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Thin (approximately 10 nm) oxide buffer layers grown over lead-halide perovskite device

stacks are critical for protecting the perovskite against mechanical and environmental damage.



However, the limited perovskite stability restricts the processing methods and temperatures
(<110 °C) that can be used to deposit the oxide overlayers, with the latter limiting the electronic
properties of the oxides achievable. In this work, we demonstrate an alternative to existing
methods that can grow pinhole-free TiOx (x = 2.00+0.05) films with the requisite thickness in
<1 min without vacuum. This technique is atmospheric pressure chemical vapor deposition
(AP-CVD). The rapid but soft deposition enables growth temperatures of >180 °C to be used
to coat the perovskite. This is 270 °C higher than achievable by current methods and results in
more conductive TiOx films, boosting solar cell efficiencies by >2%. Likewise, when AP-CVD
SnOx (x = 2) is grown on perovskites, there is also minimal damage to the perovskite beneath.
The SnOx layer is pinhole-free and conformal, which reduces shunting in devices, and increases
steady-state efficiencies from 16.5% (no SnOy) to 19.4% (60 nm SnO,), with fill factors
reaching 84%. This work shows AP-CVD to be a versatile technique for growing oxides on

thermally-sensitive materials.

1. Introduction

Lead-halide perovskites are attracting substantial attention for energy and optoelectronic
applications, owing to rapidly rising efficiencies in devices, including photovoltaics,!! light-
emitting diodes,>?! X-ray detectors!*) and photodetectors.’] These materials have the
stoichiometry ABX3, in which A is a monovalent cation (e.g., methylammonium or MA*), B a
divalent cation (i.e., Pb*") and X a halide (e.g., I'). As such, lead-halide perovskites are versatile
materials with band gaps that can be tuned over the entire visible light range by changing the
composition.[®! These materials exhibit an exceptional tolerance to point defects, i.e., the lead-
halide perovskites can achieve long charge-carrier lifetimes and high luminescence quantum
yields, despite being grown from solution with high densities of vacancies and interstitials.[”*!
An important restriction, however, is the limited thermal, environmental and mechanical

stability of lead-halide perovskites. MAPbI3, in particular, is thermodynamically unstable!®! and



thin films have been reported to degrade in ambient air at room temperature within days.!?
Improved thermal stability has been achieved in ‘triple-cation’ perovskites, in which the MA™*
is replaced with a mixture of Cs*, formamidinium (FA*) and MA™.[''l However, the
photovoltaic performance of triple-cation perovskites still decreases from 20% to 18% after
250 h continuous operation at room temperature in an inert nitrogen environment.['!] Similarly,
the low mechanical stability of the perovskites results in films being damaged when bombarded
by energetic particles, such as during sputter-deposition.['?] Recently, the use of compact oxides
grown over the perovskite and organic charge transport layer has led to significant
improvements in stability. By depositing a 50 nm thick layer of Al-doped ZnO nanoparticles
on p-i-n structured perovskite solar cells, Bush et al. successfully protected the perovskite from
mechanical damage when growing a transparent indium tin oxide (ITO) electrode on top by
sputter-deposition. The resultant semi-transparent perovskite top-cells were used in four-
terminal tandems with silicon.['] However, the nanoparticle layer needed to be thick to be
pinhole-free, leading to series resistance losses.[!!3] This limitation was subsequently
overcome by using atomic layer deposition (ALD) to grow a pinhole-free, thin bilayer of 4 nm
SnOx and 2 nm zinc tin oxide.!'31 ALD has also recently been used to grow a 18-40 nm thick
layer of amorphous TiO> over triple-cation perovskite, which protected the perovskite for 2 h
in acidic electrolytes, allowing them to be used as photocathodes for water splitting.!'*! Whilst
ALD is now used in the industrial-scale production of silicon solar cells, deposition times are
long due to the low growth rate and need to carry out the reaction under vacuum. For example,
growing 7 nm ALD SnO; at 100 °C takes 1 h.['*] Sputter-deposition grows oxides faster but

12,13,16] A recent work showed that perovskites with sputtered

usually damages the perovskite.!
ZnO buffer layers were less efficient than similar devices with spin-coated ZnO nanoparticle

buffer layers (12.5% vs. 16.1% respectively).[!”]



Although a wide range of deposition methods and processing conditions can be used to grow
oxide charge transport layers beneath the perovskite, only a small selection of these methods
and a narrow range of growth temperatures have been shown to be compatible with growing
oxides over the perovskite. Apart from spin-coating colloidal nanocrystals, ALD and sputter-
deposition, thermal evaporation has also been used, but mainly for high work function n-type
oxides to extract holes rather than low work function oxides for extracting electrons. In order
to manufacture oxide buffer layers on a large scale for device applications (e.g., top-cells or
photocathodes), the growth technique should: 1) yield conductive oxides without damaging the
perovskite, 2) result in pinhole-free and dense films, 3) feature rapid but uniform film growth,
4) be scalable, and 5) produce films that are conformal to textured substrates. The latter is
particularly important for applications in tandem solar cells with silicon, in which the highest
efficiencies have been achieved with front-textured silicon, requiring conformal perovskite,
charge transport and oxide buffer layers.['3!l However, the current techniques used for growing
oxide buffer layers are not able to achieve all requirements simultaneously (Table 1). Whilst
dense, conformal and uniform oxide films can be achieved by ALD and thermal evaporation,
both techniques are slow, vacuum-based methods with limited throughput. By contrast, spin-
coating oxide nanoparticles is a fast and facile method on a lab-scale without requiring vacuum,
but is not conformal and is challenging to scale-up to the module-level. A particular challenge
with all growth methods is that the thermal instability of the lead-halide perovskite limits the
maximum processing temperature which can be used for the deposition of oxides over
perovskite films. For example, Palmstrom et al. found that cesium-formamidinium-based
perovskites (more thermally-stable than MAPbI3) degraded when ALD SnO, was deposited at
110 °C or above.['*] As shown in Table S1, SI, oxides grown by any of the current techniques
have typically been processed at up to 100 °C, and in many cases at room temperature. But this
limits the electronic properties of the oxides achievable, since higher mobilities and,

presumably in some cases, improved band alignment of the oxide with the perovskite is
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achieved at higher deposition or annealing temperatures.?°22] Variants of ALD have also been
proposed that can grow pinhole-free and conformal oxides more rapidly. These are pulsed
chemical vapor deposition (pulsed-CVD, in which the purge times in ALD are reduced)!!>! and
spatial atomic layer deposition (in which the metal precursor and oxidant are spatially-

23241 However, Palmstrom et al. found that cesium-formamidinium-based

separated).!
perovskites still degrade when depositing SnO; buffer layers at 110 °C or above by pulsed-
CVD.I' Riedl et al. found that when increasing the temperature for growing SnO: on
perovskites by spatial ALD to above 80 °C, there was still a decrease in the efficiency of
MAPbI; solar cells.[>>] These methods are therefore not suited to overcome the challenges of

the current techniques for growing oxide buffer layers on perovskites.

Table 1. Summary of the key requirements for growing oxide buffer layers on lead-halide
perovskite device stacks and how much each oxide growth method fulfils each requirement®

Deposition method/Requirement provcvelgzing Pinhole-free Fast growth Scalable Conformal
window®

Spin-coating oxide nanoparticles x - v x x

Atomic layer deposition x v - v v

Sputter deposition x v v v v

Thermal evaporation x v - _ v

AP-CVD (this work) v v v v v

4 ‘" signifies partial fulfilment

® Processing window captures the range of deposition temperatures compatible with growing
on perovskites, range of oxidants that can be used, extent to which the deposition method
damages the perovskite and ultimately the efficiencies that can be achieved

An unexplored alternative for oxide film growth over lead-halide perovskites is atmospheric
pressure chemical vapor deposition (AP-CVD). AP-CVD uses the same precursors as ALD, but
mixes them in the gas phase to obtain CVD rather than self-limiting growth (Figure 1a). Thus
AP-CVD has higher growth rates per unit time and per cycle than spatial ALD.[2*26] Also, AP-
CVD processes oxides under ambient conditions without a vacuum chamber and is compatible

with high-throughput roll-to-roll manufacturing, unlike pulsed-CVD.[23-2427-21 We previously

developed a gas manifold (Vertical Cambridge University Close Proximity reactor, or V-
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CUCP) that distributes the gas precursors uniformly across the manifold and guides the gases
vertically down to the substrate held tens of um below (Figure 1a). ZnO films grown by AP-

CVD using the V-CUCP reactor were deposited at similar temperatures as ALD, with

[23,24,30,31 [24,32]

comparable thickness uniformity, I conformality to high-aspect ratio nanowires,
and with growth rates of 1.1 nm s}, which was an order of magnitude larger than by ALD.
Although AP-CVD has the potential to fulfil the film quality, growth rate, scalability and
conformality requirements for manufacturing oxide buffer layers, a key question is whether the
shorter deposition times achievable can allow higher deposition temperatures to be used, and
whether this can lead to increased device performance. Furthermore, we have previously only
demonstrated the growth of ZnO and Zni..Mg,O on MAPbBr; for light-emitting diodes.*’]

However, ZnO is known to degrade MAPbI; perovskites due to the high isoelectric point,3433]

and groups have reported that the diethylzinc precursor itself may react with the perovskite.[2¢]
It is therefore important to understand whether AP-CVD can grow alternative oxides that are

chemically inert to iodide-based perovskites and overcome the limitations of the current

methods for growing oxide overlayers on lead-halide perovskites.

In this work, we aim to understand whether AP-CVD can be used to broaden the processing
window of n-type oxides grown over lead-halide perovskite solar cells. For the n-type oxides,
we investigate TiOx and SnOy, grown by AP-CVD over perovskites for the first time, and
compare with ZnO. We investigate the properties of the oxides grown, and compare their
deposition on perovskite solar cells based on thermally-sensitive MAPbI3 and the more
thermally-stable triple-cation perovskites (Cso.os(MAo.17F Ao.83)0.05Pb(l0.84Bro.16)3). For all oxide
films, we compare the oxide growth at 100 °C with Oz gas oxidant vs. 150 °C with H>O vapor
oxidant. In this work, we refer to these as mild and strong growth conditions respectively. We
then investigate the impact of the oxide films formed under these two conditions on the

performance of perovskite solar cells. Both the mild and strong growth conditions are typically
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inaccessible when using ALD to grow oxides over perovskites, either because chemisorption is
not possible (mild conditions),’*%! or because the perovskite would degrade (strong conditions).
Strong growth conditions are also not accessible by solution-processing, thermal evaporation

or sputter-deposition for growing oxide buffer layers on perovskites.
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Figure 1. (a) Illustration of growing oxides on lead-halide perovskite films by AP-CVD. Metal
precursor vapor (M), oxidant (Ox) and inert gas (I, in this case Ar) are introduced to the gas
manifold from both sides (cross-section of manifold shown), where they are guided vertically
down to the substrate. The metal precursor and oxidant mix in the gas phase, and the oxide thin
film is grown by chemical vapor deposition. The oxide thickness depends on the number of
times the substrate is moved through the gas channels. The oxide is grown by a soft chemical-
based method (unlike sputter-deposition), and the growth rates are high with no vacuum
required (unlike ALD and thermal evaporation). Properties of AP-CVD TiO,x grown onto
MAPDIs. (b) Thickness of TiO, against exposure time per AP-CVD cycle, (c) thickness against
total deposition time. Morphology, measured by atomic force microscopy, of (d) MAPbI3 thin
film deposited on glass and (e) a sister sample with TiO, grown directly on top at 150 °C using
H>O vapor as the oxidant. The root mean square roughness for both samples was 14 nm.
Photographs of the samples measured are inset.

2. Results and Discussion
2.1. TiO« Overlayers
We began by focusing on TiO,. By varying the exposure time per cycle in our V-CUCP reactor

from 27 ms to 800 ms, we found the growth regime to be CVD rather than ALD based on the
linear dependence of the film thickness on exposure time, with no evidence of saturation being
reached (Figure 1b; in ALD, the Ti precursor pulse times are typically 100-150 ms).['4371 Under
mild processing conditions, the growth rate was 0.63+0.03 nm s, while under strong
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processing conditions, the growth rate was 1.19+0.04 nm s! (Figure 1¢). The growth rates per
AP-CVD cycle are shown in Figure S1, SI. The growth rates achieved by AP-CVD for TiOx
are over two orders of magnitude larger than TiO, grown by ALD at comparable
temperatures.*®! Our X-ray photoemission spectroscopy (XPS) measurements of the TiO; films
(Figure S2, SI) had no distinct CI 2p core level peak, indicating a high reaction yield of the
TiCls precursor, with insignificant Cl incorporation in the resulting TiO, films. From XPS
measurements of TiO, grown on gold, we found the x values to be 2.00+0.05 under mild and
strong conditions. X-ray diffraction measurements showed the films to be amorphous (Figure
S4, SI), which is consistent with ALD films grown at comparable temperatures.**! The
refractive indices of the TiO, films were 2.2 (mild conditions) and 2.3 (strong conditions) at
640 nm wavelength (Figure S5, SI), which are comparable to the refractive indices of TiO>
grown by ALD under fully-saturated conditions at similar temperatures.[**4% This indicates that
AP-CVD TiO, was dense and compact, with the films grown under strong conditions being
slightly denser. In addition, atomic force microscopy measurements showed the films to be free

from pinholes (Figure S6, SI).

To understand whether the growth of AP-CVD TiO, over perovskites leads to damage, we used
strong processing conditions (150 °C, H2O vapor) with the most unstable perovskite (MAPbI;).
After we grew 5 AP-CVD cycles of TiO, (7 nm film thickness, as determined from Figure S1,
SI) directly over MAPDI; thin films, there was no noticeable visual change in the film
appearance or morphology, as measured by atomic force microscopy (Figure 1d,e). This
suggests that the rapid growth of TiO, avoided the degradation of thermally-sensitive MAPDI.
This contrasts to previous reports for ALD TiOy, in which a 50 nm thick PCs1BM layer was
required over MAPbI; to avoid degradation when growing TiO, on top by ALD, due to the

much longer total deposition time of approximately 1 h.[4!]



We next focused on the structural and optoelectronic properties of MAPbI; films after the
growth of the AP-CVD TiO, overlayer. To keep the system investigated comparable to the
structure used in photovoltaic devices, we covered the MAPDI; film with a 5 nm layer of
PCs1BM (thickness measured by atomic force microscopy). In this layout, the samples mimic
the layer stack in the solar cells with comparable chemical reactivity between the individual
layers. At the same time, the PCs1BM layer is not sufficiently thick to protect the perovskite
from thermal damage, and there would thus be more degradation than in full devices. However,
when we measured the diffraction pattern of the PCsiBM-coated MAPDI3 samples after
depositing 5 AP-CVD cycles of TiO, under mild and strong conditions, the films remained
phase-pure with no Pblx peaks appearing (Figure 2a; close-up in Figure S7, SI). This suggests
that the rapid growth of TiO, by AP-CVD led to an avoidance of bulk structural damage. By
contrast the growth of TiO, with comparable thickness by ALD at only 100 °C has been
reported to lead to degradation.*!! We also observed no significant quenching of the
photoluminescence (PL) lifetime when TiO. was grown by AP-CVD over MAPbIz/PCs1BM
under strong processing conditions (Figure 2b). Similarly, TiO, grown under strong conditions
directly over MAPDI; films did not lead to faster PL decay (Figure S8, SI). These suggest that

no extra non-radiative recombination pathways were introduced by AP-CVD growth.
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Figure 2. Analysis of MAPbI3 films coated with a non-compact 5 nm layer PCs1BM. (a)
Diffraction patterns and (b) time-resolved photoluminescence (PL) of MAPbI3/PCs1BM with
TiO, grown on top. * denotes the position of where the Pbl, (001) peak would be. X-ray
photoemission spectra of (¢) O s, (d) N 1s, (e) Pb 4f and (f) I 3d core level regions for
MAPDBI3/PCe1BM thin films compared to corresponding samples with TiO, (5 AP-CVD cycles)
grown on top. The legend for parts ¢) — f) are the same.

To determine whether the growth of the AP-CVD TiO, overlayer damaged the perovskite
surface and to access potential chemical reactions at the interface,*?! we performed X-ray
photoemission spectroscopy measurements (4 v= 1486.6 eV) on a set of sister MAPbI3 samples
covered with a 5 nm layer of PCs1BM. The thin PCs1BM layer was non-compact and we were
able to capture the signal from the perovskite surface. The survey spectra are shown in Figure
S3a, SI. Figure 2c shows that the samples with no oxide have an O 1s core peak centered at
532.6 eV (Figure S3b&ec, SI), which is attributed to adventitious oxygen and oxygen in the
carboxylic acid group of the PCsiBM molecule.*¥] Following the deposition of the TiO.
overlayers, another O 1s core peak centered at a binding energy of 531.1 eV appeared (Figure
2¢ & Figure S3b&c, SI). This has been attributed to oxygen bonded to titanium.[**] These results
are consistent with the Ti 2p3» core level spectra, which only have peaks for the samples

covered with TiOy (Figure S3d—f, SI). Figure 2d shows the N Ls core levels. The peak centered

at 402.5 eV is consistent with nitrogen present in methylammonium.*l Following TiO.
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deposition, no N s core peaks associated with degradation products from MA* (which would
be located at lower binding energies)*! were found. The N 1s full width at half maximum
(FWHM) also did not become broader and the N/Pb ratio did not decrease (Table 2). Both
suggest that the thermally-sensitive MA™ cation was not damaged and may not have been
significantly removed from the lattice. The inorganic lattice of MAPbI3 also exhibited no
damage, since no metallic Pb? core peaks (Figure 2¢) or oxyiodide (Figure 2f) peaks were found.
Whilst the I/Pb ratio was lower after the deposition of TiO, (Table 2), the ratio remains within
the ‘defect-tolerant’ region for MAPbI3.[431 Our XPS results therefore indicate that the surface
of MAPDbI; was not thermally damaged after the deposition of AP-CVD TiO, on the MAPbI/(5
nm) PC¢1BM stack owing to the rapid growth rates achievable.

Table 2. Ratio of elements in MAPbI; films measured by X-ray photoemission spectroscopy

With TiOx
Ratio No Oxide
100 °C, Oz2gas 150 °C, H20 vapor
N/Pb 1.1£0.1 1.3+0.1 1.1£0.1
I/Pb 3.1£0.1 2.7+0.1 2.7+0.1

To determine the effect of the TiO. growth conditions on the performance of MAPbI3 solar
cells, we fabricated devices using a p-i-n structure (Figure 3a), with solution-processed NiOy as
the hole transport layer and 40 nm thick PCs1BM as the electron transport layer (as detailed in
the Experimental Procedures). We used bathocuproine (BCP) and Ag for the top electrode, in
which the BCP acted as an interface modifier to ensure no barrier to electron extraction. Devices
with a TiO, overlayer grown under mild conditions not only showed no decrease in performance
compared to the control, but rather gave an improvement in efficiency (Figure 3b). Similarly,
devices with TiO, grown under strong conditions gave more efficient devices than the control.
We then kept the oxidant used to H>O vapor and varied the TiO, growth temperature from 60 °C
to 200 °C. Surprisingly, we found that there was no significant decrease in the power conversion

efficiency compared to the control until the growth temperature was 180 °C (Figure 3b). This
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is significantly higher than the perovskite-compatible growth temperatures reported for solution
processing, ALD or TiO», in which the oxide layers could only be processed at up to 100 °C
(Table SI, SI).I331 We found that the range of perovskite-compatible growth temperatures was
larger for triple-cation perovskites. With these samples, the power conversion efficiencies did
not significantly decrease until the growth temperature was above 180 °C (Figure 3c). Even for
the triple-cation perovskite devices with TiO, grown at 220 °C, there were some devices that
were more efficient than the control (Figure S10, SI). This suggests that despite such elevated
processing temperatures, not all of the perovskite device was degraded, which contrasts with

perovskite devices that have solution-processed, sputter-deposited or ALD overlayers.!!>4!]
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Figure 3. (a) Device structure used. The AP-CVD oxide here was TiOy. Power conversion
efficiency of (b) MAPDI; and (c) triple-cation perovskite solar cells as a function of the
temperature of the platen the samples were mounted on when depositing an overlayer of TiOx
by AP-CVD. The triple-cation perovskite was Cso.os(MAo.17F Ao.83)0.95Pb(I0.84Bro.16)3. The blue
points are for cells with TiO, grown under strong conditions. The red point is for cells with
TiO, grown under mild conditions. These are compared to cells with no oxide overlayer
(control). In each case, the performance of six samples was averaged. The error bars each

represent two standard errors.

Our most efficient devices were triple-cation perovskites that had TiO, grown at 150 °C using
H>O vapor as the oxidant (Figure 3b&c). When we replaced the BCP/Ag top electrodes with
more reflective Al electrodes to obtain a more efficient control device (15.9% power conversion
efficiency), adding a TiO, layer grown under strong conditions improved the performance to
17.1% (details in Figure S11 and Table S2, SI). The improvement in performance over the

control was primarily due to an increase in the shunt resistance from 3000+1000 Q cm?
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(control) to 40003000 Q cm? (with TiO,), which correlated with increases in the fill factor
from 70+3% to 76.4+0.3%. This is likely due to the spin-coated PCs1BM layer being non-
compact (Figure S12, SI) and the dense AP-CVD TiO, forming a pinhole-free layer covering

it, thereby reducing shunt pathways.

But growing TiO, at 150 °C also led to more efficient performance compared to other growth
temperatures (Figure 3b&c). We hypothesized that the improvement in device performance
when increasing the TiO, growth temperature to 150 °C was due to a reduction in the resistivity
of the oxide films. To test this, we grew 300 nm thick AP-CVD TiO, on ITO and evaporated
Al on top. We measured the current density against applied bias and fitted the linear regime to
calculate the resistivity (refer to Figure S13, SI for representative measurements). From these
measurements, we found that the resistivity decreased from (4.7+0.8) x 10* Q c¢cm (100 °C) to
(1.7£0.2) x 103 Q cm (150 °C), as shown in Figure 4. This correlated with a decrease in the
series resistance of the MAPbI; solar cells from 3.9+0.6 Q cm? (100 °C) to 2.2+0.2 Q cm?
(150 °C), and an increase in the fill factor from 56+£1% (100 °C) to 74+£1% (150 °C). Similar
trends were observed with the triple-cation perovskite devices. This shows the importance of
being able to open-up the processing window for TiO; in order to achieve higher-performing

devices.
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Figure 4. Resistivity of TiO, grown at different temperatures using H>O vapor as the oxidant.
We note that the TiOx films grown at temperatures above 150 °C had comparable or lower
resistivity (Figure 4). However, further increases in efficiency were not observed. By contrast
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devices with TiO, grown at 180 °C and higher had larger series resistance and lower fill factors.
This is likely due to the thermally-induced degradation of the perovskite, which manifested as
an overall reduction in the power conversion efficiency compared to the control when growth
temperatures were higher than 180 °C.

We also note that TiO, films grown at 100 °C using O gas as the oxidant have similar resistivity
((4£3) x 10* Q cm) as the films grown using H,O vapor ((4.7+0.8) x 10* Q cm). However, in
both MAPDI; and triple-cation perovskite devices, the series resistance of the devices with TiOx
grown with O> gas was lower than those with H>O vapor. This was likely because the TiOx

films were approximately half the thickness, due to the lower growth rate (Figure 1b), since the

same number of AP-CVD cycles were used.

2.2. ZnO and SnOx Overlayers
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Figure 5. Growth of AP-CVD ZnO and SnOx on MAPbDI; and triple-cation (TC) perovskite.
The TC perovskite was Cso.0s(MAo.17FAo.83)0.95Pb(lo.84B10.16)3. X-ray diffraction patterns of as-
deposited perovskite films compared to films that have (a) ZnO or (b) SnOx overlayers grown
at 100 °C with O gas as the oxidant. Performance of (c) MAPbIz or (d) TC solar cells with
oxide overlayers. The device structure was
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glass/ITO/NiOy/perovskite/(40 nm) PCs1BM/oxide/Al. (e) Illuminated and (f) dark current-
density vs. voltage curves and (inset) steady-state power output of triple-cation PVs with AP-
CVD SnO..

To determine whether AP-CVD can be more generally applied to enable other n-type oxides to
be grown over perovskites across a wider processing window, we investigated ZnO and SnO..
We have previously shown that ZnO deposited with our V-CUCP reactor is grown under CVD
mode with a growth rate of 1.1 nm s71.3% We investigated the growth regime of SnO, and found
it to also be CVD from the linear relationship between film thickness and exposure time (Figure
S14a, SI). The growth rates were 0.41+0.04 nms' (mild growth conditions) and
0.27+0.02 nm s! (strong growth conditions), as shown in Figure S14b, SI. These growth rates
were two orders of magnitude larger than literature reports for ALD SnO; grown at 80 °C!%! or
100 °C,"* as well as being an order of magnitude higher than pulsed-CVD.['¥] The films grown
were amorphous (Figure S15, SI), and the refractive indices were 1.8 at a wavelength of 632 nm
under both growth conditions (Figure S16, SI), which is similar to previous reports of dense
ALD SnO:; films grown at these temperatures./*? Atomic force microscopy measurements of
the films showed them to be free from pinholes (Figure S17, SI). The AP-CVD SnO, films were
uniform over the deposition area, with the thickness varying by only 1% (two standard errors
compared to the average thickness), as shown in Figure S18, SI. From X-ray photoemission
spectroscopy measurements, we found the x value for SnO, grown under both mild and strong
conditions to be 1.98+0.07 (Figure S19&S20, SI). We previously found that AP-CVD ZnO
grown in the same reactor has a thickness variation of only 3% over the entire deposition

area.l*!]

We grew 100 AP-CVD cycles of ZnO and SnOx (2 min total deposition time) directly onto
MAPDI; and triple-cation perovskite films. The control triple-cation perovskite films without

oxide overlayers have a small quantity of residual Pbl,, which has been commonly observed in
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(42431 The growth of the ZnO overlayers under mild conditions resulted in a

previous works.
higher relative intensity of the Pbl, peak for both MAPbI3 and triple-cation perovskite films
(Figure 5a, Figure S21a&b, SI and Figure S22a&b, SI). This may have been due to ZnO itself
degrading the perovskite due to its high isoelectric point, as discussed in previous reports.[444°]
But with the SnO, overlayers, the MAPDI; films did not form a Pbl; diffraction peak, even
under strong growth conditions (Figure 5b & Figure S21c, SI and Figure S22c, SI). For the
triple-cation perovskites, the residual Pbl, peak did not increase when SnO, was grown on top
under mild conditions (Figure 5b). However, under strong growth conditions, there was a small
increase in the Pbl, peak and small decrease in the intensity of the (002) and (110) perovskite
peaks, as well as the appearance of a small peak at 11.7° 26 (Figure S21d, SI and Figure S22d,
SI), which we attribute to the appearance of the cesium lead halide delta phase.[*®! Tt has
previously been reported that at temperatures above 110 °C, the tetrakis(dimethylamido)tin
precursor can remove the FA*' cation from the perovskite.['”) This would agree with our
observations, in which the deposition of the SnO, overlayer at 150 °C could have removed a
small quantity of FA™, resulting in a small increase in Pbl, content and the formation of a cesium
lead halide delta phase due to a more Cs-rich perovskite being present. However, we note that
the intensity of both the Pbl> and delta-phase peaks remain small, whereas previous reports of
ALD or pulsed-CVD SnO, grown at 150 °C on Cs-FA perovskites resulted in the Pbl, peak
being larger than the perovskite (002) & (110) peaks. We attribute the limited bulk damage to
the perovskite to the deposition time being significantly shorter (2 min here vs. <15 min for
pulsed-CVD and ~60 min for ALD).!'5! In addition, our results suggest that MA* was not as
significantly affected by the tin precursor, hence the absence of Pbl, formation in MAPDI;.
Overall, our results show the growth of a SnO, overlayer to not be as damaging to the bare
perovskite films as ZnO, thus showing the importance of looking beyond ZnO for AP-CVD

oxide overlayers for lead-halide perovskites.
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Consistent with our X-ray diffraction measurements, we found that the growth of a ZnO
overlayer led to a significant decrease in device performance, especially for MAPbI3 devices
with ZnO grown under strong conditions (Figure 5c&d). This is consistent with an increased
Pbl; content in the perovskite films following the deposition of the oxide overlayer. By contrast,
the growth of the AP-CVD SnOx overlayer under both mild and strong conditions did not lead
to an as significant decrease in performance. This is consistent with the X-ray diffraction
measurements showing that only a small increase in Pbl content occurred following the growth
of the SnO, overlayer on the triple-cation perovskites under strong conditions. Indeed, the
growth of SnO;, using mild conditions led to comparable (MAPbI3) or improved (triple-cation

perovskite) performance compared to the control devices (Figure 5c&d).

After optimizing the thickness of the SnO, layer (grown under mild conditions) to 60 nm, we
achieved a triple-cation perovskite device with a power conversion efficiency of 19.7% (reverse
sweep)/19.3% (forward sweep), which was close to the steady-state efficiency of 19.4% (Figure
Se, inset). This was higher than the performance of the control device (16.5% reverse sweep;
16.3% forward sweep; 16.5% steady-state efficiency). The improvement in efficiency was
statistically significant, with the SnO.-coated devices having an average efficiency of 18+1%,
compared to 15+1 % for the control. The means were calculated from six devices for each
condition, and the average forward and reverse sweep efficiencies were the same. The
improvement in performance was primarily due to an increase in the fill factor from 72+2%
(control) to 82+2% (60 nm SnOy). This correlated with an increase in the shunt resistance from
1300+£600 ©Q cm? (control) to 3000+1000 ©Q cm? (60 nm SnOy). Our dark current-density vs.
voltage measurements (Figure 5f) are consistent with a reduction in shunting with the SnOx
overlayer, in which the coated triple-cation perovskite devices showed lower reverse-bias dark
current density and a higher rectification ratio. This is similar to our results with the TiOx

overlayer and is likely due to the dense oxide covering shunt pathways in the PCs1BM layer
17



(Figure S12, SI). We note that we only measured the dark current density curves to -0.2 V
because these devices exhibited voltage breakdown at more negative biases. The fill factor of
our champion device with AP-CVD SnO, was 84%. By contrast, perovskite devices with oxide
buffer layers grown by solution-processing and sputter deposition have lower fill factors
because of current leakage through less dense films (solution-processing),[*8! or because of
damage to the perovskite surface and more resistive oxides grown under sub-optimal conditions
(sputter deposition).l'”) To our knowledge, the champion steady-state efficiency of 19.4% is
currently the highest reported for a perovskite device with an oxide buffer layer deposited by

ALD, solution processing or sputter deposition (Table S1, SI).

2.3. Broad Applications of AP-CVD Oxides in Devices

To investigate whether we can apply our AP-CVD SnO, to cover textured perovskite films, we
grew wrinkled Cso.17FA0.83Pb(lo83Bro.17)3 perovskites (Figure 6a). These thin films wrinkle
during annealing due to compressive stresses,!*’! which is achievable by tuning the fraction of
dimethyl sulfoxide in the perovskite solvent. After depositing PCs1BM by solution processing,
clusters and streaks formed (Figure 6b), suggesting non-uniform coverage of the PCs1BM.
Depositing 20 nm SnOy on top resulted in the same morphology as the PCs1BM-coated sample,
suggesting conformal coverage (Figure 6¢). We imaged a cross-section of the sample with
PCs1BM and SnOy, and found that while the PCs1BM did not cover some regions of the
wrinkled perovskite, the SnOy layer was conformal over the entire surface of the sample (Figure
S23, SI). The devices with only a PCs1BM layer exhibited significant shunting (Figure 6¢,d),
with fill factors of 3842% and shunt resistances of only 300+50 Q cm?. However, after the
growth the SnO, overlayer, the fill factor increased and reverse-bias dark current-density
decreased with increasing thickness (Figure 6¢,d). Through the use of AP-CVD SnO,, we were
able to increase the power conversion efficiency from 6.5+0.6% (no oxide; forward sweep) to

10.9£0.5% (115 nm SnO,; forward sweep). This has potential future applications in
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conformally covering evaporated perovskite films grown over textured silicon cells for tandem
photovoltaic devices, which are becoming increasingly popular because they have led to the
most efficient perovskite-silicon tandems, and industry-standard silicon solar cells are front-
textured to reduce light scattering.[*34°1 We note that the AP-CVD SnO, and TiO, films exhibit
high transmittances >90% in the visible light wavelength range, rising to >98% in the near-
infrared wavelength range (Figure S24a&b, SI). This makes them suitable as buffer layers for
a semi-transparent perovskite top-cell that have minimal contribution to parasitic optical losses.
Finally, we note that when we grew 60 nm SnO, over (Cs,FA)-based perovskites with a more
optimized composition and device structure, with less wrinkling, we improved the median
efficiency from 14.7% (no SnOy) to 15.4% (with SnO,; peak value of 16.8%), as detailed in
Figure S25, SI.
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Figure 6. Atomic force microscopy image of wrinkled Cso.17FAo.83Pb(I0.83B10.17)3 thin film (a)
with no overlayer, (b) coated with PCs1BM and (c) coated with PCs1BM and SnO,. The color
scales in all atomic force microscopy images were adjusted to range from -400 nm to 400 nm.
(d) Illuminated current density—voltage curves and (e) dark current density—voltage curves of

Current density (mA cm'2)
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Cso0.17F Ao.83Pb(10.83Bro.17)3 devices coated with PC¢1BM and with no oxide (control), 35 nm and
115 nm SnO..

3. Conclusion

Growth of oxide buffer layers over lead-halide perovskites and their organic charge transport
layers is critically important for protecting against environmental and mechanical damage, and
requires finely-tuned processing parameters compatible to the thermally-unstable perovskite
layer. In this work, we have shown AP-CVD to overcome the limitations of the current methods
to fulfil all key requirements for growing oxide buffer layers on lead-halide perovskites. AP-
CVD films are pinhole-free and uniform over large area, can be grown rapidly without vacuum,
and are conformal to textured perovskites. Using TiOx as the main test material (x = 2.00+0.05),
we found that the short processing times allowed us to broaden the range of deposition
temperatures compatible with the perovskite stack from <110 °C (spin-coating, ALD, sputter-
deposition and thermal evaporation) to >180 °C (AP-CVD). TiO, grown at higher temperature
has lower resistivity, resulting in efficiencies improving by >2% in single-junction perovskite

solar cells.

More broadly, we showed that AP-CVD can also grow uniform SnO; (x = 1.98+0.07) and ZnO
on perovskites, but the ZnO degraded the perovskite, emphasizing the importance of looking
beyond ZnO for buffer layers. Using pinhole-free AP-CVD SnOx to cover the non-continuous
PCs1BM layer in triple-cation perovskite devices, we reduced current leakage, resulting in fill
factors reaching 84% and steady-state efficiencies increasing from 16.5% (no SnOx) to 19.4%
(with 60 nm SnOy). To our knowledge, 19.4% is currently the highest power conversion
efficiency amongst p-i-n structured perovskite solar cells with oxide buffer layers grown by any
practical coating method. AP-CVD is therefore a versatile technique that is appealing for

manufacturing oxide buffer layers for perovskite optoelectronic devices.
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