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Abstract

Two critical issues associated with semi-transparent, n-i-p perovskite solar cells for 2-terminal
tandem devices are parasitic absorption and long-term instability associated with the widely used
spiro-OMeTAD and MoOj hole transport and buffer layers, respectively. In this work, we
present an alternative hole contact bilayer that consists of a 30 nm undoped layer of spiro-TTB in
conjunction with 9 nm of air-stable vanadium oxide (VOy) deposited via atomic layer deposition.
The low absorption of UV and visible light in this bilayer results in the fabrication of a semi-
transparent perovskite cell with 18.9 mA/cm? of photocurrent, a 14% increase compared to the
16.6 mA/cm? generated in a control device with 150 nm of doped spiro-OMeTAD. The ALD
VO, buffer layer shows promise as a stable alternative to MoOy; an unencapsulated

Cso.17FAg 83Pb(Bry 171 83); device with ALD VO,/ITO as the top contact maintains its efficiency
following 1000 hours at 85°C in a N, environment. Lastly, we use transfer matrix modeling of
the optimized perovskite stack to predict its optical performance in a monolithic tandem cell with

heterojunction silicon.
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Introduction

Multi-junction solar cells are a proven pathway towards surpassing the power conversion
efficiency (PCE) limits of single-junction devices. In particular, tandem cells that utilize
crystalline silicon (c-Si) technology as the low band gap semiconductor are particularly attractive
due to the high efficiency and well-established, low-cost manufacturing of ¢-Si modules.! Over
the past several years, lead-halide perovskite solar cells (PSCs) have demonstrated a meteoric
rise in efficiency to over 23% PCE for single junction devices.? This rapid improvement in
performance, along with other favorable properties such as a tunable band gap’-® and strong
optical absorption® makes PSCs a suitable candidate for the wide band gap cell of high-

performance, low-cost tandems.!%-13

To date, the highest published efficiencies for 2-terminal PSC/c-Si tandems in the n-i-p and p-i-n
architectures are 22.5% and 25.4% PCE, respectively.!>!6 Not only is the performance of the n-i-
p tandem worse than that of its p-i-n counterpart, it also falls below 23.7% PCE — the current
record efficiency for a single-junction PSC in the same architecture.® The primary reason for this
discrepancy is a lower photocurrent in n-i-p tandems due to parasitic light absorption and
reflection associated with the PSC hole transport layers (HTLs).!”!3 Another important
contributor is losses incurred by replacing an opaque contact with a transmissive one. While a
sputtered transparent conducting oxide (TCO) is an effective front contact for semi-transparent
PSCs and improves thermal stability of devices by acting as a diffusion barrier,!>2? it requires an
additional buffer layer to protect the underlying solar cell from damage due to high kinetic
energy particles during sputtering.?!?> Recently, SnO, deposited by atomic layer deposition
(ALD) as a sputter buffer layer has been instrumental in the fabrication of stable and highly
efficient 2-terminal p-i-n PSC/c-Si tandems.!'?16-23 Its most common counterpart for n-i-p
tandems is molybdenum oxide (MoOy), typically around 10 nm thick, deposited by thermal

evaporation, '3

While the MoOy layer effectively prevents the solar cell from sputter damage, it has been shown
to react with the perovskite, which negatively impacts device efficiency and stability.?>-27 Further
studies have demonstrated that this degradation can be reduced in single-junction cells with an

organic interlayer and an aluminum electrode, in part by the formation of aluminum oxide at the
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MoO,/Al interface.?® However, the long-term stability of semi-transparent devices with MoOy
has yet to be tested, and preliminary results on MoOy reactivity and the impacts of increasing
MoO, thickness on stability are not encouraging.?> 2’ One potential substitute for MoOy as a
buffer layer in semi-transparent PSCs is vanadium oxide (VOy). VOy is a wide bandgap
semiconductor (> 2 e¢V) with a low-lying conduction band.?® Unlike most common HTLs, such
as NiOy (which transports holes through its valence band), VO, has a multitude of defect states
formed by oxygen vacancies that allow for charge transport within the band gap below the metal

oxide’s conduction band.3¢

VO has been previously reported as an HTL in p-i-n PSCs, either by itself>!33 or as part of a
bilayer.3?-3¢ In these devices, the VOy is solution-processed on a substrate prior to deposition of
the perovskite layer. These solution-based deposition methods are less attractive for processing
thin, pinhole-free layers of VO, on top of the perovskite in n-i-p devices. Cheng et al. recently
reported solution-deposited VOy in the n-i-p architecture; however, they found that the VO,
alone does not conformally coat the underlying perovskite, requiring a >50 nm thick, low band
gap (1.5eV) nickel(IT) phthalocyanine-based interlayer to improve coverage.3” Vapor-based
synthesis techniques, such as evaporation, sputtering, chemical vapor deposition and ALD, offer
viable alternatives for depositing thin films of VO in n-i-p PSCs. ALD, which consists of
alternating self-limiting surface reactions, is particularly intriguing due to the high degree of
control it affords over film thickness and composition. Additionally, the saturating and isotropic

nature of ALD growth results in dense, conformal film formation over large area substrates.??

ALD processing on top of lead halide perovskite materials imposes some experimental
constraints that limit the number of practical precursor chemistries. For example, the use of
highly-reactive ozone as a co-reagent or plasma-enhanced ALD processes can result in
undesirable changes to the perovskite surface chemistry.>® Therefore, a more benign thermal
ALD process with H,O as the co-reagent is preferred. The low thermal stability of lead halide
perovskite films also defines an upper bound on the processing temperature window. Of the
various commercially available vanadium precursors, vanadium(V) oxytriisopropoxide (VTIP)*-
44 tetrakis(ethylmethylamino) vanadium(IV) (TEMAV),4-46 and tetrakis(dimethylamino)
vanadium(IV) (TDMAV)* all exhibit appreciable per cycle growth rates at low temperatures (<
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150 °C) with H,O as a co-reagent. For this study, we chose to use VTIP as the metal-organic
precursor because it is a liquid with an appreciable vapor pressure at low temperatures (0.29 torr,
45 °C)® and because the vanadium is in the 5+ oxidation state facilitating the formation of V,05s

over the thermochromic VO,.

Solution-processed and heavily doped 2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenyl-amine)9,9’-
spirobifluorene (Spiro-OMeTAD) remains the most common HTL in n-i-p PSCs; it also accounts
for the largest amount of photocurrent loss in n-i-p PSC/c-Si 2-terminal tandems - up to 2.7
mA/cm? for a 100 nm thick layer.!> Spiro-OMeTAD parasitically absorbs not only in the UV and
visible regions of the spectrum, but in the near infrared (NIR) as well, due to polaronic
absorption caused by doping to increase its conductivity.!”*%4° These dopants are also a potential
source of instability>?. To reduce parasitic absorption in the HTL, two strategies can be taken:
reduce the thickness of the HTL (to shorten the path length of light through the layer) or reduce
the doping in the HTL (to decrease the amount of polaronic absorption). Spin-coating thin layers
(<100 nm) of spiro-OMeTAD results in pinholes that negatively impact the open-circuit voltage
of devices.*® Employing an alternative HTL, such as thermally evaporated, un-doped 2,2°,7,7’-
tetrakis-(N,N,-di-p-methylphenylamino)-9,9’-spirobifluorene (spiro-TTB), permits a reduction in
absorption via both strategies. Spiro-TTB is an organic small molecule that has previously been
used as a replacement for spiro-OMeTAD in PSCs and as an HTL in textured PSC/c-Si
tandems.!>>! Both organic species are spiro-linked molecules with mobilities in the range of 1073
to 10 cm?/V+s,32>3 band gaps around 3 eV and ionization potentials within 100 meV of each

other.>!

In this study, we present an advancement for both sputter buffer layers and HTLs for semi-
transparent n-i-p PSCs. With a focus on improved photocurrent generation, we have developed a
hole contact bilayer on top of the perovskite consisting of a thermally evaporated 30 nm layer of
undoped spiro-TTB followed by a thin 9 nm layer of air-stable VO, by ALD. This bilayer allows
for the subsequent sputtering of a transparent indium tin oxide (ITO) top electrode in the same
way that ALD SnQO, enables the sputtering of a TCO for tandems with p-i-n PSCs. The low
absorption of UV and visible light in the spiro-TTB layer results in the fabrication of a semi-

transparent PSC with a 2.3 mA/cm? or 14% increase in photocurrent relative to a device with



Sustainable Energy & Fuels Page 6 of 22

spiro-OMeTAD, without a deleterious effect on cell voltage. Our design also leverages the
conformal, compact nature of the ALD buffer layer to help slow the thermal degradation of
mixed cation, mixed halide perovskite films. We show that VO, in conjunction with an ITO
electrode results in a stable semi-transparent device with thin, metal silver fingers for at least
1000 hours of thermal aging at 85°C in a N, environment. This work helps to address two critical
issues limiting the performance of n-i-p tandems, specifically parasitic absorption and long-term
stability of the hole contacts, and offers a route towards achieving high efficiency tandems that

are on par with their p-i-n analogs.

Results and Discussion

The ALD VO in this study was deposited using vanadium oxytriisopropoxide (VTIP) as the
metal-organic precursor and water as the counter-reactant and source of oxygen. To understand
the effect of ALD temperature on the underlying perovskite material, we used X-ray diffraction
(XRD) to monitor the bulk crystalline phase of a Cs, 17FA¢ g3Pb(Brg 171 s3)3 (hereafter denoted
17/17 for the 17% Cs™ composition and 17% Br- composition) perovskite layer before and after
VO deposition (Figure 1a, Figure S2). One indication of perovskite degradation is an increase in
lead iodide (Pbl,) signal relative to metal halide perovskite signal;>* as such, we used the ratio of
the integrated area of the (001) Pbl, peak at a 20 scattering angle of ~12.6 degrees to that of the
(100) metal halide perovskite peak at a 20 scattering angle of ~14.0 degrees as a metric of
degradation. As summarized in Figure 1a, an as-deposited perovskite film shows no initial
presence of Pbl,; however, after 250 cycles of ALD processing at 100°C on the bare perovskite
film, a significant amount of Pbl, is detected. Additionally, there is visible discoloration of the
perovskite film (Figure S3). The formation of Pbl, following ALD has previously been observed
for the growth of SnO, buffer layers on top of perovskite at temperatures above 110°C.> In that
study, Palmstrom et al. link the degradation to an interaction between the perovskite and metal-
organic ALD precursor resulting in the removal of the organic cation. It is possible that a similar
reaction is occurring between the perovskite and the isopropoxide ligand of the VTIP precursor.
With the addition of an interfacial spiro-OMeTAD (150 nm) or spiro-TTB (30 nm) layer on top
of the perovskite, the ratio of the Pbl, peak area relative to that of the perovskite peak decreases
from 0.38 to 0.06 and 0.17, respectively. There is less degradation with the spiro-OMeTAD
likely because it is much thicker than the spiro-TTB. If the ALD temperature is dropped to 80°C,
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PbI, formation is greatly reduced for bare perovskite and completely suppressed with either
organic interlayer. For this reason, ALD films in this study were deposited at 80°C unless noted
otherwise. At this growth temperature, grazing incidence XRD of the ALD VO reveals that the

as-deposited films are amorphous (Figure S4).

The spiro-TTB and VO layers must also exhibit minimal parasitic absorption and conformally
cover the underlying perovskite surface to act as effective hole transport and sputter buffer layers
in a semi-transparent PSC. Parasitic absorption was assessed by UV-Vis absorption
measurements of the bilayers (Figure 1b). From Figure 1b, it is evident that there is a substantial
reduction in parasitic absorption when undoped, evaporated spiro-TTB replaces spin-coated
spiro-OMeTAD doped with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 4-tert-
butylpyridine (tBP) as the HTL. The reduction in absorption in the UV (A <400 nm) is a result of
reduced film thickness of the spiro-TTB as compared to spiro-OMeTAD, since this absorption
represents optical band gap absorption for both materials.>' The reduced absorption at longer
wavelengths stems from a lower doping density of the spiro-TTB film, thereby diminishing sub-
band gap polaronic states that contribute parasitic absorption features.** Additionally, ALD VO,
(9 nm) by itself exhibits negligible absorption at wavelengths longer than 500 nm (Figure S5).

Atomic force microscopy (AFM) images in Figure 1c show that the ALD VO film is continuous
over the perovskite morphological grains with a small amount of secondary texturing. Surface
roughness values were obtained by scanning a larger 5 pum x 5 um area (shown in Figure S6).
The initial 17/17 perovskite film had a symmetric height distribution (Table S1) and root-mean-
square roughness (Ry) of 17.8 nm. The smooth perovskite surface was deposited using a solvent
mixture of 1:1 DMF:DMSO in the precursor solution, which has been shown previously to
reduce surface texture.’® After deposition of a 30 nm spiro-TTB layer on top of said perovskite,
the resulting R, is 18.3 nm, indicating that the thermally evaporated layer does not significantly
change the surface roughness. With the addition of 9 nm of VO by ALD, the roughness slightly
increases to 19.2 nm, but the surface height distribution remains symmetric (indicated by the
negligible absolute skewness value in Table S1), further supporting the formation of a coalesced
ALD film on the organic HTL that follows the underlying substrate morphology rather than

separate islands.
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Figure 1: (a) Integrated area ratios of the Pbl, (001) and perovskite (100) XRD peaks before and
after 250 cycles of ALD VO, processing at 80 °C and 100 °C. Results are presented for a bare
perovskite film, as well as those with either a spiro-OMeTAD or spiro-TTB interfacial layer (b)
A comparison of the absorption spectra of undoped spiro-TTB (30 nm), spiro-TTB/VOy (9 nm)
and doped spiro-OMeTAD (150 nm)/VOy on quartz (c) AFM images of spiro-TTB and spiro-
TTB/VOy on a Csg 17F A g3Pb(Br 1719 83); perovskite film over a 1 pum x 1 pm scan area. Root
mean square roughness (R,) values are reported in the upper right hand corner of each image

To demonstrate the effectiveness of the spiro-TTB/VOy bilayer as a hole collector and buffer for
subsequent sputtering of a TCO, we fabricated both opaque and semi-transparent single-junction
solar cells. The complete device stack chosen for this study and a representative SEM image are
shown in Figures 2a,b. We employed a perovskite layer with the aforementioned 17/17
composition and a 1.63 eV band gap for its reported environmental and photo-stability.' The
electron transport layer (ETL) was a 40 nm layer of spin-coated tin oxide (SnO;) nanoparticles
covered with 15 nm of thermally evaporated Cgy. The choice of this ETL was supported by

previous studies demonstrating improved stability and reduced hysteresis with SnO, and Cg,
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respectively.?837-60 Finally, in semi-transparent devices, a standard gold electrode was replaced
with 150 nm of sputtered ITO with 130 nm thick silver fingers on either side of the active area to

facilitate carrier collection.

The thicknesses of the spiro-TTB and VO, layers were both optimized with respect to device
performance. The current-voltage behavior of opaque cells with spiro-TTB thicknesses ranging
from 15 nm to 50 nm is presented in Figure S7. From these results, the spiro-TTB layer appears
optimized at a thickness of 30 nm. At lower thicknesses, we hypothesize that the spiro-TTB does
not sufficiently protect the perovskite from precursor exposure during the first few cycles of
ALD. This effect could damage the perovskite material, resulting in less extracted photocurrent
observed with 15 nm of spiro-TTB and a lower device yield. At higher thicknesses, an increase
in parasitic absorption is expected. A resistivity of 1.7 x 105 Q-cm was measured for the spiro-
TTB layer (Figure S8) and used to estimate series resistance values of 0.5 Q-cm? and 0.9 Q-cm?
for 30 nm and 50 nm of spiro-TTB, respectively. This relatively small increase in series
resistance is not expected to have a large impact on fill factor and overall device performance.
For VO thickness optimization, semi-transparent solar cells were made using spiro-OMeTAD
and ALD VO buffer layers with thicknesses ranging from 6 nm to 18 nm. In general, the device
performance increases with thickness and then plateaus (Figure S9). With a 6 nm layer of VO,
there is sharp s-kink in the current-voltage curve of the solar cell, which is resolved with
thicknesses of VO, above 9 nm. The s-kink at low thicknesses is attributed to damage of the
underlying HTL during ITO sputtering, and has been previously observed with MoOy sputter
buffer layers.?! While thicker buffer layers can offer additional protection from the ITO sputter
process, they necessitate longer ALD processing times. Therefore, a VO, buffer layer thickness

of 9 nm was employed for subsequent devices.
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Figure 2: (a) A schematic of an opaque (Au top contact) and semi-transparent (ITO top contact)
single-junction perovskite solar cell (b) SEM cross-section image of a semi-transparent single-
junction perovskite solar cell (¢) Current-voltage (J-V) curves comparing the performance of
opaque and semi-transparent single-junction devices illuminated through the glass substrate with
spiro-OMeTAD and spiro-TTB as the HTLs. The J-V scans were measured from positive to
negative bias. Maximum power-point tracking performance of the same devices for 10 minutes
of operation is shown in the inset.
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Photovoltaic performance of the best opaque and semi-transparent devices fabricated with the
optimal spiro-TTB and VO thicknesses, as well as control devices with spiro-OMeTAD/VOy
are presented in Figure 2¢ and Table S2 with a summary of performance statistics for each
device type given in Figure S10 and Table S3. These measurements were taken illuminated
through the ETLs and are therefore relatively unaffected by HTL absorption. The power
conversion efficiencies of the opaque cells are 14.1% and 14.2% for spiro-OMeTAD and spiro-
TTB devices, respectively. The efficiencies of the semi-transparent cells are 13.4% and 13.2%
for spiro-OMeTAD and spiro-TTB devices, respectively. In comparing the photovoltaic
performances of the devices, there are two main takeaways: (1) spiro-TTB can replace spiro-
OMEeTAD as an effective HTL in both opaque and semi-transparent cells without a significant
reduction in device performance and (2) VOy s an effective TCO sputter buffer layer, in that
replacing the opaque electrode with an ITO electrode does not substantially hurt device
efficiency. The small drop in efficiency in the semi-transparent cells stems primarily from
reduced photocurrents and is attributed to a reduction in path length of light in the devices, as
unabsorbed light is no longer reflected off the opaque contacts back into the device. This effect is
also observed when comparing the average performance parameters for each device type in
Figure S10. The inset of Figure 2¢c shows maximum power point tracking (MPPT) of the opaque
and semi-transparent devices over 10 minutes of continuous operation. A comparison of the
current-voltage characteristic and initial PCE from MPPT (Table S2) for each device implies

there is not significant hysteresis behavior for either HTM.

Although the performance of semi-transparent devices fabricated with spiro-TTB and spiro-
OMEeTAD are similar when illuminated through the ETL side, we are primarily interested in their
performance as front-cells in a 2-terminal tandem configuration. Therefore, we additionally
measured the photovoltaic behavior and optical properties of devices illuminated through the
sputtered ITO and HTL side. To assess the extent to which the difference in absorption shown in
Figure 1b translates to increased photocurrent in the perovskite, we measured external quantum
efficiency (EQE), transmission, and reflection as a function of wavelength for semi-transparent
cells with an optimized, 100 nm anti-reflective layer of MgF, on the front surface (see Figure

S11 for simulation results of the optimal MgF, thickness) These results, as well as the current-

11
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voltage behavior of the devices when illuminated though the HTL, are presented in Figure 3.

Table S4 lists a summary of the solar cell parameters.
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Figure 3: (a) EQE, transmittance, and 1-reflectance of semi-transparent 17/17 perovskite solar
cells with spiro-OMeTAD/VOy and spiro-TTB/VO, HTLs when illuminated through the top ITO
electrode. Integrated Jgc values obtained from the EQE spectra are listed above the plot (b)
Corresponding current-voltage performance of the same perovskite solar cells when illuminated
through the top ITO electrode.

The advantage of using spiro-TTB as an HTL in place of spiro-OMeTAD is evident from a
comparison of the two EQE traces. The lower absorption in the spiro-TTB/VOy bilayer can be
seen in the substantial improvement in EQE in the ultraviolet and visible regions as compared to
the cell with spiro-OMeTAD/VOy. This increase in EQE corresponds to a 2.3 mA/cm? (from
16.6 mA/cm? to 18.9 mA/cm?) or a 14% boost in photocurrent under one sun of AM1.5 solar
irradiance. Strong optical interference within the thin-film semi-transparent stack produces the
large features observed in the measured reflection spectra for wavelengths above 800 nm. We
used one-dimensional transfer matrix modeling (TMM) to help predict the optical behavior of
the semi-transparent PSC when it is monolithically stacked on top of a heterojunction silicon cell
with an ITO recombination layer.%! The simulation of a 2-terminal tandem that incorporates the
optimized perovskite front cell shown in Figure 2a with a 160 nm ITO recombination layer and a
thinner, 40 nm top ITO contact to minimize the reflections observed in Figure 3a, estimates a

photocurrent of 17.8 mA/cm? in a bottom heterojunction silicon cell (Figures S12, S13). This

12
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photocurrent in the silicon sub-cell is slightly higher than that of the best reported PSC/c-Si 2-
terminal tandem in the n-i-p architecture, while maintaining 18.5 mA/cm? of photocurrent in the
PSC and without thinning the 415 nm perovskite layer to increase the transmission of light to the
bottom cell.!> These thicknesses for the recombination layer and top contact are predicted to
maximize current in the silicon cell, while also maintaining a high photocurrent in the perovskite
cell (Figure S14). Previous works have successfully demonstrated the use of thin TCO front
contacts with metal gridlines on top to help with lateral current collection; 40 nm of indium zinc
oxide (IZO) and 60 nm of ITO were used as front contacts in the fabrication of 22.5% n-i-p and
25% p-i-n monolithic PSC/c-Si tandem cells, respectively.!>?3 Further optimization of the
perovskite thickness and band gap, improving transparency of the interconnecting layers, or
fabrication of the PSC on a textured silicon cell to improve light trapping could be used to
further equal the distribution of the 2.3 mA/cm? of additional photocurrent afforded by the spiro-
TTB/VOy bilayer between the two sub-cells, boosting the achievable matched photocurrent of a
tandem cell beyond 17.8 mA/cm?.

Given that a hypothesized advantage to replacing MoO, with VO is improved stability, both the
chemical and thermal stability of films and devices made with the VO, sputter buffer layer were
investigated. To probe the chemical stability of the ALD VO film by itself, as well as with the
underlying perovskite, X-ray photoelectron spectroscopy (XPS) was implemented to monitor the
oxidation state of vanadium atoms. Previous researchers have used oxidation state as a metric for
monitoring chemical interactions at the interfaces of MoOy films in perovskite devices; for
example, Schulz et al. have shown that the reduction of a Mo®/Mo>" film to Mo** due to
interactions with the perovskite is correlated with a rapid decline in device performance.?’
Similar measurements were taken on VO films grown by ALD at 80°C on silicon substrates
immediately following deposition and after one week of ambient air exposure. Additionally, the
oxidation states of ALD VO films grown directly on 17/17 perovskite and on perovskite capped
with a spiro-TTB HTL were measured. In all cases, a thinner ~4 nm layer of VO, (100 ALD
cycles) was grown and XPS peaks unique to the substrate were detected (Si2p for silicon, Pb4d,
Cs3d, I3d for perovskite and Cls, N1s for spiro-TTB; XPS survey spectra are shown in Figure
S15), indicating that the data reflect the entire VO, film including the interfaces. These results

are presented in Figure 4a.

13
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The XPS spectra in Figure 4a highlight vanadium 2p and oxygen 1s core levels. Due to the
proximity of their binding energies (BE), the peaks were fit together after subtracting out a
Shirley background, analogous to previous XPS studies of vanadium oxide.®> We estimated the
relative percentages of the various oxidation states of vanadium oxide by fitting the emitted
photoelectron peaks and calculating the areas under the curves. Based on the oxidation state of
vanadium in the VTIP precursor, a stoichiometric ALD VO film would have 100% of the
vanadium in the 5+ oxidation state; however, partial reduction of the vanadium oxide film during
deposition and after air exposure is frequently observed.®3-6° Using the integrated areas of the
V4" and V5" fitted peaks from either the V2ps,, (BEs of 515.8ev and 517.0eV, respectively) or
V2p,, (BEs of 523.1 and 524.3, respectively) component, it was observed that 17% of the
vanadium in the as-deposited film was in the V#* state and the remainder was in the V> state.
After one week of ambient air exposure, 14% of the vanadium was in the V#* state, indicating
that the neat film did not undergo a significant chemical change upon air exposure and that
maintaining an inert environment before deposition of the TCO top contact is not required. When
ALD VO, is deposited directly on perovskite, an increase in the V4* species to 40% was
observed, suggesting that the metal oxide reacts to some extent when in direct contact with the
perovskite. However, unlike MoOy which has been shown to reduce from Mo®/Mo>* to a Mo*"
state not initially present in the film, we detected no further reduced vanadium species (e.g. V37,
V2* etc.). When a thin, 30 nm layer of spiro-TTB was deposited between the VO, and perovskite,
we observed a drop in the relative amount of V4* to 28%. In this scenario, the VO, is likely
preferentially oxidizing the spiro-TTB, resulting in an increase in reduced vanadium species
relative to the as-deposited film. This exchange could lead to charge-transfer doping at the
interface and the appearance of the broad absorption feature at 850 nm in the UV-Vis spectrum
of the spiro-TTB/V Oy bilayer in Figure 1b, similar to the remote doping of HTLs by MoOy
observed by Xu et al.®® Reduction of the vanadium might also be causing sub-band gap

absorption in the oxide, akin to the coloration of WOj films following metal reduction.®’
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Figure 4: (a) XPS spectra of the V2p doublet and Ols peak of an ALD VO film as-deposited
and after 1 week of ambient air exposure, as well as deposited on a 17/17 perovskite film with
and without an interfacial spiro-TTB layer (b) Photographs of 17/17 perovskite solar cells with
and without a VO,/ITO top contact after 1000 hours of thermal aging at 85°C in an inert N,
environment (c) Current-voltage curves for the device with a VO,/ITO top contact before and
after 1000 hours of thermal aging at 85°C in an inert N, environment.

The ambient exposure results suggest that the reduced reactivity of the VO, makes it compatible
with long-term device stability. To test stability, devices with three types of contacts were
fabricated and thermally aged for 1000 hours at 85°C in an inert N, environment: (1) a 100 nm
gold contact only (2) 9 nm VO, and a 100 nm gold contact and (3) 9 nm VO, and a 150 nm
sputtered ITO contact. All three devices used spiro-OMeTAD as the HTL, and no additional
encapsulation layers were added for the stability testing. Top view photographs of the devices
after thermal aging are shown in Figure 4b. It is apparent from the images that the perovskite cell
with neither VO, nor ITO experienced substantial visible degradation over 1000 hours. During
the aging process, a significant portion of the visible perovskite area had been optically bleached

from the normal dark-brown perovskite color to a pale-yellow indicative of Pbl, and the device
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was no longer functional. This result is consistent with previous reports that spiro-OMeTAD is
not an appropriate contact material for long term stability; it is easily permeable to volatile
degradation products leaving the perovskite and metal diffusion down into the device.5%%
Adding the VO, buffer layer appeared to substantially slow the degradation process, with a large
reduction in bleached area. Finally, with a sputtered ITO electrode (area between the silver metal
fingers in right-most photograph), there was no visible degradation after 1000 hours of thermal
aging, and the current-voltage performance of the device slightly improved (Figure 4c),
potentially from improved crystallinity and grain ripening in the perovskite film. This
preliminary thermal stability study is promising and suggests that: (1) VO,/ITO is an effective
diffusion barrier and (2) the presence of VO, does not lead to a reduction in device performance
following prolonged thermal stress. Further testing is required to probe the long-term thermal
stability of devices with undoped spiro-TTB; however, given the similarity of the spiro-TTB and
spiro-OMeTAD molecules, we expect similar results for cells with spiro-TTB that employ the

ALD VO,/ITO electrode.

Conclusions

The use of PSCs in tandem devices offers an exciting pathway towards high-efficiency and low-
cost photovoltaics; however, 2-terminal PSC/c-Si devices in the n-i-p architecture have yet to
live up to their potential. In this work we have developed improved hole contact materials to
directly address the optical losses and stability challenges currently limiting the performance of
these devices. We have developed a thin, conformal ALD VO, buffer that is air-stable and
protects the underlying perovskite during sputtering of a front TCO contact. Additionally, we
show that the low-temperature 80°C ALD process is compatible with Csg 17FA g3Pb(Brg 1719.83)3
perovskite. When incorporated into semi-transparent PSCs with a transparent ITO contact, these
ALD films show promise as barrier layers for improved long-term thermal stability of PSCs.
Furthermore, replacing solution-processed, doped spiro-OMeTAD with thin, undoped spiro-TTB
as a hole transport material increases photocurrent in the perovskite front cell by 2.3 mA/cm? or
14%. Because both VO, and spiro-TTB are deposited using vapor methods, this bilayer is also
compatible with the fabrication of PSCs on a textured silicon substrate which has been shown to
be an effective method for improved current-matching in the two sub-cells and reduced

reflection in the NIR. Moving forward, more research of ALD growth behavior on various
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transport materials should help inform the development of new ALD processes and chemistries
that produce better barrier layers and are more compatible with lead halide perovskites.
Ultimately, the improvements made in this study encourage further optimization of n-i-p

tandems in the quest for PSC/c-Si tandem efficiencies beyond 30%.
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ALD vanadium oxide and a low-absorbing hole transport material (HTM) enable semi-
transparent perovskite solar cells with high photocurrent and thermal stability.



