, such as sputtering
and pulsed-laser deposition, NiO films as thick as 15-50 nm are
implemented in the device, in order to prevent any potential
shunting pathways. This approach, however, eventually leads
to undesirable parasitic absorption losses in the cells.">*® This
motivates the present study and the adoption of deposition
techniques that can guarantee the preparation of ultrathin,
pinhole-free, low-temperature processed NiO films with excel-
lent conformality that can be grown on both flat and textured
surfaces.

From this perspective, atomic layer deposition (ALD) is the
ideal deposition method."®*° The application of ALD NiO films
as HTL has notably contributed to achieve efficient performance
in both perovskite-based single-junction and tandem solar
cells.>'* Our very recent work showed the implementation of
a conformal ALD NiO HTL on top of a rough CIGSe surface for
obtaining a monolithic perovskite/CIGSe tandem device with
21.6% PCE. It was highlighted that a 10 nm plasma-assisted
ALD NiO layer processed directly on top of the ITO front contact
of the rough CIGSe bottom cell helped in preventing any
potential shunting in the fabricated tandem device.® Seo et al.
demonstrated the implementation of thermal ALD NiO films
with thickness in the range of 6-7.5 nm in CH;NH;PbI; and
Csp.0s MAg 95PblI;-based p-i-n PSCs.?>** PCE values of 16.4%
and 17.22% were achieved for the CH;NH;PbI; and Cs s
MA, osPbl;-based devices, respectively.*>*
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In order to stimulate the development of ALD processes
for NiO, earlier studies employed Ni precursors such as, acetyl
acetonate (Ni(acac),), nickel cyclopentadienyl (Ni(Cp),) and
nickel ethylcyclopentadienyl (Ni(EtCp),). Owing to the low
reactivity of these compounds toward water, ozone was typically
used as co-reactant.”>**° As alternatives, NiO processes with
nickel bis(alkylamidinate) (Ni(AMD)), nickel() 1-dimethyl-
amino-2-methyl-2-butoxide (Ni(dmamb),), nickel bis(N,N’-di-
tert-butylacetamidinate) [Ni(‘Bu-MeAMD),] and nickel 1-dimethyl-
amino-2-methyl-2-propanolate (Ni(dmamp),) precursors were
developed, which showed reactivity toward H,O at temperatures
below 200 °C.*°* However, the cost of (Ni(AMD),) precursor
was shown to be higher than Ni(Cp),,*> and hence, developing
ALD NiO processes with cost-effective, volatile Ni precursors
together with a highly reactive oxidizing co-reactant (such as O,
plasma) started gaining attention. To this end, a couple of works
demonstrated plasma-assisted ALD® of NiO employing Ni(Cp),
and (Ni(EtCp),) as precursors and O, plasma as co-reactant,
delivering growth per cycle (GPC) values of 0.037 nm (100-325 °C)
and 0.042 nm (250 °C), respectively.>**” To the best of our
knowledge, there is only one plasma-assisted ALD process of
NiO with bis-methylcyclopentadienyl-nickel (Ni(MeCp),) as pre-
cursor, however being demonstrated only on metallic sub-
strates, such as Pt, Ru and W.*® The ALD temperature window
was defined between 150 and 250 °C, and GPC values of 0.048,
0.058 and 0.084 nm were obtained at 250 °C on top of Pt, Ru and
W, respectively. An overview of the ALD processes of NiO is
presented in Table 1‘22,24,26,27,29,30,32735,37742

In this work, we develop a plasma-assisted ALD process
of NiO employing Ni(MeCp), as precursor and O, plasma as
co-reactant within a temperature range of 50-300 °C. The
implementation of ultrathin (10 nm) conformal ALD NiO is
then demonstrated in a triple cation-based p-i-n PSC. The bulk
properties of the fabricated ALD NiO film together with its
interfacial properties with the perovskite absorber layer are
investigated comprehensively (ranging from structural, chemical

Table 1 Thermal and plasma-assisted ALD processes of NiO with different precursors and co-reactants

Precursor Co-reactant GPC (nm) Substrate Tsubstrate (°C) Ref.
Thermal Ni(Cp), 0, 0.092 Si 230 27
Ni(Cp), 0; 0.32-0.08 Si 150-300 26
Ni(Cp), 0; 0.063 Si 275 29
Ni(EtCp), 0, 0.09-0.05 Si 150-300 26
Ni(dmamb), 0, 0.34 Si 200 22
Ni(acac),(TMEDA) O3 0.02 Si 250 24
Ni(**“*DAD), 0, 0.12 Si 185-200 39
Ni(acac), 0; 0.06 Soda-lime glass 250 40
Ni(dmamb), O3 0.024 Si 140-175 41
Ni(thd), H,0 0.032-0.037 Amorphous SiO, 230-260 42
Ni(dmamb), H,O 0.128 Si 140 30
Ni(AMD) H,O 0.075 Si 175 32
Ni(‘Bu-MeAMD), H,0 0.039 Si 200 33
Ni(dmamp), H,0 0.080 Si 120 34
Plasma Ni(Cp), 0, plasma 0.042 Si 250 35
Ni(EtCp), O, plasma 0.037 Si 100-325 37
Ni(MeCp), O, plasma 0.048 Pt 250 38
0.058 Ru
0.084 w
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to opto-electrical properties), with the aim of identifying the
key towards efficient implementation of NiO as HTL in PSCs.
Improved interfacial and electrical properties are achieved by
post-annealing the NiO films in air, resulting in an increase in
PCE of the corresponding devices when compared to the ones
fabricated with pristine NiO.

Experimental section
Atomic layer deposition (ALD) process of NiO

NiO is deposited in a home-built ALD reactor, which is a high-
vacuum system coupled with a rotary and a turbo-molecular
pump reaching a base pressure of ~10~° mbar. The system has
been extensively described in our previous work.*® Prior to
deposition, the reactor walls are pre-conditioned with 500 cycles
of ALD Al,O;. For the development of plasma-assisted ALD NiO
process, all the depositions are performed on c-Si substrates
having a thin native oxide layer (~1.5 nm), unless mentioned
otherwise. Depositions are performed at the table temperature
range of 50-300 °C. After an O, plasma treatment (100 W) of
15 min, ALD NiO is deposited using (Ni(MeCp),) (97%, Sigma-
Aldrich) as precursor and O, plasma as co-reactant. The Ni(MeCp),
bubbler is kept at 55 °C to ensure adequate vapor pressure and is
dosed using Ar carrier gas through a delivery line heated to 75 °C.
Each ALD cycle consists of 3 s Ni(MeCp), dose, 4 s purge time, 3 s O,
plasma exposure (100 W) and 1 s purge time, as represented
schematically in Fig. 1.

Material characterization

The thickness and optical properties of ALD NiO films deposited
on c-Si substrates are determined by spectroscopic ellipsometry
(SE) (NIR Ellipsometer M2000, J.A. Woollam Co.). The ellipso-
metric spectra are recorded after every ten ALD cycles over a
wavelength range of 275-1600 nm. Two Tauc-Lorentz oscillators
are adopted to model the NiO films, as reported in the previous
work by Lu et al.”® The thickness and optical constants of the
NiO layer are obtained using the following fitting methodology.
First, a Cauchy dispersion equation is utilized in the range of
450 to 1600 nm to extract the thickness, as NiO is transparent in
this wavelength range. Using the obtained thickness value, the
optical constants of the film are then determined over the entire
recorded SE spectra (275-1600 nm) using a B-spline model. A
bandgap of ~ 3.8 eV*'?83>476 jg agsumed for this fitting step

<— 1 cycle —>:

Ni(MeCp), dose 3s

3s

1
1
1
1
1
1
Purge | 3s
1
1
1
1
O, plasma exposure
1

i

Fig. 1 Schematic of the standard recipe used for plasma-assisted ALD of
NiO.
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and an initial value of 2.1 is chosen for the refractive index
(obtained from the Cauchy dispersion model at the largest
wavelength of 1600 nm). Thereafter, the optical constants are
parameterized using two Tauc-Lorentz oscillators.>®

The thickness uniformity is quantified by means of a
Woollam ellipsometer M2000 and is determined by dividing
the standard deviation (o) by the average mean NiO thickness.

The crystallinity of the ALD NiO samples is investigated by
grazing incidence X-ray diffraction (GI-XRD) using a PANalytical
X'Pert Pro MRD system, utilizing Cu K radiation (/ = 1.540598 A)
in the 20 range of 30° to 80° with a step size of 0.05°. XRD of the
perovskite films are measured in Bragg-Brentano mode with a
step size of 0.013° in the range of 10° to 50°.

Angle-resolved X-ray photoelectron spectroscopy (AR-XPS) is
performed to investigate the chemical composition of the ALD
NiO films using a Thermo Scientific KA1066 spectrometer.
Monochromatic Al Ko X-rays having an energy of 1486.6 eV is
utilized and the measurements are performed without any pre-
sputtering.

Contact angle is measured with Dataphysics OCA 15plus and
analyzed with its software. Scanning electron microscopy (SEM)
is performed with a Hitachi SEM. S-4100 at 5 kV and 30 000x
magnification. Transmission electron microscopy (TEM) stu-
dies are performed using a JEOL ARM 200 probe corrected TEM
operated at 200 kv. The system is equipped with a 100 mm?
Centurio SDD EDX detector. Cross-sectional TEM samples of
the PSC are prepared using a standard Focused Ion Beam (FIB)
lift-out procedure. Molybdenum support grids are used to
mount the samples in the transfer step, upon which the final
thinning is performed.

Ultraviolet photoelectron spectroscopy (UPS) measurements
are performed in a multichamber VG EscaLab II system (Thermo
Fisher Scientific Inc.) with a base pressure of ~10~° Pa, using
He-I radiation (21.2 eV) generated in a differentially pumped
discharge lamp while applying —6 V bias to the sample.

Time-resolved photoluminescence (TRPL) measurements
are performed using an in-house built system. A 635 nm pulsed
laser operating at 5 MHz is used, which incidents from the
glass side of the perovskite/ALD NiO/ITO/glass samples.

For the electrochemical impedance spectroscopy (EIS) measure-
ments, 10 nm films of ALD NiO deposited on fluorine doped tin
oxide (FTO)/glass substrates are used as the working electrode,
along with a Ag/AgCl reference electrode and a platinum mesh
counter electrode.”” The electrolyte solution is aqueous 1 M
Na,S0,, 0.1 M monobasic sodium phosphate, and is adjusted to
pH 12 by dropwise addition of NaOH solution. The area of NiO in
contact with the solution is 0.86 cm?. During the measurements, a
sinusoidal 10 mV perturbation of selected frequencies is applied at
each bias voltage.

Perovskite solar cell fabrication

The fabricated PSCs have an inverted (p-i-n) planar structure
and a layer configuration of glass substrate/ITTO/ALD NiO/
perovskite (Csg.5(MAg.17FA¢ 83)Pb1.1(Lo.83Br0.17)3)/C60/BCP (batho-
cuproine)/Cu. 10 nm ALD NiO layers are deposited on top of the
ITO coated glass substrates. Thereafter, the NiO coated ITO

This journal is © The Royal Society of Chemistry 2019
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substrates are annealed in air at 300 °C for 20 min. All the
perovskite layer deposition steps are carried out in N, atmo-
sphere. The perovskite layer is spin-coated using a one-step
solution process (4000 rpm for 35 s) following the triple cation
procedure.® 25 s after the start of spinning, the ethyl acetate anti-
solvent drop (400 pl) is utilized. The films are annealed at 100 °C
for 1 h. Afterwards, 23 nm C60 (Sigma Aldrich, purity = 99.9%) is
thermally evaporated at a rate of 0.15 A s at 400 °C. The
evaporation of C60 is followed by evaporation of 8 nm BCP.
The cells are finished by evaporating 100 nm Cu through a
shadow mask. The final active area is 0.16 cm®.

Perovskite solar cell characterization

The current density-voltage (J-V) measurements are performed
under standard test conditions (25°C, LED sun simulator,
Wavelabs, class AAA), adjusted with a calibrated Si reference
cell (Fraunhofer ISE). The scan rate is 0.25 V s~ with a voltage
step of 0.02 V. The external quantum efficiency (EQE) is
measured as a function of wavelength from 300 to 850 nm with
a step of 10 nm using Oriel Instrument’s QEPVSI-b system with
300 W xenon arc lamp, controlled by TracQ-Basic software.

Results and discussion
ALD NiO film growth

Fig. 2a-d show the saturation curves for the dose and purge
steps of the Ni(MeCp), and O, plasma. The self-limiting saturated
growth behavior is confirmed for the ALD NiO process at a
deposition temperature of 150 °C. For the precursor saturation
curve (Fig. 2a), the O, plasma exposure time is fixed at 3 s while
varying the precursor dosing time. For the O, plasma saturation
curve (Fig. 2c), the precursor dosing time is fixed at 3 s while
varying the O, plasma exposure. ALD saturating behavior is
observed for both precursor and O, plasma half-cycles at an
exposure time of 3 s. Meanwhile, negligible variation in GPC is
observed with the precursor and O, plasma purging times
(Fig. 2b and d). Fig. 2e shows the thickness of NiO films as a
function of number of ALD cycles, as-determined by in situ SE. As
seen, the thickness increases linearly with the number of ALD
cycles without experiencing any nucleation delay. The GPC in
terms of thickness of the ALD NiO films for the investigated
deposition temperatures of 50, 100, 150, 200, and 300 °C is shown
in Fig. 2f. It is evident that the GPC decreases significantly from
~0.44 A at 50 °C to ~0.32 A at 150 °C, and then stabilizes at
~0.32 A for higher temperatures. The decrease in GPC with
increasing deposition temperature could be due to reduction
of -OH surface reactive groups due to thermally activated
dehydroxylation reaction, and/or could result from densification
of the material at higher deposition temperatures.*’ "

Fig. 3 shows the thickness uniformity of the ALD NiO film
on a 4 in (100 mm) c-Si wafer, evaluated by mapping its
thickness over the whole wafer area by SE at room temperature.
700 ALD cycles are performed at 150 °C on the c-Si wafer with a
corresponding GPC of ~0.32 A. The thickness non-uniformity
is deduced to be less than 0.16%. A good thickness uniformity

This journal is © The Royal Society of Chemistry 2019
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points out that the plasma-assisted ALD NiO process developed
in this work could be utilized for growing these films on large
area substrates.

Structural and optical characterization of ALD NiO

To characterize the degree of crystallinity of the as-deposited
ALD NiO films, surface-sensitive GI-XRD measurement is per-
formed, and the spectrum is shown in Fig. 4a. A face-centered
cubic structure is demonstrated by the ALD NiO films as
evidenced by the diffraction peaks located at 37.18°, 43.23°,
62.92°, 75.15°, which can be assigned to the (111), (200), (220)
and (311) planes, respectively. The diffraction peaks ascribed to
pure crystalline nickel, Ni(OH),, and Ni,O; phases are absent in
the XRD spectrum of Fig. 4a.**°* The XRD results are in
agreement with the earlier reports for NiO films deposited via
solution processes,>” sputtering,'® electron-beam-evaporation,*®
and by ALD (for processes employing different precursor and
co-reactant).”>*®

The refractive index (n) and extinction coefficient (k) values
of 23 nm pristine ALD NiO films extracted from SE are
presented in Fig. 4b. The energy dependence of n and k is in
agreement with those reported for NiO single crystal®® and
films.?®>* The absorption coefficient () is presented in Fig. 4c,
demonstrating that the deposited NiO film is highly transparent
in the investigated spectral range. Considering a direct optical
transition in NiO as per literature,'®***® i.e., r = 2 in the Tauc
relation (xhv) = A(hv — E,)"”, the variation of («hv)* versus hv is
plotted in Fig. 4d. The band gap (E,) value is determined from
the energy intercept by extrapolating the linear portion of the
plot to o = 0. The E, for ALD NiO film is extracted to be 3.75 eV,
which is in good agreement with the values reported in the
literature.>?8:3544746

ALD NiO as HTL in PSCs

Having analyzed the structural and optical properties of the
fabricated ALD films, the work then focusses on the implementation
of NiO as HTL in PSCs. Fig. 5a presents a high-angle annular dark
field (HAADF) STEM image of the cross-section of the complete
planar PSC which consists of glass/ITO/pristine ALD NiO/
Perovskite/C60/BCP/Cu. In this stack, ITO serves as front electrode,
ALD NiO as HTL, a “triple cation” Cso 5(MAo.17FA¢.g3)Pb1.1-
(Ip.s3Bro.17)3 perovskite as photo-absorber layer, C60 and BCP
together as electron transport layers and Cu as the back electrode.
A high-resolution cross-sectional TEM image displaying the ITO/
NiO/perovskite interface is shown in Fig. 5b, where a 10 nm
conformal NiO layer with excellent thickness homogeneity is
clearly distinguishable from the adjacent ITO and perovskite layer.
In addition, EDX elemental mappings are acquired at the PSC
region depicted in Fig. 5¢ and the associated elements comprising
of Ni (Fig. 5d) and I, Br, Pb, In, O and Cu are shown in Fig. S1(a)-(f)
(ESIT).

Fig. 6a presents the J-V scans of the PSCs with ALD NiO as
HTL. It is observed that “key” to efficient solar cell performance
is the post-annealing treatment of the ALD NiO films in air at
300 °C for 20 min, prior to perovskite synthesis. A superior
17.07% PCE is demonstrated in the post-annealed NiO-based
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deposition temperature of 150 °C. The dashed lines serve as guide to the eye. (e) NiO film thickness as a function of number of ALD cycles. (f) GPC of NiO

in terms of thickness for the investigated deposition temperatures.

device when compared to the 13.98% PCE derived from the one
with pristine NiO. This enhancement arises from an increase in
short-circuit current density (Js.) and fill factor (FF), which
indicates better light harvesting and hole extraction at the
perovskite/post-annealed NiO interface. The increase in J. is
also corroborated by the EQE spectra measured for both the
investigated stacks (Fig. S2, ESIt). The stabilized maximum
power point (MPP) tracking results are shown in the inset of
Fig. 6a and the PV parameters are summarized in Table 2. The
performance of the PSCs has been reproduced for seven tested

12536 | J Mater. Chem. C, 2019, 7, 1253212543

batches and the statistics of the PV parameters is demonstrated
in Fig. S3 (ESIt). It is observed that the slope of J-V curve at the
Voe Tegion becomes steeper in the annealed NiO devices. It is
well-known that solar cells with a lower series resistance (R;)
exhibit J-V curves with a steeper slope in the V, region. For the
cell with pristine NiO, the value of the R; is 12.3 Q cm? and for
the post-annealed NiO device it is 7.8 Q cm?. This difference
in Ry could arise due to different charge extraction at the
NiO/perovskite interface with respect to the post-annealing
treatment of NiO.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Thickness uniformity of the ALD NiO film deposited at 150 °C on a
4 in (100 mm) c-Si wafer, as-determined by room temperature SE

mapping.

The difference in charge extraction can be analyzed by
PL measurements. TRPL spectra of the perovskite films
deposited on ITO/pristine NiO and ITO/post-annealed NiO
substrates are presented in Fig. 6b. Considering that both
perovskite layers have the same thickness (as confirmed from

a)

View Article Online
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TEM analysis), charge collection can be differentiated based
on the perovskite/NiO interface status. A comparatively faster
decay of the charge lifetime is observed for the perovskite
deposited on the post-annealed NiO when compared to its
counterpart grown atop pristine NiO. It is widely interpreted
that a faster decay of the carrier lifetime is an indication of a
more efficient charge extraction from the perovskite to the
CTLs.>>® The PL results strongly support the higher PCEs
achieved in the post-annealed NiO devices. Alongside the
improvement in PCE, it is remarkable to see that the devices
with post-annealed ALD NiO experience a reduction in hyster-
esis (Fig. 6a). This points out that the hysteresis loss in
PSCs can be mitigated by careful optimization of the inter-
faces. To date, the highest PCE of planar PSCs utilizing ALD
NiO as HTL is 17.22%.>* The PCE obtained in this work is
in line with the efficiencies that have been demonstrated
for planar p-i-n PSCs based on undoped NiO HTLs, either
processed by ALD*'">* or by other vacuum®*®*® and solution-
based techniques.®®”>°

ALD NiO and perovskite bulk analysis

To understand why post-annealed NiO leads to better device
performance, XRD is performed to investigate whether any bulk
changes occur in NiO and NiO/perovskite samples with respect
to the annealing treatment. As seen in Fig. 7a, no change in
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Fig. 4

(a) GI-XRD spectrum of an as-deposited 10 nm ALD NiO film, (b) refractive index (n) and extinction coefficient (k) spectra, (c) absorption

coefficient () spectrum and (d) plot of (xh2)? vs. hv for a 23 nm ALD NiO film deposited on a Si substrate.
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Fig. 5 Cross-sectional high angle annular dark field (HAADF) scanning TEM images (a) of the perovskite device stack, (b) of the perovskite/ALD NiO/ITO
interface. (d) Elemental map of Ni acquired at the PSC region depicted in (c).
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Fig. 6 (a) Forward and backward scanned J-V curves of the champion perovskite devices with pristine and post-annealed ALD NiO as HTLs. Inset shows
MPP tracking for 5 min of both the devices. (b) TRPL spectra of glass/ITO/ALD NiO/perovskite samples comparing both the investigated NiO cases.

Table 2 PV parameters of the best PSCs employing pristine and post-
annealed ALD NiO as the HTL

crystallinity of ALD NiO is discerned by comparing the XRD
spectrum of the films before and after annealing. In parallel,
XRD analysis reveals no change in the crystallinity and

Scan Voe  Jse FF PCE morphology of the perovskite films grown on top of pristine
Condition direction (V) (mAem™) (%) (%) and post-annealed NiO substrates (Fig. 7b). The results are
With pristine ALD NiO Backward 1.04 20.80 64.67 13.98 corroborated by top-view SEM images of the perovskite films,

Forward 1.0 20.80 63.36 13.18  showing no variation in the obtained morphology and a good
With post-annealed Backward 1.07 21.75 7336 17.07 Ccrystallization quality on top of both the investigated NiO
ALD NiO Forward  1.05 21.75 72.42 16.54 substrates (Fig. 7c and d).
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Fig. 7 (a) XRD spectra of the ALD NiO film before and after post-annealing at 300 °C in air for 20 min. (b) XRD spectra and top-view SEM images of the
perovskite films deposited on top of (c) pristine and (d) post-annealed ALD NiO.

ALD NiO/perovskite interface analysis

Since the bulk properties of both NiO and perovskite films show
no difference with respect to the annealing treatment, we then
proceed with the analysis of the interface between the perovskite
and the ALD NiO layer. First, AR-XPS measurements are performed

a)
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9
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852 855 858

861 864 867

Binding energy (eV)

on pristine NiO films with photoelectron take-off angles (6) of 90°
and 15°. The results confirm that the concentration of hydroxyl
species is higher at the surface of NiO (Fig. S$4, ESIt). Next, any
subtle changes after post-annealing the NiO films are detected
by performing XPS with 0 of 15°. Fig. 8a and b presents the Ni

b)
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Fig. 8 XPS surface spectra of (a) Ni 2psz/, and (b) O 1s of the pristine (bottom frame) and post-annealed (top frame) ALD NiO films. Open circles, solid
lines and dashed lines are measured data, peak fits and cumulative fits, respectively.
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2ps, and O 1s XPS spectra with pristine (bottom frame) and
post-annealed (top frame) ALD NiO films, respectively. We
acknowledge that the exact assignment of the Ni 2p;3/, spectra
to specific chemical environments is non-trivial, as it is well-
known that XPS analysis for the first row transition metals and
their oxides and hydroxides is quite challenging due to the
complexity of their 2p spectra, primarily arising from peak
asymmetries, complex multiplet splitting, overlapping binding
energies and shake-up phenomena.>****° However, following the
assignments reported in literature,**>®"%* the peak at 854 eV
(Fig. 8a) is ascribed to the oxidation state of Ni**, which
corresponds to NiOg octahedral bonding in the cubic rock-salt
NiO structure. The second peak at 855.8 eV is attributed to Ni**

a) b)

- ALD NiO post-annealed

ALD NiO pristine

Fig. 9 Photographs of the contact angle measurements performed on
the pristine and post-annealed ALD NiO samples.
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(a and b) UPS spectra of 10 nm ALD NiO film (pristine and post-annealed). (c) Corresponding energy band diagram (in eV) with respect to

Fig. 10
vacuum level.
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comprising of NiOOH. The broad peaks located at 860 eV and
864 eV are related to shakeup processes (satellites) of NiO. Upon
annealing the NiO films, the integrated area of Ni*" peak
decreases, indicating a decrease in the concentration of NIOOH
species. The binding energy of the O 1s spectra (Fig. 8b) is mainly
resolved into three oxygen states.”>”®°' The peak at 529.4 eV
is ascribed to O bonded as Ni-O-Ni. The peaks at 531.1 eV and
532.9 eV are assigned to O bonded as Ni-OH and adsorbed water,
respectively. When comparing the O 1s spectra of pristine and
post-annealed films, it can be concluded that post-annealing leads
to the elimination of hydroxyl groups and adsorbed water from the
surface of ALD NiO. The Ni-OH/NiO ratio changes from 1.13 in the
pristine to 0.76 in the annealed film.

In order to gain insights into whether the reduction of
surface hydroxyl groups and adsorbed water has any influence
on the perovskite/NiO interface quality, contact angle measure-
ments are performed by drop-casting the perovskite precursor
solution on top of the two investigated NiO surfaces. A reduction
in the contact angle with respect to the post-annealing treatment
is clearly evident when comparing the images in Fig. 9a and b,
indicating better wetting of perovskite precursor solution on top
of post-annealed NiO in comparison to the pristine film. The
contact angle measurements confirm that post-annealing indeed
changes the surface chemistry of ALD NiO (which is in agreement
with our previous XPS analysis), leading to better interfacial
properties with the adjacent perovskite layer. We expect that

b)
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—— Post-annealed NiO

Intensity (a.u)

VBM: 0.63 eV

VBM:0.68 eV
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Binding energy (eV)
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better wetting of the perovskite precursor solution on top of
post-annealed NiO could lead to improved performance in the
fabricated solar cells.

Next, we analyze whether post-annealing affects also the
energy band alignment of ALD NiO with the perovskite. UPS
investigation allows to extract the valence band maximum
(VBM) and ionization energy (IE) values for the pristine, post-
annealed NiO films and also for the employed triple-cation
perovskite layer. More details on UPS data analysis can be
found in the ESIt (Fig. S5). Fig. 10a and b shows the UPS
spectra of the NiO films deposited on ITO substrates. A VBM of
0.68 eV and an IE of 5.46 eV are measured for the pristine ALD
NiO sample. For the post-annealed NiO, a VBM of 0.63 €V and
an IE of 5.3 eV are obtained. The perovskite film shows an IE of
6.05 eV and VBM of 1.67 eV (Fig. S6, ESIt). The obtained values are
in the range with those reported for mixed-cation perovskite® %
and also for NiO deposited by different techniques.'®*****® Based
on UPS analysis, the energy band diagram of ALD NiO is sketched
in Fig. 10c, with the band gap value of NiO being inferred by SE.
When comparing the values of IE and VBM for the pristine and
post-annealed NiO, it can be observed that the differences are
minimal. This indicates that the V. in the two investigated devices
should hardly be influenced, which is in good agreement with our
obtained j-V results (Table 2).

A decrease in resistivity of the NiO films from 8.7 x 10> Q cm
to 1.7 x 10*> Q cm is observed after post-annealing, which can
explain the decrease in Ry when comparing the corresponding
PSCs. Resistivity is dependent on both carrier concentration
and mobility of the films. Therefore, to assess whether there is
a change in carrier concentration of the ALD NiO films after
post-annealing, EIS is performed. Fig. 11 shows the Mott-
Schottky plots of the two investigated NiO samples. The results
reveal that post-annealing reduces the NiO carrier concen-
tration in the films, from a pristine density of (1.2 + 0.3) X
10%° em " to (3.5 & 0.5) x 10" ecm >, This decrease in carrier
concentration is accompanied by an increase in mobility of the

= Pristine NiO
e Post-annealed NiO

2x10"" 1
& N,=3.5x10"cm™
L u= 1.0 x10° cm?*/Vs
~ N,=1.2x10* cm® p=1.7 x10° Q-cm
o u= 6.0 x10° cm*Vs
1x10"4 p=8.7 x10? Q-cm
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Fig. 11 Mott-Schottky plots of pristine and post-annealed ALD NiO
samples, at 14 kHz applied frequency. The legend shows the carrier
concentration (Na) determined from the slope of the curve using the
Mott—Schottky equation, resistivity (p) from four point probe measure-
ments, and hole mobility (1) from 1/p = quNa, where g is the elementary
charge.

0
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NiO films from 6.0 x 10 > ecm?*V 's ' t0 1.0 x 10 > em?*V ' s},
an effect that has been previously reported in the literature.”® The
mobility and resistivity of our post-annealed NiO films are in good
agreement with the values obtained for spatial-ALD NiO in the
recent work of Zhao et al., where these films were utilized as HTL in
PSCs.** Our data support the evidence of higher J,. and FF in the
post-annealed ALD NiO-based devices, and thereby, higher PCEs in
comparison to the cells with pristine NiO.

Conclusions

In summary, a plasma-assisted ALD process capable of producing
high-quality thin films of NiO has been developed using Ni(MeCp),
as precursor and O, plasma as co-reactant within a table
temperature range of 50-300 °C. A linear growth behavior with
a growth rate of 0.32 A per cycle is obtained at 150 °C. The
formation of polycrystalline, cubic NiO films with a E, of 3.75 eV
is demonstrated, with excellent thickness uniformity on a 4 inch
c-Si wafer. By implementing 10 nm conformal ALD NiO as HTL,
efficient p-i-n PSCs are achieved based on triple cation perovskite.
It is seen that post-annealing the ALD NiO layers delivers a
superior PSC performance with 17.07% PCE when compared to
the pristine NiO-based device with 13.98% PCE. In particular, the
enhancement in PCE arises from an improved J. and FF in the
post-annealed NiO devices. The higher J;. and FF are the result of
better hole extraction at the post-annealed HTL/perovskite inter-
face, attributed to better wetting of the perovskite layer atop and
increased conductivity and mobility of the NiO films after
annealing. Meanwhile, both devices deliver similar V,. as con-
firmed by UPS analysis, showing negligible change in IE of the
NiO films with respect to the annealing treatment. Our work
elucidates that a careful design and optimization of the inter-
face between perovskite and ALD NiO holds utmost importance,
in addition to the superior bulk properties of the HTL itself, in
order to effectively extract the holes and achieve efficient device
performance. The choice of adopting ALD as a processing
technique can aid in maximizing the surface coverage of the
grown CTLs (especially on rough surfaces), thereby mitigating
the shunting pathways as well as parasitic absorption losses in
PSCs. In addition, suitability of ALD for large-area processing
can contribute toward upscaling of perovskite PV technology.
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