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1. Introduction

Organic–inorganic metal halide 
perovskites are rapidly approaching 
state-of-the-art silicon solar cells, with best-
performing devices now reaching power 
conversion efficiencies (PCEs) of 25.7%.[1] 
Although stability remains a challenge 
for perovskite solar cells (PSCs), their 
solution-processability represents a major 
advantage. Techniques such as blade 
coating,[2] slot-die coating,[3] and spray 
coating[4] are compatible with roll-to-roll 
(R2R) processing, which—in principle—
should allow much higher throughput 
speeds than existing silicon solar tech-
nologies. However, the lengthy annealing 
times used to crystallize the perovskite 
active layer reduce the maximum theoret-
ical web speeds that could be achieved in a 
practical manufacture process.

In 2020, Rolston et  al. demonstrated 
the highest coating speeds of any scalable 

PSC processing technologies, achieving production speeds of 
>12 m min−1.[5] Spray coating was combined with an atmos-
pheric plasma postprocessing route,[6] creating PSC devices 
and modules with a PCE of 18% and 15.5%, respectively. Criti-
cally, these were fabricated without annealing the perovskite 
layer. At these speeds, the module cost is expected to be fully 
competitive with Si.[7] In contrast, the calculated throughput 
rate for spin-coated PSCs incorporating a 10-min anneal is just  
0.017 m min−1; a rate prohibitive for commercialization. Fur-
thermore, high temperature processing steps increase device 
manufacturing costs through increased utility costs and 
reduced throughput.[8] High process temperatures are also 
incompatible with many sensitive flexible (polymeric) sub-
strates that are expected to be important in “Internet of Things” 
applications.[9,10] This growing market is expected to reduce the 
initial investment and barrier to market entry for perovskites by 
an order of magnitude.[11]

Many approaches to create “annealing-free” PSCs have 
been demonstrated. For example, thermal evaporation of the 
perovskite layer without any post-annealing treatments can 
be used to realize devices having reasonable PCEs of up to 
15.7%.[12,13] Zhou et  al. demonstrated devices with a PCE of 
15.7% for MAPbI3 (where MA is methylammonium) films 
grown via electrochemical fabrication.[14] The use of antisolvent  

High temperature post-deposition annealing of hybrid lead halide perov-
skite thin films—typically lasting at least 10 min—dramatically limits the 
maximum roll-to-roll coating speed, which determines solar module manu-
facturing costs. While several approaches for “annealing-free” perovskite 
solar cells (PSCs) have been demonstrated, many are of limited feasibility 
for scalable fabrication. Here, this work has solvent-engineered a high 
vapor pressure solvent mixture of 2-methoxy ethanol and tetrahydrofuran to 
deposit highly crystalline perovskite thin-films at room temperature using 
gas-quenching to remove the volatile solvents. Using this approach, this work 
demonstrates p-i-n devices with an annealing-free MAPbI3 perovskite layer 
achieving stabilized power conversion efficiencies (PCEs) of up to 18.0%, 
compared to 18.4% for devices containing an annealed perovskite layer. This 
work then explores the deposition of self-assembled molecules as the hole-
transporting layer without annealing. This work finally combines the methods 
to create fully annealing-free devices having stabilized PCEs of up to 17.1%. 
This represents the state-of-the-art for annealing-free fabrication of PSCs with 
a process fully compatible with roll-to-roll manufacture.
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treatments is an effective way to rapidly remove highly coor-
dinating solvents, such as dimethylformamide, dimethyl sul-
foxide, n-methyl-2-pyrrolidone, and dimethylacetamide (DMF, 
DMSO, NMP, and DMAc, respectively), and crystallize the 
perovskite at room temperature.[15–20] Although efficiencies of 
up to 20.1% have been achieved[21] using such processes, anti-
solvent treatments are difficult to use at scale due to the large 
volume of mostly toxic washing solvents that become increas-
ingly contaminated. Ultrasonic vibration-based posttreatments 
have also been used in conjunction with high-boiling point 
(low vapor pressure) solvents.[22] Notably, (FAPbI3)0.85(MA
PbBr3)0.15 compositions, where FA is formamidinium, can be 
created at room temperature via this route.[23,24] Perovskite crys-
tallization has also been generated by exposing two-step, spin-
coated MAPbI3 films to humid air, with devices having a PCE 
of >15% demonstrated, however this process required an expo-
sure time of an hour.[25] Dubey et  al. adapted this process,[26]  
to make spin-coated perovskite films from a low vapor pres-
sure mix of GBL (gamma-butyrolactone) and DMSO which 
were then exposed to an antisolvent wash followed by exposure 
to humid air. This approach created devices with efficiencies of 
up to 16.8% after 5 h of air-exposure.

The use of volatile solvent systems has been identified as an 
extremely promising alternative route for the scalable fabrication 
of PSCs. Such processes can eliminate complex post-deposition 
treatments to remove highly coordinating, non-volatile solvents.[27] 
The use of high vapor pressure, low boiling point solvents enables 
rapid evaporation of the casting solvent, and significantly reduces 
the time required to induce a high degree of supersaturation and 
crystal nucleation. A number of volatile solvents have now been 
explored for posttreatment-free fabrication of PSCs, including 
DMF,[28] acetonitrile (ACN),[29] mixtures of methylamine in tet-
rahydrofuran (THF) or ethanol (EtOH) in combination with a 
secondary solvent (ACN,[30] or THF[31]), and 2-methoxyethanol[32] 
(2-ME). We note that 2-ME has recently emerged[33] as an excel-
lent solvent for PSC fabrication due to its low boiling point. 
High-performance PSCs have now been fabricated from 2-ME 
using a number of techniques, including blade coating,[34,35] bar 
coating,[36,37] slot-die coating,[38] and spray coating.[39]

Here, we use a mixture of 2-ME with THF as a route to 
deposit highly crystalline MAPbI3 perovskite films without the 
requirement for any posttreatment heating steps. The process 
developed uses gas-quenching to accelerate the evaporation of 
the volatile casting solvents to induce a high degree of nuclea-
tion, with dense, pinhole-free perovskite films created. Devices 
fabricated in this manner demonstrate PCEs of up to 18%. 
We then demonstrate that a carbazole-based self-assembled 
monolayer (SAM) can also be deposited and used as a hole-
transporting layer (HTL) without the necessity for annealing. 
These carbazole-based SAMs are a very promising HTL for p-i-n 
PSCs:[40] tandem devices incorporating a carbazole-based SAM 
demonstrated a PCE > 29%,[41] while single junction devices 
have demonstrated a PCE > 22%[42] and excellent stability.[43] 
Further, the SAMs have been successfully deposited via scalable 
methods such as slot-die coating[38] and spray coating.[39]

Using these approaches, we create fully “annealing-free” 
PSCs achieving stabilized PCEs of up to 17.1%. To our knowl-
edge, this number represents the highest literature value 
for a fully annealing-free PSC device having no additional 

post-processing steps, making our process compatible with 
high-throughput R2R coating. We expect that such a fully R2R-
compatible processes will have a high degree of industrial-rel-
evance, eliminating energy-expensive, time-consuming heating 
steps which will limit manufacturing throughput. Our process 
also avoids the use of any toxic antisolvents which are difficult 
to use at scale.

2. Results and Discussion

2.1. Optimization of the Casting Precursor Solution Composition 
for High Device Efficiency

We have explored the use of THF as a high vapor pressure addi-
tive in a 2-ME MAPbI3 precursor ink to facilitate fast solvent 
drying and formation of a crystalline perovskite at room tem-
perature. According to Raoult’s law, the total vapor pressure 
of a system is a function of the partial vapor pressures of the 
components in a mixture.[44] For ideal mixtures, the total vapor 
pressure of a mixture will linearly increase (decrease) upon 
the addition of a higher (lower) vapor pressure component. In 
reality however, nonideal behavior will arise from interactions 
between molecules in solution, resulting in a deviation from 
ideal, linear behavior. The vapor pressures of THF and 2-ME 
are 162 and 9.5  mm Hg at 25  °C, respectively.[45,46] Assuming 
negligible molecular interactions, we might expect the rapid 
evaporation of the volatile THF solvent to accelerate the satu-
ration of a precursor film, which in turn results in the onset 
of crystallization. The rapid drying of such a wet film should 
produce compact layers which are comprised of smaller crys-
tals. Such high-quality perovskite thin films would ideally not 
contain any residual solvent and would not need annealing. 
Here, we note that Zhang et  al. recently employed THF as a 
cosolvent in a DMF:DMSO precursor ink to fabricate annealed 
PSC devices with PCEs of up to 24%.[47]

In our experiments, we screened 11 compositions of THF 
and 2-ME from 0 to 100  vol% of THF cosolvent in steps of 
10 vol%. For simplicity, we use a naming convention that refers 
to the solvent ratio of THF:2-ME, i.e., 0:10 for a 0  vol% THF 
composition. Images of MAPbI3 solutions with a molarity of 
0.5 m for each composition are shown in Figure S1 (Supporting 
Information). It can be seen that for compositions >70  vol% 
THF, the precursor materials were not solubilized, instead 
black MAPbI3 was precipitated. Such precipitated solutions are 
not suitable for perovskite thin-film fabrication and so were not 
studied further.

The solubility limit is indicative of reduced coordination 
between the THF and the Pb2+ and I− moieties in solution. In a 
MAPbI3 solution, an equilibrium mixture of solvent molecules 
and I− ligands will be reached that will depend on the affinity 
between the solvents and each ion (MA+, I−, Pb2+), in the Pb2+ 
first coordination sphere. The resulting PbIx

2-x+ polyiodide 
plumbate complexes have characteristic absorption bands, so 
I− and Pb2+ interactions can be used to understand the com-
peting interactions between the solvents and the solvated 
ions. To do this, we have measured the ultraviolet (UV) visible 
transmittance of dilute (0.05 m) inks having different THF:2-
ME compositions. The corresponding absorbances over the 
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wavelength range 250–500  nm are shown in Figure 1a. Here, 
the PbI+, PbI2, PbI3

−, and PbI4
2− labels correspond to decreasing 

numbers of coordinated solvent ligands, i.e., PbI+Solv5,  
PbI2Solv4, PbI3

−Solv3, and PbI4
−Solv2, respectively.[48,49] Upon 

addition of THF, there is a clear increase in absorbance by 
higher-order iodoplumbate species compared to pure 2-ME 
solutions. Indeed, solutions based on a 2-ME solvent exhibit 
absorption peaks corresponding to PbI+Solv5 (≈270  nm) and 
PbI2Solv4 (326  nm) alone. Conversely, the addition of THF 
results in the formation of PbI3

−Solv3 (365 nm), and PbI4
2−Solv2 

(420 nm) species at >50 vol% of THF.
Interestingly, the observed trend does not follow that pre-

dicted by the donor numbers, DN, of 2-ME and THF. Here, DN 
describes the strength of the interaction between a Lewis-basic 
solvent and soft Lewis-acidic Pb2+ centers. In solvents with low 
DN, the I− to Pb2+ ligand interaction dominates rather than sol-
vent coordination, shifting the equilibrium toward higher order 
PbIx

2-x+ complexes.[50] The DN values for THF and 2-ME are very 
similar, being 20.0[51] and 19.7,[52] respectively. Despite the nom-
inally near-identical affinity to Pb2+ ions, we instead attribute 
the formation of higher-order polyiodide plumbates in THF to 
reduced hydrogen bonding interactions. Indeed, the greater the 
Hansen hydrogen-bonding parameter, δHB, the stronger the 
interaction between the solvent and organic cations and halide 
anions in solution.[53] The δHB values for THF and 2-ME are 8.0 
and 16.4, respectively.[54] This suggests therefore, that the 2-ME 
(THF) should solvate the methylammonium and iodide species 
to a greater (lesser) extent, precluding (facilitating) coordination 
of I− to the Pb2− ions.

It has been speculated that higher order iodoplumbate 
complexes, meaning more highly halide-coordinated Pb, pro-
mote the transformation of the precursor to the perovskite 
phase, for example through the formation of larger and more 
oriented perovskite crystals.[48,55,56] Indeed, the relatively 
weak coordination of both 2-ME and THF to Pb2+ is expected 
to suppress the formation of solvent-coordinated interme-
diates which would require thermal annealing for solvent 
dissociation.

To evaluate the performance of the various precursor inks, 
we fabricated a series of photovoltaic devices. All devices were 
fabricated on cleaned, patterned indium tin-oxide (ITO) coated 
glass substrates, with all processing performed within an N2-
filled glovebox. An MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-
9-yl)ethyl]phosphonic acid)[40] HTL was first spin-coated and—in 
initial studies—was annealed at 100 °C for 10 min. The MAPbI3 
perovskite precursor inks were then spin-coated and “gas-
quenched” by directing a flow of N2 at the spinning substrate to 
promote evaporation of the volatile solvents. Gas-quenching is 
a facile, low-cost technique that has been demonstrated to have 
excellent potential for large-area PSC fabrication.[57] An imme-
diate color change from yellow to dark brown was observed 
upon application of the gas-jet for all ink compositions. The 
converted perovskite films were not annealed. The substrates 
were then transferred to an evaporation chamber for deposi-
tion of a C60/bathocuproine (BCP) electron-transporting layer 
(ETL) and an Ag cathode. Figure  1b shows a schematic of the 
p-i-n device architecture used. All processes and techniques are 
described fully in the Experimental Section.

Figure 1. a) The absorbance spectra of MAPbI3 in each of the tetrahydrofuran (THF):2-methoxyethanol (2-ME) precursor ink compositions. b) An illus-
trative schematic of the p-i-n device architecture used. c) The corresponding device power conversion efficiency (PCE) of cells containing an absorber 
layer fabricated from each ink composition.
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Figure 1c shows a boxplot of the resulting device PCEs for the 
range of compositions of THF:2-ME from 0:10 to 7:3. It can be 
seen that there is a significant variation in device performance. 
Here, it is found that devices fabricated from 10 vol% THF have 
a median PCE of 14.9% which is substantially higher than for 
devices made from a pure 2-ME solution, which have a median 
PCE of 8.6%. Devices made from 20  vol% < VTHF  < 40  vol% 
solutions have a very similar efficiency compared to the pure 
2-ME precursor devices. At >50 vol% THF, device performance 

is significantly reduced. This trend is similar for other device 
metrics (short-circuit current density (JSC), open-circuit voltage 
(VOC), and fill factor (FF)) as shown in Figure S2 (Supporting 
Information).

Using the optimum 1:9 THF:2-ME composition, we demon-
strate devices having stabilized PCEs of up to 18.0%. The cur-
rent–density (J–V) curve, 2-min stabilized power output (SPO), 
and corresponding external quantum efficiency (EQE) graph are 
presented in Figure 2a–c, respectively. This champion device 
displays negligible hysteresis and has a JSC of 20.8  mA cm−2,  
a VOC of 1.11  V, a FF of 75.4%, and PCE of 17.5% determined 
from the reverse sweep. An integrated JSC of 20.5  mA cm−2 
determined from the EQE curve (JSC-EQE) is also in good agree-
ment with the measured JSC-JV.[58] Note that we determine a 
positive light-soaking effect, resulting in a SPO of 18.0%. This 
value compares favorably with the state-of-the-art annealing-
free devices, and occurs without the use of any antisolvents, 
prepurification of any precursor materials, or preheating of the 
substrate or solution.

To benchmark the performance of the THF:2-ME solvent 
system against a prototypical solvent system used in PSC  
fabrication, we have investigated a methylamine and ACN 
precursor solution.[59,60] ACN also has a high vapor pressure  
(≈73 mm Hg[59]) and so provides a representative comparison to 
the THF:2-ME system. In Figure S3 (Supporting Information), 
we present a statistical summary of the device performance for 
cells incorporating an annealing-free perovskite active layer cast 
from the ACN/methylamine system against those cast from 
the annealing-free 1:9 solvent composition. We find that the 
median (champion) performance of the ACN-based devices is 
11.2% (13.9%, n = 20); a performance that is notably lower than 
the 14.9% (17.5%, n  = 62) demonstrated using the THF:2-ME 
solvent system.

To investigate the beneficial effect of incorporating 10  vol% 
THF, we have conducted several characterization studies. 
Firstly, to investigate the influence of the THF:2-ME ratio on 
the structure of the resulting perovskite thin-films, we recorded 
X-ray diffractograms (XRD) of films cast from each solvent 
composition which we display in Figure 3a. It can be seen that 
films cast from each solvent compositions display the charac-
teristic peaks of MAPbI3.[61] Importantly, we do not observe any 
crystalline intermediate residues in the diffraction patterns. 
This implies that the gas-quench successfully converts the 
precursor into a highly crystalline film for all compositions of 
THF:2-ME. Figure  3b shows the full width at half-maximum 
(FWHM) of the (110)/(002) perovskite peak at ≈14.2°. Here, it 
can be seen that the linewidth broadens with increasing pro-
portions of THF. The linewidth can be used as a marker for 
crystallite size,[62] which suggests that smaller crystallites are 
formed from inks containing an increasing proportion of THF. 
This finding is consistent with a greater density of nuclei being 
formed in precursor films containing a higher vapor pressure, 
less-coordinating precursor solvent.

We have measured the thickness of the spin-coated films 
fabricated from each ink composition, as shown in Figure 3c. 
Here, a large increase in both the film thickness and standard 
deviation of the data is observed, going from 276 ± 14.0  nm 
(standard deviation, n = 5) for films cast from the 0:10 ink, to 
586  ± 101  nm for the films cast from the 7:3 solvent ratio. To 

Figure 2. a) J–V curve, b) stabilized power output (SPO), and c) external 
quantum efficiency (EQE) of the best-performing cell with an annealing-
free perovskite absorber layer fabricated from the 1:9 ink composition.
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investigate the effect of the THF:2-ME ratio on perovskite mor-
phology, we recorded both optical microscope images and scan-
ning electron microscope (SEM) images. It is known that voids 
can form within films due to the solidification of the top sur-
face induced by a gas-jet.[34] Such rapid solvent evaporation is 
expected to be exacerbated by high proportions of the more vol-
atile THF component. This effect has been previously reported 
in perovskite films fabricated from volatile precursors.[34] Voids 
in the perovskite films reduce the working area of the device, 
reducing initial performance, act as regions of high recombi-
nation, and have been identified as regions from which degra-
dation of the perovskite film is initiated.[35] Figure S4a–h (Sup-
porting Information) shows optical microscope images of a 
series of films cast from the different precursor solutions. Here, 
it can be seen that there is a reduction in surface uniformity 
with increased THF concentration. Indeed, the film fabricated 
from the 7:3 ink is characterized by a number of large pinholes 
visible in the top surface of the film. We have used atomic 
force microscopy (AFM) to quantify the surface roughness of 
films cast from each solvent composition. Figure S5a–h (Sup-
porting Information) shows 5 × 5  µm AFM images of films 

cast from each composition. In Figure S5i (Supporting Infor-
mation) we plot the average (n  = 3) root-mean-square rough-
ness (Rq) of film cast from each composition. It can be seen 
that there is an increase in the Rq of the perovskite films cast 
from the precursor inks with >40  vol% THF. This quantita-
tive trend in the roughness is in agreement with the decreased 
surface uniformity seen in the optical microscope images in 
the Figure S4 (Supporting Information). We speculate that the 
apparent decrease in surface roughness between the 1:9 and 3:7 
compositions arise from a reduction in grain size, leading to a 
smoother, more densely packed film morphology.

In Figure  3d–f we present cross-sectional SEM images of 
films fabricated from the 0:10, 1:9 (champion), and 7:3 inks. 
Here, it is clear that there a number of voids between the 
perovskite crystal grains within the film cast from pure 2-ME 
(0:10, see Figure  3d). We speculate that these result from 
regions of trapped solvent caused by the high boiling point of 
pure 2-ME. Upon annealing, this trapped solvent is expected 
to rapidly escape through the top surface of the film, creating 
pinholes throughout the perovskite layer; a finding consistent 
with previous reports.[38] For films cast from the 1:9 ink—which 

Figure 3. a) X-ray diffraction (XRD) patterns of perovskite films fabricated from each ink composition. b) The extracted full-width-at-half-maximum of 
the perovskite diffraction peak at ≈14.2 ° 2θ. c) The thickness of the perovskite absorber layer fabricated from each ink composition. Cross-sectional 
scanning electron microscope (SEM) images of perovskite films fabricated from the d) 0:10 precursor, e) 1:9 precursor, and f) 7:3 precursor ink. Top-
down SEM images of perovskite films fabricated from g) 0:10 precursor ink and h) 1:9 precursor ink.
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resulted in the highest device PCEs—these voids appear largely 
absent, with good contact made between the perovskite layer 
and the substrate surface, as seen in Figure 3e. In contrast, at 
70 vol% THF, we observe large voids at the perovskite:substrate 
interface (see Figure 3f). The perovskite film thicknesses deter-
mined from the SEM cross-sectional images correspond well 
to those presented in Figure  3c which were measured using 
surface profilometry. It can be seen that the interfacial voids in 
films cast from solutions containing a higher concentration of 
THF contribute to the enhanced film “thickness” as measured 
between the upper surface of the perovskite film and the under-
lying ITO interface.

Our SEM images of the top-surface of films cast from 0:10 
and 1:9 precursor solutions indicate that there is a reduction 
in the grain size upon addition of THF to the precursor (see 
Figure  3g,h, with the full images presented in Figure S6a,b, 
Supporting Information). While a number of pinholes are 
observed in the top-surface of the film cast from the 0:10 ink, 
only one such defect is seen in the top-surface of the film cast 
from the 1:9 solution. To track the effect of increased THF 
incorporation on the film morphology, we have recorded SEM 
images of the top surface of films cast from 3:7, 5:5, and 7:3 
THF:2-ME solvent compositions (see Figure S7, Supporting 
Information). Here, it is apparent that films cast from each 
composition are characterized by small grains. For the film cast 
from the 7:3 solution, a number of pinholes are again observed 
in the upper surface. Our results suggest therefore, that 10 vol% 
THF in the 2-ME precursor solution allows the creation of a 
compact film of small MAPbI3 crystallites without pinholes and 
with excellent contact to the underlying substrate. At higher 
THF concentrations, increased ink volatility and reduced coor-
dination of the precursor solvents accelerates nucleation at the 
top-surface, induced by the gas-jet. This results in the forma-
tion of a solidified “crust” at the film surface and the forma-
tion of voids throughout the bulk of the film. The pinholes 
observed between grains in the 0:10 films, and the interfacial 
voids within films prepared from solutions at higher THF con-
centrations account for the reduced device efficiency compared 
to those prepared from the “champion” 1:9 composition. This 
finding is evidenced by a reduction in all device metrics.

To further probe the formation of functional films from the 
1:9 THF:2-ME solvent system, we performed in situ grazing 
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments on solutions deposited via blade-coating (see schematic 
shown in Figure S8 (Supporting Information), full methods 
are available in the Experimental Section). To mirror the 
spin-coating protocol, films were continuously gas-quenched 
after deposition, with coating performed in an N2 atmos-
phere. We observed that the as-deposited film exhibits amor-
phous scattering (see Figure S9a, Supporting Information), 
which is typical for a disordered solvate phase. Immediately 
after gas-quenching, however, we observed the presence of two 
distinct intermediate phases during the crystallization process. 
The first is characterized by an oriented intermediate phase (1) 
with characteristic reflections at Q  = 0.42 and 0.84 Å−1 (2θ  = 
5.9° and 11.9°), see Figure 4a). This rapidly (≈1 s) evolved into 
a second highly textured phase (2, see Figure 4b) with a broad 
peak at Q  = 0.59 Å−1 (2θ  = 8.2°), which gradually reduced in 
intensity over the course of the measurement (see Figure S9b,c, 

Supporting Information). The appearance of phase 2 is concur-
rent with the emergence of peaks corresponding to tetragonal 
MAPbI3

[61] which grow as a function of time (see Figure  4c). 
Azimuthal integrations of the scattering pattern of each phase 
are given in Figure S10 (Supporting Information). Here, we evi-
dence peaks which possibly correspond to a 2H polytype phase 
that has been theoretically proposed for MAPbI3,[63] but has not 
been observed when simply spin coating such films. We sus-
pect this observation may result somehow from the fact that 
the GIWAXS blade coating studies explored a relatively thicker 
film, with the nature of the coating procedure perhaps also 
being significant. Importantly, neither intermediate phase 1 nor 
phase 2 was detected in the XRD patterns of the spin-fabricated 
films (see Figure  3a). This result indicates that the interme-
diate phases that form during the initial crystallization process 
are readily converted to a perovskite phase at room tempera-
ture, most likely due to the weak coordinating ability of the two 
solvents. This is not the case for MAPbI3 intermediate phases 
formed using typical solvents such as DMF and DMSO, which 
are generally stable at room temperature.[64,65]

We have also explored thermally annealing such blade-
coated films while recording GIWAXS spectra as shown in 
Figure S11 (Supporting Information). Here, we find that inter-
mediate phase 2 was completely removed at around 70 °C, and 
that heating the film above 50 °C improved the crystallinity of 
MAPbI3. We speculate that this may explain the observed per-
formance enhancement upon light-soaking of annealing free 
devices. Indeed, we suspect that the in operando heating of 
annealing-free devices may improve the crystallinity of devices 
during testing.

To further evaluate the utility of our annealing-free approach, 
we compare our device performance to that of conventionally 
annealed devices. The same p-i-n architecture was used as 
in Figure  1b, but the perovskite film (fabricated from the 1:9 
THF:2-ME composition) was annealed at 100 °C for 10 min. For 
clarity, this process versus an “annealing-free MAPbI3” process 
is schematically illustrated in Figure S12a,b (Supporting Infor-
mation). Boxplots of the annealing-free MAPbI3 device perfor-
mance metrics versus those of the annealed MAPbI3 devices 
are presented in Figure S13 (Supporting Information). We find 
that although the median device PCE is improved from 14.9% 
to 16.0% upon annealing the perovskite, this median value 
falls within the interquartile range (IQR) of the annealing-free 
devices. For this reason, we conclude that there is only a slight 
statistical improvement in device performance upon annealing. 
If we compare the EQE spectra of the champion annealing-free 
MAPbI3 device against that of the best-performing annealed-
MAPbI3 device (see Figure 5a), we observe only a small increase 
in the EQE of the annealed device over the wavelength range 
600–800  nm. We attribute this increase upon annealing to 
improved charge carrier collection which in turn results from 
an increase in grain size and morphology during the annealing 
treatment.[66,67] This can be evidenced by the XRD patterns and 
SEM images presented in Figure  5b–d, respectively. The full 
SEM images are presented in Figure S14 (Supporting Informa-
tion). Here, a significant enlargement of the perovskite grain 
size and an enhancement in the crystallinity of the perovskite 
film upon annealing can be clearly seen. We also observe a 
reduced splitting of the tetragonal (220)/ (004) diffraction peaks 
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at 28.3° and 28.6° 2θ, which may indicate a change in the unit 
cell geometry upon annealing.

We therefore ascribe the overall increase in device per-
formance upon annealing to an increase in JSC arising from 
enhanced charge carrier extraction, with both the FF and VOC 
of annealed devices remaining statistically similar to that of 
devices containing an annealing-free active layer (see Figure S9, 
Supporting Information). Here, we note that interfacial voids 
are observed in the cross-sectional SEM image of the annealed 
perovskite film which can be seen in Figure S15 (Supporting 
Information). Such voids presumably arise due to strain effects 
during the crystalline growth process and may limit the overall 
PCE of the annealed devices. The corresponding J–V curve, 
EQE with integrated current density, and SPO of the champion 

annealed MAPbI3 device are plotted in Figure S16a–c (Sup-
porting Information). Here, the champion stabilized PCE of 
18.4% for this annealed device compares extremely favorably 
to the champion anneal-free MAPbI3 device (18.0% stabilized). 
We conclude, therefore, that the 1:9 THF:2-ME solvent system 
facilitates the fabrication of annealing-free MAPbI3 films with 
excellent crystalline and optoelectronic properties.

2.2. Stability of Ink and Devices

To examine the stability of our annealing-free devices, we have 
periodically recorded J–V characteristics of devices stored in 
a glovebox, under N2 and in the dark. All J–V measurements 

Figure 4. Grazing incidence wide-angle X-ray scattering (GIWAXS) of a) phase 1 at 13.5 s and b) phase 2 and MAPbI3 at 15 s. c) 1D integrated in situ 
GIWAXS highlighting the 10–20 s time period following blade coating. At around 13 s, the solvate phase shifts to higher angles as solvent is removed, 
followed by the crystallization of phase 1, which rapidly converts to phase 2 at ≈14 s, which rapidly reduces in intensity over a period of ≈5 s, with 
MAPbI3 then becoming the dominant material phase.
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were conducted in air. Figure 6a shows the mean with whiskers 
indicating the minimum/maximum of device PCEs for 16 cells 
(including both forward and reverse J–V sweep) as a function of 
storage time. We observe a slight increase in the mean PCE of 
the devices as they age. Indeed, after 15 days, we observe a 1% 
absolute increase in the mean value of device PCE. This sponta-
neous enhancement of the performance of the dark-stored PCE 
has previously been attributed to a reduction in trap-assisted 
nonradiative recombination, perhaps caused by a reduction 
in film strain.[68] We have applied a linear regression model 
(y  =  15.23 −  0.007 × x) to determine whether the shelf-age 
of the devices can be used to predict the device performance 
upon retesting. The model results indicate that shelf-age of the 
device was not a significant predictor of device performance, 

with the slope coefficient not significantly different from zero 
(F(1,  156),  p  =  0.177,   R2  =  0.012). This 9-week shelf-life of 
devices indicates a promising level of intrinsic stability. From 
this, we infer that annealing-free films are not likely to contain 
residual, trapped solvent which would be expected to induce 
intrinsic instability by slowly corroding or otherwise degrading 
the perovskite thin films.

It is important that any perovskite precursor inks should 
demonstrate a high degree of intrinsic stability, as this will 
make them compatible with a practical manufacturing pro-
cess. We have previously demonstrated that storing precursor 
inks at low-temperature can extend their shelf life, however 
solvent choice is known to have a significant impact on solu-
tion stability.[69] We therefore investigated the shelf-life of the 

Figure 6. a) The power conversion efficiency (PCE) of devices containing an annealing-free perovskite absorber layer stored in a glovebox in the dark 
and retested periodically over 2 months. b) The PCE of cells periodically fabricated from the 1:9 ink stored in the fridge.

Figure 5. a) External quantum efficiencies of cells with an unannealed or annealed (100 °C for 10 min) active layer. b) X-ray diffraction (XRD) patterns of 
annealed and unannealed perovskite film cast from the 1:9 precursor ink. Scanning electron microscope (SEM) images of the surface of the perovskite 
absorber layer fabricated from a 1:9 tetrahydrofuran (THF):2-methoxyethanol (2-ME) precursor ink c) without annealing and d) with an annealing 
treatment (100 °C, 10 min).
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1:9 THF:2-ME MAPbI3 precursor ink when stored at low tem-
perature (≈4 °C). To do this, devices were periodically fabricated 
from a single batch of a fridge-stored ink. Figure 6b shows the 
resulting device PCEs over a period of 10 weeks ink storage-
time, plotted as the mean ± minimum/maximum device 
PCE for both the forward and reverse J–V sweep of at least 
16 cells per time point. Again, a linear regression was used to 
test whether the ink age (storage time) significantly predicted 
the resultant device PCE. The fitted regression model was  
(y = 14.5 − 0.005 × x) and the slope was again not significantly 
different from zero (F(1, 118), p = 0.331, R2 = 0.008). We there-
fore found no statistical difference in the device PCEs over this 
storage timeframe. This negligible deterioration demonstrates 
excellent solution stability for the THF:2-ME mixture con-
taining MAPbI3 precursor materials.

Previous work has shown that methylamine—either intro-
duced directly as a precursor solvent[59] or formed via degra-
dation of methylammonium—accelerates the degradation of 
formamidinium (FA) containing perovskite precursor inks. In 
those systems, the methylamine participates in a series of addi-
tion–elimination reactions, forming further secondary reaction 
products which result in the formation of nonperovskite poly-
type phases in the resultant perovskite thin film.[70] Here, we 
avoid the use of methylamine as a solvent. We therefore specu-
late that a THF:2-ME binary solvent system is also likely to have 
a high degree of stability when used with FA-based perovskite 
precursors.

2.3. Fully Annealing-Free Fabrication of Perovskite Solar Cells

To make a fully annealing-free PSC, the charge transporting 
layers must also be fabricated without annealing steps in 
a high-speed R2R process. To date, there are very few dem-
onstrations of annealing-free perovskite layers combined 
with annealing-free transport layers. Many reports use ZnO, 
TiO2, or SnO2 ETLs which require high temperature sin-
tering steps. UV-ozone treatments can be used to replace the 
annealing of SnO2,

[20] but such treatments can take upwards 
of 30 min, thus eliminating any benefit to manufacturing 
throughput. Notably, Jiang et  al. fabricated an Nb2O5-TiO2 
ETL at room temperature but this required the application of 
a time-consuming 15-min UV-ozone treatment prior to dep-
osition of the perovskite.[19] Such methods also required the 
use of antisolvent treatments to fabricate the annealing-free 
perovskite layer. The HTL poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) can be deposited without 
any requirement for thermal annealing, however, it is known 
to be hygroscopic and typically needs annealing treatments to 
remove residual water to prevent device instability.[71] Wang 
et  al. successfully created fully annealing-free PSCs having 
efficiencies of up to 16.40% using a room-temperature dried 
PEDOT:PSS HTL.[72] We note, however, that the 60-min water 
vapor annealing treatment used is incompatible with a high 
speed R2R process. In 2015, Su et  al. developed HTL-free, 
annealing-free PSCs by thermal evaporation, demonstrating 
PCEs of up to 8.37%.[12] In 2016, Zhao et al. thermally depos-
ited fully annealing-free PSCs having efficiencies of up to 
15.7% (14.6% stabilized).[13]

To create fully annealing-free PSCs, we have investigated 
the performance of devices based on the HTL MeO-2PACz 
without the application of a heating treatment. The chemical 
structure of MeO-2PACz is included in Figure S17 (Supporting 
Information). Although annealing of SAMs after deposition 
is a ubiquitous process—and is expected to strengthen the 
bonding between the SAM and the underlying substrate[73]—we  
demonstrate that sufficient binding occurs spontaneously 
during deposition of MeO-2PACz to create efficient PSCs 
without the necessity of annealing. In our experiments, we spin 
coat the MeO-2PACz and 1:9 MAPbI3 precursor as described 
above, without using an annealing step for either layer (see 
Figure S12c, Supporting Information, for schematic). Again, 
devices were completed with a thermally evaporated C60/BCP/
Ag cathode to realize fully annealing-free cells. In Figure 7a, 
we show a statistical summary of device performance com-
paring such fully annealing-free devices against devices with an 
annealed MeO-2PACz HTL and an unannealed MAPbI3 active 
layer. Notably, we find very little statistically significant differ-
ence between such devices. For completeness, Table 1 summa-
rizes the performance of devices made from the three combina-
tions of annealed/unannealed MeO-2PACz and MAPbI3 layers 
that are discussed above.

To further explore the quality of the unannealed MeO-2PACz 
layer, we conducted X-ray photoelectron spectroscopy (XPS) 
analysis to compare the surface chemistry of annealed and unan-
nealed MeO-2PACz layers (Figure 7b,c). The MeO-2PACz phos-
phonic acid group contains three oxygen atoms capable of cova-
lently binding to ITO surface oxides : two hydroxyl groups and a 
phosphoryl moiety. A large number of different binding modes 
are available, either through hydrogen bonding interactions with 
surface hydroxyl groups or neighboring SAMs, or via condensa-
tion reactions which can form up to three P–O–M bonds (where 
M in the metal–oxide substrate) between each SAM and the sur-
face.[74] The strength of the coordination between the SAM and 
the surface dictates the robustness of the layer. Such conden-
sation reactions—particularly those increasing the denticity of 
the binding mode—are conventionally thought to occur during 
annealing treatments after the deposition of the SAM.

To investigate whether a change in the denticity of the 
binding modes (i.e., a shift in the chemical environment of the 
P or O centers) upon annealing could be detected, we recorded 
high-resolution O 1s and P 2p spectra in order to investigate 
the binding of the phosphonic acid tail group to the ITO sub-
strate, as demonstrated previously.[75] While we find that there 
is a clear difference in the O 1s spectra between the bare ITO-
coated glass substrate and the MeO-2PACz coated samples—as 
expected due to the additional O-containing groups within the 
MeO-2PACz structure—there is no difference in either the O 1s 
or P 2p environments of the MeO-2PACz as a consequence of 
the annealing treatment. Similarly, we find no significant dif-
ference in the contact angle of a water droplet on the surface 
of the annealed versus unannealed MeO-2PACz (54.6 ± 3.1° 
versus 53.0 ± 1.7°, respectively, see Figure 7d). We suspect that 
such small changes may arise from a change in the surface cov-
erage of the MeO-2PACz.

We postulate that the binding energy for the condensation 
reaction between the phosphonic acid tail group and the ITO 
surface is sufficiently low to occur at room temperature. This is 

Adv. Energy Mater. 2023, 13, 2203468

 16146840, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202203468 by O
xford U

niversity, W
iley O

nline L
ibrary on [31/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advenergymat.dewww.advancedsciencenews.com

2203468 (10 of 14) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

in agreement with previous studies in which phosphonic acid-
containing SAMs deposited at room-temperature were found to 
remain on the surface after “extensive rinsing and sonication,” 
indicating strong chemisorption between the SAM and the sur-
face at room temperature.[76]

We therefore find that annealing the deposited MeO-2PACz 
layer is not necessary for the formation of a high-quality HTL. 
Using this approach, we have fabricated fully annealing-free PSCs 
with a champion stabilized efficiency of 17.1% (Figure S18a–c,  
Supporting Information), with little statistically significant 
variation in comparison to PSCs with an annealed MeO-2PACz 

HTL (anneal-free MAPbI3). Again, the JSC-JV matches well with 
the calculated JSC-EQE.

To our knowledge, this represents the highest performance 
demonstrated for a PSC fabricated without any annealing  
treatments in a fully R2R compatible manner. We compare 
our work to other fully annealing-free approaches as discussed 
above in Figure 8.

Finally, we recently reported the use of gas-quenching 
to fabricate spray-coated MAPbI3 perovskite films, and the 
spray deposition of MeO-2PACz as an HTL.[39] We believe 
that the binary solvent precursor ink explored here will be a 

Table 1. A summary of perovskite solar cell (PSC) performance metrics (including both forward and reverse J–V sweeps) for all devices presented in 
this work.

MeO-2PACz MAPbI3 JSC [mA cm−2] VOC [V] FF [%] PCE [%] ncells

(21.1 ± 0.8) 22.4 (1.06 ± 0.03) 1.08 (75.3 ± 6.2) 80.3 (15.9 ± 1.7) 18.0 24

(19.4 ± 1.2) 21.2 (1.05 ± 0.05) 1.11 (72.5 ± 4.7) 78.0 (14.9 ± 1.9) 17.5 62

(19.2 ± 0.5) 20.4 (1.08 ± 0.05) 1.09 (72.4 ± 5.6) 76.6 (14.8 ± 1.6) 16.6 16

Bold font data represents the champion performance metric, with median ± standard deviation values presented in parentheses.  is annealed,  is unannealed.

Figure 7. a) A boxplot comparing the power conversion efficiency (PCE) of devices containing an annealing-free perovskite absorber layer with an 
annealed MeO-2PACz hole-transporting layer (HTL) (blue) and an unannealed MeO-2PACz HTL (purple). High-resolution X-ray photoelectron spec-
troscopy (XPS) spectra of the b) O 1s and c) P 2p regions of bare indium tin-oxide (ITO) coated glass (light blue, solid), ITO with spin-coated and 
annealed MeO-2PACz (dark blue, dashed), and ITO with spin-coated, unannealed MeO-2PACz (purple, dotted). d) The contact angle of a water droplet 
on bare ITO-coated glass (light blue), an annealed MeO-2PACz film (dark blue), and an unannealed MeO-2PACz film (green).
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promising candidate to spray coat the perovskite without the 
necessity of annealing. Previously, our attempts to spray coat 
ACN-based precursors have been unsuccessful due to the 
higher vapor pressure of ACN (88.8 mm Hg at 25 °C) leading 
to the premature evaporation of the precursor droplets before 
reaching the substrate surface. Here, the 1:9 THF:2-ME ink 
is expected to have a sufficiently low vapor pressure to allow 
it to be spray-deposited and undergo room-temperature 
removal of the casting solvents. We believe that spray coating 
fully annealing free devices would have direct commercial 
relevance as a route to extremely high-throughput R2R fab-
rication of PSCs.

3. Conclusions

We have developed a novel two-component solvent system 
combining THF and 2-ME to fabricate crystalline MAPbI3 thin-
films at room temperature following simple gas-jet-induced 
evaporation of the casting solvents. Without the THF, the pure 
2-ME precursor inks form discontinuous perovskite films char-
acterized by a large number of pinholes. By adding THF to the 
2-ME, we are able to modify the vapor pressure of the binary 
system. This results in a lower degree of solvent coordination 
to the lead centers, a finding in agreement with theoretical 
predictions. The THF component therefore accelerates the sol-
vent removal during the “gas-quench.” This results in a greater 
degree of nucleation with a dense and uniform film created 
having a smaller average grain size with respect to the pure 
2-ME composition. We find, however, that if too much THF 
is incorporated, a rapid, top-down evaporation process occurs, 
resulting in a solidified top layer with a series of voids formed 
throughout the underlying film. At the optimized composition 
of 10 vol% THF, however, we tune the evaporation rate to obtain 

uniform, pinhole-free perovskite films. Using this approach, we 
fabricate p-i-n PSCs incorporating an annealing-free perovskite 
layer and demonstrate stabilized device efficiencies up to 18.0%. 
These PCEs are completely comparable to those demonstrated 
in devices incorporating annealed perovskite films, underpin-
ning the practicality of our approach.

Finally, we removed the annealing step typically employed 
during the deposition of SAM molecules as HTLs. We observed 
only a small loss in device performance when foregoing the 
MeO-2PACz annealing process. By combining an anneal-free 
MeO-2PACz film with an anneal-free 1:9 THF:2-ME perovskite 
layer, we created devices having stabilized PCEs of up to 17.1%. 
This is the highest device performance demonstrated so far for 
a fully annealing-free PSC that is completely compatible with a 
high-speed, high-volume R2R process.

In summary this work demonstrates a facile route to fab-
ricate efficient PSCs without any lengthy annealing steps to 
process either the charge transporting layers or the perovskite 
itself. The binary solvent precursor ink demonstrates good 
storage stability and is identified as an ideal candidate for rapid 
spray deposition. These results therefore represent a promising 
route for low-cost, high-speed, and high-volume industrial pro-
duction of PSCs.

4. Experimental Section
Materials: All materials were used as received without any further 

purification. MeO-2PACz (>98%) and PbI2 (>99.99% trace metals basis) 
were purchased from Tokyo Chemical Industry. Methylammonium 
iodide (MAI, >99.9%) and 20 ×15  mm prepatterned ITO (≈20 Ω □−1) 
substrates were purchased from Ossila. All solvents and remaining 
materials including C60 (sublimed, 99.99%) and bathocuproine (BCP, 
sublimed, 99.99%) were purchased from Sigma–Aldrich unless 
otherwise stated. ITO substrates were cleaned by sequential sonication 
in diluted Helmanex solution, boiling deionized water, acetone, and iso-
propanol (IPA). After drying under flow of N2, the substrates were UV 
ozone treated for 15 min immediately prior to device processing.

Device Fabrication: A stock solution of the MeO-2PACz (1  mmol in 
ethanol) was prepared and stored under N2, with a small amount 
decanted for use as necessary. We have so far found this stock solution 
to be stable (no difference in resulting device performance) over a 
period of 18 months. An amount of 60 µL of MeO-2PACz solution was 
statically spin-coated onto the substrate for 30 s at 3000  rpm in a N2 
filled glovebox. Where the MeO-2PACz was annealed, the as-spun films 
were transferred to a hotplate at 100 °C for 10  min. No subsequent 
rinsing steps were applied.

A MAPbI3 precursor ink (0.5 m) was prepared in different compositions 
of THF:2-ME. Stoichiometric quantities of MAI and PbI2 (i.e., 79.5 and 
230.5  mg mL−1, respectively) were dissolved in the appropriate ratio of 
the two solvents and dissolved by stirring overnight. The best-performing 
binary composition investigated here was based on a 1:9 ratio of 
THF:2-ME. The precursor inks were spin-coated at 800  rpm s−1 for 5 s, 
then 4000  rpm for 35 s. At 6 s into the spin-cycle, a “gas-quench” was 
employed wherein an N2 flow of ≈20  psi was directed at the spinning 
substrate, immediately inducing a color change from yellow to dark brown.

The C60/BCP ETL was thermally evaporated (Angstrom Engineering) 
at a chamber base pressure of at least 2.4 × 10−6  mbar from alumina 
crucible sources (RADAK, Luxel Corp.) at a constant rate of 0.1 Å s−1

. 
Silver pellets (Lesker) were deposited from a resistive boat source at 
a ramped rate of 0.1–1.0 Å s–1 through a shadow mask to form the Ag 
back-electrode. Devices were then encapsulated using an epoxy pen 
(Bluefixx Blue LED Repair Pen, Combined Precision Components) and 
glass encapsulation coverslips (Ossila).

Figure 8. A comparison of reported device power conversion efficiencies 
(PCEs) in the literature for fully annealing-free fabrication of perovskite 
solar cells. The annotations indicate the use of processing steps with 
limited scalability.
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Device Characterization: Current–voltage (J–V) measurements were 
recorded under ambient conditions using a Newport 92251A-1000 solar 
simulator. No preconditioning of devices was carried out. Prior to testing, 
the Air Mass 1.5 (AM1.5) spectrum was adjusted to 100 mW cm–2 at the 
substrate holder location using a National Renewable Energy Laboratory 
(NREL) certified silicon reference cell. The active measurement area 
was defined using metal aperture masks with a calibrated area of  
2.5 mm2. A Keithley 237 source-measure unit swept devices between 
−0.1 and 1.2  V at 50  mV s–1. SPO measurements were performed by 
holding the device at a bias defined by the average voltage at maximum 
power (Vmpp) determined from the forward and reverse sweeps.

EQE measurements were recorded over a 325–900  nm range using 
a Newport QuantX-300 Quantum Efficiency Measurement System. The 
system was equipped with a 100 W Xenon arc lamp focused through an 
Oriel Monochromator (CS130B) and chopped at 25 Hz.

X-ray diffraction (XRD) patterns were recorded at room temperature 
using a PANalytical X’Pert3 diffractometer equipped with a Cu line focus 
X-ray tube run at 45 kV with a tube current of 40 mA. The 1D detector 
collected data in Bragg–Brentano geometry.

SEM images were recorded using an FEI Nova Nano450 SEM 
operating at a beam energy of 1.5 kV at a working distance of 4–5 mm, 
with an in-lens detector used to collect backscattered electrons.

AFM (Veeco Dimension 3100) images were collected in Intermittent 
Contact (Tapping) Mode with a NuNano Scout 350 cantilever (nominal 
spring constant 42 N m−1, resonant frequency 350  kHz). Each sample 
was scanned over a 5 × 5 µm area with a resolution of 512 × 512 pixels.

Film thickness measurements were collected using a Bruker Dektak XT 
system. A razor blade was used to scratch the perovskite thin films prepared 
as described above. The profilometer tip (12.5 µm diameter) was scanned 
1000 µm across this “scratch” in the film surface at a stylus force of 3 mg. 
Vison64 software (Bruker) was used to level the 1D line scan and extract a 
step height from the film surface to the bottom of the scratched valley.

In situ GIWAXS data was acquired at the I07 beamline at Diamond 
Light Source. Solutions were deposited using an in situ blade coater 
contained in an N2 environment incorporating a syringe driver, coating 
surface, motorized blade, integrated hotplate, and an N2 outlet directed at 
the sample surface for gas-quenching. Prior to data acquisition, solutions 
were deposited onto cleaned glass substrates with a shim height of 40 µm 
and a coating speed of 9 mm s−1. Monochromatic X-rays with an energy 
of 10  keV were incident on the samples at a grazing incidence angle of 
1°, with scattering collected by a Pilatus 2  M (DECTRIS) hybrid photon-
counting detector at a distance of 365 mm, with the geometry calibrated 
using LaB6. 2D detector images were acquired every 0.1 s. Data reduction 
was performed using scripts based on the pyFAI and pygix libraries.[77]

For XPS measurements, the ITO-coated glass substrates were 
mounted onto the sample holder with double-sided carbon tape, and 
then copper alloy bars were screwed into the sample holder in such a way 
that they overlapped slightly the top and bottom edges of each sample in 
order to ensure the treated surface was not electrically isolated. Charge 
neutralization was also used to prevent surface charge build-up. Analysis 
was carried out using a Kratos Supra instrument with a monochromated 
aluminum source, with two analysis points recorded per sample over 
an area of 700 by 300  µm. Survey scans were collected between 1200 
to 0 eV binding energy, at 160 eV pass energy, 1 eV intervals, and 300 s  
per sweep with one sweep being collected. High-resolution O 1s, C 1s, 
In 3d, N 1s, and P 2p XPS spectra were also collected at 20  eV pass 
energy and 0.1 eV intervals for each analysis point over an appropriate 
energy range, with one 300 s sweep used to record all spectra except 
N 1s and P 2p for which two sweeps were collected. The data collected 
was calibrated in intensity using a transmission function characteristic 
of the instrument to make the values instrument independent. The data 
was then quantified using theoretical Schofield relative sensitivity factors 
modified to account for instrument geometry, variation in penetration 
depth with energy, and the angular distribution of the photoelectrons. 
The binding energy scale was calibrated for all samples by fixing In 
3d5/2 at 444.57 eV. This In 3d5/2 value puts the main C 1s peak for the 
ITO samples at 285.0 eV, consistent with the assumption that it results 
from carbonaceous contamination.

Contact angle measurements of droplets on thin-films were performed 
using a contact angle goniometer (Ossila). A small droplet of water was 
deposited onto the substrate surface and recorded at 20 fps. The Ossila 
contact angle software was then used to extract the angle between the 
droplet and the sample surface at the point of initial contact.

UV–Visible transmission measurements were recorded using a 
Fluoromax-4 fluorometer (Horiba), with corresponding absorbance 
values calculated according to the logarithmic relationship A  = 
−log 10T. Precursor inks were diluted to 0.05 m to prevent saturation 
of the detector and referenced to the empty quartz cuvette used for 
measurements. UV–Vis measurements for the precursor inks were 
recorded over the spectral range 250–500 nm.

Optical microscope images were recorded using a Nikon Eclipse 
ME600 microscope at 50× magnification.
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