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SUMMARY

Printable rear electrodes represent a key enabling technology for the upscaling of perovskite solar cells 
(PSCs). Carbon electrodes are appealing candidates widely employed in n-i-p (so-called ‘‘conventional’’) 
architectures, but their integration into p-i-n (so-called ‘‘inverted’’) architectures is prohibited by interfa-

cial energetic mismatch. We address this challenge by introducing a tin oxide (SnO x ) interlayer with desir-

able mechanical durability and n-doping level. We show in detail how the tailored interlayer converts car-

bon from a hole-collecting anode to an electron-collecting cathode and how the electron-extraction 
barrier is minimized, narrowing the efficiency gap between carbon (21.8%) and silver (24.0%) electrodes. 
The advancement results in a remarkably improved viability of the PSCs: a modest drop in efficiency is

CONTEXT & SCALE Perovskite solar cell is an emerging photovoltaic technology that is potentially easy to 

manufacture at large scale. However, bringing these devices from the lab to industrial production may require 

every layer, especially the rear electrode, to be fabricated using low-cost, high-throughput printing methods. 

To date, most high-efficiency devices rely on expensive metal electrodes such as silver, which increases 

costs and reduces the device’s long-term stability. Carbon is an abundant, printable, and chemically stable 

alternative and has been successfully used in one common device layout, the ‘‘n-i-p’’ (so-called ‘‘conven-

tional’’) perovskite architecture. Yet, in the p-i-n (so-called ‘‘inverted’’) architecture, carbon has fundamen-

tally been incompatible because it collects the wrong type of electrical charge.

This work resolves this long-standing incompatibility. We demonstrate that carbon can be used as the elec-

tron-collecting electrode in inverted perovskite solar cells by introducing a tailored ultra-thin tin oxide inter-

layer. This interlayer is both mechanically strong to survive printing and electronically tuned to overcome the 

inherent energy barrier that previously prevented electrons from flowing into carbon. By understanding and 

controlling how atomic-level defects in tin oxide influence charge transfer, we convert carbon from a hole-

collecting material into an efficient electron collector.

The result is a carbon-based device with comparable performance, remarkably longer operational lifetime, 

and over 60% lower material cost, compared with its silver-based counterparts. Our findings establish a gen-

eral physical principle for designing interfaces between n-type metal oxides and carbon for electron extrac-

tion, opening a new pathway toward metal-free, scalable, and durable perovskite solar cells. In doing so, we 

address one of the last major obstacles to fully printed, low-cost solar manufacturing at industrial scale.
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outweighed by a 3-fold improvement in projected operational lifetime (>8,000 h) and a 60% reduction in 
the bill of materials. These results underscore the potential of carbon as a cost-effective alternative to 
silver in the industrialization of p-i-n PSCs.

INTRODUCTION

Metal-halide perovskite solar cells (PSCs) have surged to the 

forefront of photovoltaic (PV) research, propelled by their 

exceptional power conversion efficiencies (PCEs) and the 

promise of high-throughput, roll-to-roll manufacturing. 1 While 

considerable progress has been made in printing perovskite 

films 2,3 and charge transport layers, 4 the fabrication of the 

rear electrodes remains a bottleneck hindering upscaling. 5,6 

Vacuum-deposited metal electrodes increase capital and 

operating costs and constrain throughput. By contrast, 

carbon recently emerged as a viable alternative for the rear 

electrode owing to material abundance, 7 ease of upscaling 

in ambient conditions, 3 and compatibility with printing 

techniques. 8

Most carbon-electrode demonstrations to date employ 

the n-i-p (so-called ‘‘conventional’’) architecture, achieving 

PCEs > 22% at the cell level and >16% in mini-modules. 3,9,10 

In this architecture, carbon serves either as the anode atop a 

hole transport layer (HTL) 11 or as a combined hole transport/col-

lector in HTL-free stacks. 12 However, carbon’s high work func-

tion (WF) and partial hole selectivity 13 has largely prohibited its 

use as cathode in p-i-n (so-called ‘‘inverted’’) devices, leaving 

few reports, despite the rapid efficiency gains and commercial-

ization momentum of p-i-n PSCs. 14,15 This study targets this 

deficiency by enabling high-performance carbon electrodes in 

the p-i-n PSC.

In p-i-n PSCs, photo-generated electrons are extracted 

through a fullerene-based electron transport layer (ETL) to 

the cathode. Because ETL/cathode energy levels are often 

misaligned, an interlayer is required to suppress extraction 

barriers and enable efficient electron collection. 16 With carbon 

cathode, conventional interfacial materials—such as bathocu-

proine (BCP), lithium fluoride (LiF), and metal oxides 17 —may 

fail to adequately mitigate this misalignment. Printing carbon 

from wet pastes further complicates interfaces by introducing 

mechanical and chemical stress that is not seen with physical-

vapor-deposited metals. 18–20 Therefore, a tailored interlayer 

that is both mechanically robust under printing and electroni-

cally tunable is needed to render an anode-to-cathode polar-

ity inversion for carbon.

Our work therefore leverages atomic layer deposition (ALD) to 

create a uniform but non-stoichiometric tin oxide (SnO x ) inter-

layer. 21 This approach simultaneously achieves two critical ob-

jectives: (1) forming a mechanically robust film that withstands 

subsequent electrode printing from wet paste and (2) tuning ox-

ygen vacancies to mitigate electron extraction losses at the 

SnOₓ/carbon Schottky barrier. These advances enable success-

ful integration of carbon electrode into p-i-n PSCs, yielding de-

vice performance among the highest reported values of car-

bon-electrode PSCs. While substituting silver with carbon 

results in a small reduction in PCE, this trade-off is outweighed 

by extension of device longevity and reduction of material

cost, underscoring a viable pathway toward durable, low-cost, 

and scalable perovskite PVs.

RESULTS

Polarity inversion of carbon with a robust ALD-SnO x 
interlayer

The purpose of our study, illustrated in Figure 1A, is to employ 

printable carbon as the rear electrode of the so-called ‘‘p type-

intrinsic-n type (p-i-n),’’ also referred to as ‘‘inverted,’’ PSCs. 

Our device employs indium-doped tin oxide (ITO)-coated glass 

as substrate; nickel oxide (NiO x ) with a self-assembled mono-

layer (SAM), which is (4-(3,6-dimethyl-9H-carbazol-9-yl)butyl)- 

phosphonic acid (Me-4PACz), as HTL; and buckminsterfullerene 

(C 60 ) as ETL. As revealed by Figure 1B, carbon has a higher WF 

(4.82 eV) than gold (4.77 eV) and silver (4.53 eV) and exhibits par-

tial hole selectivity, and it was therefore used as an anode in n-i-p 

PSCs. 22 The key challenge of this study, depicted in Figure 1C, is 

to invert the polarity of carbon from a hole-collecting anode to an 

electron-collecting cathode.

Figures 1D–1G plot the representative current density-voltage 

(JV) curves of different electrode-interlayer couples, showing 

that an SnOₓ interlayer through ALD (see Figure S1) is uniquely 

effective at enabling a printed carbon electrode to operate as a 

cathode; without an interlayer, Figure 1D, the device with Ag ex-

hibits a rectified JV curve but low fill factor (FF) and open-circuit 

voltage (V OC ), whereas Au and carbon devices show non-recti-

fying characteristics. Conventional interlayers, such as BCP 

(Figure 1E) or SnO x nanoparticles (Figure 1F), recover electron 

selectivity for Ag/Au but not for carbon. By contrast, after optimi-

zation of the reaction temperatures (see Figure S2), ALD-SnOₓ 
restores strong JV rectification for carbon and elevates device 

performance toward the Ag/Au baselines, Figure 1F.

The above observations suggest a generic energy offset be-

tween C₆₀ and Ag, Au or carbon, and the need of an interlayer 

to reduce such offset to enable a working solar cell. For printed 

carbon, the decisive factor is interlayer integrity under printing. 

When this is maintained by ALD, energetic tuning becomes 

effective, and polarity inversion of carbon is realized. The coating 

of carbon paste appears to completely ‘‘wash away’’ BCP and 

considerably permeates SnO x nanoparticle, resulting in a negli-

gible energy-tuning effect. On the contrary, ALD ensures suffi-

cient layer integrity against the ingress of carbon paste and even-

tually forms a conformal SnO x /carbon bilayer.

To demonstrate the importance of layer integrity and that a 

minimum thickness is required to achieve this, we examined 

the dependence of device performance on the thickness of 

ALD-SnO x , which is systematically tuned by controlling the 

growth rate and cycle numbers of ALD (see Figures S3–S6). Sur-

face scanning electron microscopic (SEM) images, Figures 2A– 

2D, show increasing continuity of SnO x on C 60 with the increase 

of its thickness. Accordingly, the JV curves of the carbon de-

vices, Figure 2E, show noticeable drops of V OC and FF as
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SnO x thickness is reduced, resulting in a decrease of average 

PCE from 19.3% ± 1.4% (25 nm) to 12.6% ± 0.5% (5 nm). In 

comparison, Ag devices exhibit only minor performance drift, 

Figure 2F (see Figure S7 for statistical data), from 21.7% ± 

0.5% (20 nm) to 19.2% ± 0.4% (5 nm). These results suggest 

that a minimum thickness is needed for ALD-SnOₓ to form a 

continuous barrier, which prevents ingress by carbon paste 

and establishes an intended SnOₓ/carbon interface. Below this 

threshold, carbon ingresses through pinholes or weak regions 

and makes undesired local C₆₀/carbon contacts, resulting in par-

tial loss of electron selectivity and thereby strong surface recom-

bination. In this regard, in Figure 2G, a cross-sectional SEM im-

age is shown highlighting the formation of a well-defined, 

conformal SnO x /carbon bilayer with a SnO x thickness of approx-

imate 25 nm.

Tuning SnO x ’s WF for enhanced electron extraction to 

carbon

With SnO x ’s integrity confirmed as essential to maintaining elec-

tron selectivity, we now optimize device performance by tuning 

the WF of SnO x . As illustrated in Figure 3A, the as-deposited 

SnO x films, which are typically amorphous when prepared 

from ALD, 21 are subjected to thermal annealing or ultraviolet 

(UV) irradiation treatments. 23 They are reported to stimulate the

formation of oxygen vacancies (V ⋅⋅O ) within bulk SnO 2 when per-

formed in a nitrogen (N 2 ) environment but annihilate V ⋅⋅O or cre-

ates oxygen interstitials (O′′ 
i ) when carried out in ambient air—a 

process referred to as self-doping 24 and described with the 

well-known defect reaction written in Krö ger-Vink notation as 

follows:

O O ⇋ 
1 

2 
O 2 ↑ + V ⋅⋅O + 2e; (Equation 1)

These treatments were optimized iteratively by monitoring the 

WF shift of SnO x as quality control (QC) metric measured with a 

Kelvin probe. In Figure 3B, we show a progressive change of WF 

from 4.29 to 4.84 eV by varying the processing parameters. The 

change of WF is found partially reversible (Figure S8), consistent 

with and supporting our hypothesis that change of WF is caused

by self-doping in which formation of V ⋅⋅O and O ′′ i are reversible de-

pending on environmental conditions. 25 Thermal annealing is 

controlled before any heat-induced degradation of PCE occurs, 

which is optimized by varying the time and temperature in N 2 
condition (Figure S9).

We then focus on the 20-nm SnO x and show in Figures 3C–3E 

the statistical data of V OC , FF, and PCE depending on SnO x ’s 

WF. A clear difference is immediately seen: the Ag device shows 

a small reduction in PCE with increasing WF, while both Au de-

vices and carbon devices exhibit a more pronounced decline 

in PCE with increased WF. The change of PCE is primarily 

caused by variation in FF, instead of by change in V OC . An in-

spection of the representative JV curves, Figures 3F–3H, reveals

Figure 1. Electrode and interlayer engineering for p-i-n PSC

(A) Schematic drawing of the layer configuration of a p-i-n PSC with printed carbon electrode.

(B) The WF of an ITO substrate, an evaporated gold (Au) electrode, an evaporated silver (Ag) electrode, and a printed carbon electrode (thickness is 20 μm), all 

measured with a Kelvin probe.

(C) Schematic drawing of the energy diagram of perovskite (PVK)/C 60 /carbon interface with an energy-level-tuning interlayer.

(D–G) Representative JV curves of inverted PSCs employing Au, Ag, and carbon electrodes without interlayer (D), with BCP (E), SnO x nanoparticles (F), and ALD-

SnO x (G) as the interlayer.
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that the reduced FF in Au-PSC and carbon-PSC is associated 

with the emergence of an ‘‘s-shaped’’ curve, which suggests 

the formation of Schottky barrier at one or multiple interfaces 

impeding charge extraction. 26,27 It is worth noting that carbon 

and Au devices exhibit nearly comparable V OC × FF products, 

despite a difference in J SC (Figure S10) leading to slightly lower 

PCE for the former. This means, for high-WF electrodes, electron 

extraction is highly sensitive to doping and thereby the WF of the 

interlayer, which will be explained in detail below.

Origin of enhanced electron extraction to carbon

Having established the WF of SnO x as a practical QC metric, we 

then probed how SnO x /carbon band alignment evolves to clarify 

the origin of efficient electron extraction to carbon. First, the stoi-

chiometric variation in bulk SnO 2 as a result of oxygen vacancy 

tuning is characterized with X-ray photoelectron spectroscopy 

(XPS), measuring the survey spectra and core-level spectra of 

O 1s and Sn 3d (see Figures S11 and S12), which allows for rapid 

determination of O/Sn atomic ratios by integration of O 1s and Sn 

3d peaks using corresponding relative sensitivity factors. 

Figure 4A shows that the as-deposited SnO x is moderately oxy-

gen deficient (x = 1.95) in the absence of post-treatments, 28 and 

it becomes more so when treated in N 2 atmosphere (x = 1.84), 

leading to strong n-type self-doping. On the contrary, treatment 

in air incorporates oxygen in the lattice, and the film becomes 

more stoichiometric and even slightly rich in oxygen (x = 2.09), 

resulting in a reduction in n-doping. The valence band (VB) 

spectra feature a negligible shift of VB maximum (Figure S13),

though. These results suggest formation of V ⋅⋅O by post-treatment

varying O/Sn ratio as the main cause of WF change, which is 

consistent with our hypothesis on the management of oxygen, 

shown in Figure 3A.

To elucidate how interfacial band alignment evolves, we show 

in Figure 4B the change of WF of SnO x deposited on an ITO sub-

strate, with varied thickness from 3 to 10 nm. Because ITO (WF = 

4.93 eV) forms a Schottky contact with SnO x , which resembles 

carbon (WF = 4.82 eV), ultra-thin SnO x is fully depleted, and its 

measured WF tracks ITO’s surface potential. As thickness in-

creases, the measured WF relaxes exponentially toward bulk 

SnO x ’s value and eventually remains unchanged when it is 

greater than the depletion (space-charge) width of SnO x (sche-

matically drawn in Figure S14). The built-in potential of the inter-

face, namely, the total drop of WF, excellently matches the WF 

offsets between ITO and SnO x : ∼0.60 eV for N 2 -annealed 

SnO x , ∼0.50 eV for as-deposited SnO x , and ∼0.20 eV for air-an-

nealed SnO x .

These results allow us to estimate the Debye length (L D ) and 

thus the carrier density of the SnO x films:

ϕ(x) = ϕ SnO x ;bulk + Δϕ exp 

( 

−
x 

L D

) 

; (Equation 2)

L D =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε r ε 0 kT 

q 2 n

√ 

; (Equation 3)

where ϕ(x) is the measured WF at position x, ϕ SnO x ;bulk is the WF 

of bulk SnO x , and Δϕ is the total WF difference. T is temperature 

(300 K), q is the unit charge (1.602 × 10 − 19 C), ε 0 is vacuum 

permittivity (8.85 × 10 − 14 F cm − 1 ), and ε r is the relative permit-

tivity of SnO 2 (9–12). 29 Fitting the WF thickness data with single 

exponential (shown on Figure 4B) yields L D of 0.6 nm (N 2 -an-

nealed), 2.9 nm (as-deposited), and 4.3 nm (air-annealed), 

showing a progressive widening of depletion region. Using L D ,

Figure 2. Impact of SnO x thickness on device performance

(A–D) Surface SEM images of SnO x films deposited on C60 substrate with different SnO x thickness. The scale bar represents 100 nm.

(E and F) Representative JV curves of p-i-n PSCs comprising ALD-SnO x interlayer of varied thickness with (E) carbon electrode (E) and Ag electrode (F).

(G) Cross-sectional SEM images of a perovskite (PVK)/C60/SnO x /carbon interface. Here, a C 60 layer with thickness greater than optimized value is deposited for 

the ease of image acquisition. The scale bar represents 100 nm.
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we are able to estimate carrier density n in the SnO x films; this 

gives an approximate value of 3.6–4.8 × 10 19 cm − 3 for 

N 2 -annealed SnO x , which is orders of magnitude higher than 

that of as-deposited SnO x (1.53–2.04 × 10 18 cm − 3 ) and air-an-

nealed SnO x (7.0–9.3 × 10 17 cm − 3 ). These results suggest nar-

rowing of the depletion region and an increase in charge density 

in the N 2 -annealed SnO x , as compared with as-deposited or air-

annealed ones, as a result of self-doping by oxygen vacancies. 

The consequence of narrowed depletion region can be seen 

from measuring the current-voltage (IV) characteristics of an 

ITO/SnO x /carbon Schottky diode, Figure 4C. The key observa-

tion from the IV curve of the air-annealed SnO x is a strong 

diode characteristic and a moderate asymmetry between elec-

tron injection from carbon and from ITO, which leads to signif-

icantly lower current injection in the low-bias region (see also

Figure S15). By contrast, the diode characteristics diminish in 

the device with as-deposited SnO x and become nearly linear 

with N 2 -annealed SnO x . These results suggest non-negligible 

injection barriers and thus greater contact resistance at both 

ITO- and carbon-interface when SnO x is subject to annealing 

in air, whereas the contact becomes nearly ohmic with anneal-

ing in N 2 .

The above results allow us to schematically draw the energy 

diagram in Figure 4D: when bringing SnO x in contact with a 

high-WF electrode, a Schottky contact is formed but the profile 

of the band bending depends strongly on the self-doping of 

SnO 2 —n-type self-doping of SnO 2 toward SnO 2− x shifts its 

Fermi level upward to the conduction band (CB), resulting in 

both greater interfacial bending and reduced depletion width 

with high-WF electrode. This eventually leads to the alignment

Figure 3. Tuning SnO x ’s WF and its impact on device performance

(A) Schematic drawing of controlling oxygen vacancies in the lattice of SnO 2 through post-deposition treatments in ambient air and in N 2 atmosphere.

(B) Impact of post-deposition treatments on the WF of SnO x film, measured with a Kelvin probe.

(C–E) Statistical data of the dependence of PCE (C), FF (D), and V OC (E) on the WF of SnO x in the p-i-n PSCs with Au, Ag, and carbon electrodes, respectively, 

measured from 15 devices for each condition. The dashed lines represent the error bar of the statistical data.

(F–H) Representative plots showing the dependence of JV curves on the WF of SnO x interlayer in PSC with Au, Ag, and carbon electrodes, respectively.
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of the electrode’s Fermi level to SnO 2− x ’s CB and, more impor-

tantly, allows electrons to tunnel through the narrow space-

charge layer. By contrast, the larger energy-level offset and the 

wider space-charge layer formed with intrinsic SnO 2 noticeably 

impede electron injections.

We further correlate the change of injection barrier to the vari-

ation of electron-extraction barrier, by plotting in Figure 4E the 

band profiles of C 60 /SnO x /electrode interface: undoped SnO 2 
forms ohmic contact with Ag but Schottky contacts with carbon 

(or Au). The Schottky contact hinders electron extraction, leads 

to electron accumulation at the interfaces, and eventually results 

in s-shaped JV curves as observed in Figures 3G and 3H. 30 It 

herein presents a classical Schottky challenge to form semi-

metallic contact between a metal and a semiconductor with sig-

nificant energetic offsets, which can be resolved with a heavily 

n-doped SnO 2− x : band bending becomes greater at both C 60 /

SnO 2− x and SnO 2− x /carbon interfaces, and the Fermi level of 

carbon (or Au) is brought close to the CB of SnO 2− x . The nar-

rowed depletion region allows for electron tunneling through 

the Schottky barrier, resulting in a quasi-ohmic contact between 

SnO 2− x /carbon (or Au). We note that in all cases, the Fermi levels 

of the electrodes align with that of C 60 , thus the built-in potential 

of the solar cell remains unchanged regardless of the WF varia-

tions from SnO x or electrodes. This is in excellent agreement with 

our JV measurements (Figures 3F–3H) showing the main loss of 

PV parameters to be FF, while the loss of V OC remains trivial.

Techno-economic analysis of carbon-electrode p-i-n 

PSC

Having shown that a mechanically robust ALD interlayer is 

compatible with printing of carbon and that self-doping of 

SnO x enables efficient electron extraction to carbon, we now

Figure 4. Impact of SnO x self-doping on interfacial band alignment

(A) Atomic concentration ratio of O and Sn in SnO x films after different post-deposition treatments.

(B) WF change of SnO x films deposited on ITO substrates, with varied thickness from 3 to 10 nm and different post-deposition treatments. The data are an 

average of 6 measurements from different positions.

(C) IV curves of ITO/SnO x /carbon Schottky diodes.

(D) Schematic drawing showing the impact of SnO x ’s self-doping on interfacial band bending, formation of space-charge layer, and electron injection in a 

Schottky contact with a high-WF electrode.

(E) Schematic drawing of the band profile at C 60 /SnO x /electrode interface with undoped SnO 2 and n-doped SnO 2− x .
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examine how integrating a carbon cathode reshapes the effi-

ciency-longevity-cost balance in p-i-n PSCs, the key determi-

nant of economic viability. First, the investigation of SnO x self-

doping enables us to rationally optimize device fabrication and 

to show, in Figure 5A, the JV curves of the champion-performing

ones; the champion carbon-PSC shows a J SC of 24.7 mA cm − 2 ,

V OC of 1.138 V, FF of 77.8%, and PCE of 21.8%. Importantly, 

the device exhibits minimal hysteresis in the JV curve when 

scanning direction is reversed, with comparable JV parameters 

of 24.7 mA cm − 2 , 1.134 V, and 77.1% and 21.6% obtained in for-

ward-scan measurement (Figure S16). This leads to a stabilized 

PCE of 21.8%, measured with a maximum power point tracking

protocol shown in the inset figure (see also Figure S17). The per-

formance of carbon-PSC is benchmarked against the PSC with 

SnO x /Ag cathode, and further against the ‘‘reference’’ p-i-n PSC 

with BCP/Ag cathode, with the JV curves of their respective 

champion devices also plotted in Figure 5A, showing the 

following: J SC of 25.5 and 25.7 mA cm − 2 , V OC of 1.151 and 

1.155 V, FF of 81.8% and 82.5%, and PCE of 24.0% and 

24.5%, for SnO x /Ag-PSC and BCP/Ag-PSC, respectively.

To further elucidate the PCE gap between evaporated and 

printed electrode, we list in Table 1 the statistical data of PV pa-

rameters for SnO x /carbon, SnO x /Ag, and BCP/Ag, collected 

from the best-performing fabrication batch (see boxplot in

Figure 5. Assessment of the efficiency-lifetime-cost balance

(A) JV characteristics of the champion solar cells with SnO x /carbon, SnO x /Ag, and BCP/Ag electrode, respectively. The inset figure shows the stabilized PCE of 

the champion SnO x /carbon device under maximum power point (MPP) tracking mode.

(B) EQE spectra and integrated J SC of the champion solar cells with SnO x /carbon electrode and SnO x /Ag electrode, respectively.

(C and D) Evolution of J SC , V OC , FF, and PCE of the PSCs with SnO x /Ag and SnO x /carbon electrodes, all measured in a nitrogen-filled box under 1-sun equivalent 

illumination (provided by a metal-halide lamp with a UV filter) at 45 ◦ C, 65 ◦ C, 85 ◦ C, and 105 ◦ C, respectively.

(E) The logarithm of degradation rate (ln(k)) vs. the inverse of the thermal energy (1/k B T) obtained from a linear fit to the degradation curve from the time later than 

100 h.

(F) Column plot of champion PCE, predicted T 80 lifetime at 30 ◦ C, and total BOM between SnO x /Ag and SnO x /carbon electrodes.

(G) Efficiency-stability-cost balance in the ‘‘golden triangle’’ of PSCs with SnO x /Ag and SnO x /carbon electrodes.
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Figure S18). The data show a small loss of PCE of 0.4% by re-

placing BCP with SnO x and a loss of 2.8% when employing car-

bon electrode. Although silver-to-carbon loss of PCE is mini-

mized by tailoring SnO x interlayer, the PCE of carbon-PSC 

may be further improved through the optimization of our refer-

ence device, which is yet to become state of the art. Neverthe-

less, to the best of our knowledge, this is not only one of the first 

reports of p-i-n PSCs using only printed carbon as rear electrode 

but is also among the highest reported stabilized PCEs of car-

bon-PSCs.

Figure 5B shows the external quantum efficiency (EQE) spectra 

of the champion devices, showing a good match between the in-

tegrated J SC s and the measured ones, which are 24.1 vs. 24.7 mA 

cm − 2 for carbon and 25.1 vs. 25.5 mA cm − 2 for Ag. The EQE 

spectra, however, highlight a rooted loss of J SC with carbon elec-

trode caused by reduced conversion of the long-wavelength pho-

tons. Because perovskite absorption is weak at long wavelengths, 

the device photocurrent becomes reflectance limited 31 ; the lower 

back reflectance of the carbon contact reduces the optical path 

length, lowering EQE in the 750–1,000 nm band. 32 In this regard, 

we maximized perovskite thickness within our fabrication recipe, 

which partially compensates for this effect (Figure S19) but cannot 

fully offset the reflectance difference.

One of the most intriguing properties of the carbon electrode is 

its chemical inertness that can largely mitigate electrode-

induced degradation. 11 This is more so when carbon can be 

used as an alternative to Ag. We therefore turn to characterize 

the stability of PSCs with SnO x /carbon and SnO x /Ag and show 

in Figures 5C and 5D the evolution of the PV parameters under 

accelerated aging conditions. The aging is carried out under 

continuous 1-sun equivalent illumination in an N 2 -filled chamber, 

with the PSCs operating at 45 ◦ C, 65 ◦ C, 85 ◦ C, and 105 ◦ C, the so-

called International Summit on Organic/Hybrid PV Stability – 

Light-soaking – Level 2 – Inert (ISOS-L-2I) testing protocol. 33 

Neither of the degradation curves is strictly linear, with the decay 

in the initial few hours showing different kinetics from decay af-

terward; we focus on the slower decay herein, as it is more rele-

vant to long-term operational stability. This can be quantified 

with a temperature-dependent constant k describing the rate 

of PCE decrease over time (Figures S20 and S21):

PCE(t) = k(T)t + B (Equation 4)

where t is aging time, PCE(t) is the measured PCE at certain ag-

ing time t, T is temperature, and B is a constant. We assume an

Arrhenius model to describe k(T), which allows us to estimate the 

activation energy (E a ) of PSC degradation:

k(T) = Aexp 

( 

−
E a

k B T

) 

(Equation 5)

where k B is the Boltzmann’s constant, and A is a constant that 

includes the impact of light and voltage on degradation rate, 

which are otherwise fixed in our test. In Figure 5E, we plot the 

logarithm of degradation rate (ln(k)) vs. the inverse of the thermal 

energy (1/k B T). A good linearity can be observed from both the 

data of SnO x /carbon and SnO x /Ag, which means k(T) can be 

adequately described by an Arrhenius function across the tem-

perature range. In this regard, E a can be estimated from the slope 

of a linear fit to the data, which is 0.61 ± 0.02 eV for SnO x /carbon, 

nearly twice of that of 0.34 ± 0.02 eV for SnO x /Ag.

The linear correlation is indicative of the degradation of PSCs 

being dominated by a single, thermally activated physical pro-

cess, very likely to be the diffusion of ionic species. 28 Impor-

tantly, an E a of 0.62 eV is very close to the reported formation en-

ergy of iodine vacancies, which is 0.55–0.6 eV for CsFA-based 

perovskite, 34,35 implying carbon-PSCs’ lifetimes being limited 

by the degradation of bulk perovskite and SnO x /carbon playing 

a negligible role in device degradation. By contrast, an E a of 

0.34 eV for SnO x /Ag, lower than typical activation energy of de-

fects, suggests corrosion of interfaces or electrode as an accel-

erating factor of device degradation.

SnO x /Ag contact was previously used as an alternative to BCP/ 

Ag to gain longevity of the solar cell in spite of a small sacrifice in 

cell efficiency. 36,37 On this basis, our results suggest that carbon 

could further extend device longevity by largely mitigating elec-

trode-interface degradation, leaving the solar cell dominated by 

bulk degradation. By contrast, BCP/Ag contact in our case 

shows not only much faster degradation (Figure S22) but also a 

non-linear relationship between ln(k) and 1/k B T (Figure S23), 

meaning that no adequate description of k(T) can be made by 

an Arrhenius function. This suggests one or multiple additional 

processes besides electrode corrosion causing the catastrophic 

device degradation, which is attributed to the well-known aggre-

gation of BCP that is accelerated by elevation of temperature. 38 

With the known E a ’s, we are able to use Equation 5 to esti-

mate the degradation rate of the PSCs at standard operating 

temperature from the data measured at elevated temperature, 

leveraging an accelerating factor that describes the ratio be-

tween them (Figure S24), which allows us to calculate the 

equivalent aging time at 30 ◦ C from the data measured at

Table 1. PV parameters of p-i-n PSCs with different cathodes

Device Condition J SC (mA cm − 2 ) V OC (V) FF (%) PCE (%)

SnO x / 

carbon

champion 24.7 1.138 77.8 21.8

average 24.3 ± 0.3 1.129 ± 0.005 77.0 ± 1.0 21.1 ± 0.5

SnO x /Ag champion 25.5 1.151 81.8 24.0

average 25.5 ± 0.3 1.143 ± 0.003 80.8 ± 0.7 23.5 ± 0.4

BCP/Ag champion 25.7 1.155 82.5 24.5

average 25.5 ± 0.2 1.146 ± 0.009 81.7 ± 0.7 23.9 ± 0.5

Data for each condition are measured from 10 pixels of 2 devices made within the same batch.
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elevated temperatures (Figure S25). In Figure 5F, we plot the 

predicted T 80 lifetime at 30 ◦ C, referred to as the aging time 

at which the PSC maintains 80% of the initial PCE, which is 

8,240 h for SnO x /carbon vs. 2,020 h for SnO x /Ag, respectively. 

Figure 5F also shows the total bill of materials (BOM) of the 

p-i-n PSC with Ag and carbon electrode, estimated directly us-

ing the model developed by Li and Chen. 39 In commercialized 

production, the material cost of carbon (0.01–0.02 $ g − 1 ) is trivial 

compared with that of silver (0.7–1 $ g − 1 ), which brings about a 

reduction of total BOM of the PSC from 193.5 $ m − 2 for Ag to 

80.3 $ m − 2 for carbon. Beyond BOM, the embodied energy, 

referred to as the energy needed to produce a kilogram of the 

material, is drastically higher for silver (1,500 MJ kg − ¹) than 

graphite (∼40–50 MJ kg − ¹). Replacing Ag with printed carbon re-

duces the upstream energy required for the rear electrode. Be-

sides, because ALD-SnOₓnOₓ adds negligible variable costd is 

tool-time limited, while Ag rear contacts are materials domi-

nated, replacing Ag with printed carbon plus ALD-SnOₓ shifts 

cost control from silver feedstock to process throughput.

With these results, we conclude by showing in Figure 5G the 

balance between efficiency, stability, and cost, referred to as 

the ‘‘golden triangle’’ of solar cells. It shows that replacing Ag 

with printed carbon electrodes trades a small PCE loss of 

10% for a 300% enhancement of longevity and a 60% reduc-

tion in material cost. The enlarged triangle using carbon elec-

trode presents a remarkable improvement in the economic 

viability of p-i-n PSCs.

DISCUSSION

Prior work has leveraged ALD layers for printed electrodes 40 and 

a variety of perovskite-based tandem devices, 41 with very recent 

work showing the compatibility of ALD-SnO x with carbon. 42,43 

Our work provides insights into metal/semiconductor contact 

physics, mechanistically elucidating how to convert the high-

WF carbon from a conventional anode to a cathode with mini-

mized charge-extraction loss. Unlike n-i-p architecture in which 

carbon is compatible with a variety of HTLs 11 or even an HTL-

free interface, 12 p-i-n configuration shows a much stricter 

requirement of the interlayer’s electronic properties; we identify 

narrowing of depletion region (reduced Debye length) key to 

enabling efficient electron extraction through SnO x /carbon 

Schottky barrier, and we articulate a process-agnostic design 

rule to n-dope SnO x interlayer and to use the WF of SnO x as a 

quantifiable QC metric for the contact.

The polarity inversion is a contact-physics outcome, not a 

strategy-exclusive trick—any route that yields robust and 

n-type SnOₓ (or an analogous oxide) should reproduce the ef-

fect, such as H 2 /forming-gas treatment 44 and dipole 45 or 

amine-based surface modifier. 46 The same contact concept is 

also promising for metal-free interconnects that incorporate an 

ALD-SnOₓ layer in tandems. While our experiments used a tem-

poral ALD for proof-of-concept study, spatial ALD designed for 

high-throughput web processing in roll-to-roll production pro-

vides a credible upscaling pathway. 47 The identical surface 

chemistry of temporal and spatial ALD assures good transfer-

ability of our proposed SnO x /carbon contact to industrial 

production.

Conclusions

Carbon demonstrates intriguing properties as the rear electrode of 

n-i-p PSCs, but its broader application in p-i-n PSCs has been 

prohibited. Our work addressed such deficiency, showing the first 

demonstration of carbon as an electron-collecting rear cathode. 

We identified the key challenges as (1) maintaining the integrity 

of the underlying interlayer against mechanical and chemical 

stresses from the printing of carbon paste and (2) resolving the 

rooted Schottky barrier problem between ETL and carbon. These 

are respectively resolved by ALD of robust thin-film SnO x and by 

post-treatment controlling the oxygen vacancies in the SnO x . The 

tailored interlayer allows us to reduce the PCE gap—though, not 

completely closing it—between PSC with carbon and Ag elec-

trode. Considering the golden triangle of efficiency-stability-cost 

balance, this combination of competitive efficiency, enhanced 

stability, and substantial cost savings represents a viable pathway 

toward economically sustainable perovskite PVs.

METHODS

Materials

Lead iodide (PbI 2 , 99.999%), lead bromide (PbBr 2, 99.999%), ce-

sium iodide (CsI, 99.999%), N,N-dimethylformamide (DMF, anhy-

drous, ≥99.8%), dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%), 

isopropanol (IPA, anhydrous, ≥99.8%), chlorobenzene (CB, 

anhydrous, 99.8%) were purchased from Sigma Aldrich. Methyl-

ammonium bromide (MABr, 99.99%), methylammonium chloride 

(MACl, 99.99%), formamidinium iodide (FAI, 99.99%), and phene-

thylammonium iodide (PEAI, 99.9%) were purchased from 

Great Cell Solar. NiO x nanoparticle dispersion was purchased 

from Lumtech. Buckminsterfullerene (C 60 , 99.5%), Me-4PACz, 

and BCP (≥98%) were purchased from Ossila. SnO x nanoparticle 

dispersion was purchased from Avantama.

Solution preparation

NiO x nanoparticle dispersion was 5 mg mL − 1 in mixture of water 

and IPA (v:v = 3:1) and was used as received. SAM solution was 

prepared by dissolving Me-4PACz directly in DMF with a con-

centration of 0.5 mg/ml without additional stirring or heating. 

Perovskite solution was prepared by co-dissolving 6.7 mg 

MABr, 8.8 mg MACl, 18.2 mg CsI, 196.1 mg FAI, 22 mg PbBr 2 , 

and 572 mg PbI 2 in 865 μL of mixture of DMF and DMSO (v:v = 

4:1), to formulate a 1.5 M precursor solution with nominal 

composition of Cs 0.055 MA 0.047 FA 0.898 Pb(I 0.953 Br 0.047 ) 3 . The solu-

tion was stirred at 60 ◦ C for 1 h to ensure full dissolution of the 

precursors, and it was infiltrated with a 0.45 μm polytetrafluoro-

ethylene (PTFE) filter prior to use. Solution of PEAI was prepared 

by dissolving 0.5 mg mL − 1 powder in anhydrous IPA, which was 

stirred at room temperature until full dissolution of the PEAI. BCP 

solution was prepared by dissolving 0.5 mg mL − 1 powder in 

anhydrous IPA and was shaken at room temperature until full 

dissolution of the powder. SnO x nanoparticles were received 

as 5% wt dispersion in butanol and were diluted to 1% wt and in-

filtrated with 0.45 μm PTFE filter prior to use.

Device fabrication

The ITO-coated glass substrates (1 × 1 inch) were cleaned 

using deionized water, acetone, and IPA for 30 min in total
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(10 min each) in the given order. Afterward, the substrates were 

dried with compressed air and were treated with UV-ozone for 

20 min prior to layer coating.

NiO x layer was deposited by spin coating 80 μL of the disper-

sion on the substrate at 2,000 rpm for 30 s, followed by thermal 

annealing on 150 ◦ C hot plate for 30 min. The substrates were 

then transferred into a nitrogen-filled glovebox for subsequent 

layer deposition. The SAM layer was prepared by spin coating 

80 μL of the solution on NiO x at 2,000 rpm for 30 s, followed by 

thermal annealing on 100 ◦ C hot plate for 10 min. The perovskite 

layer was deposited by spin coating 140 μL of precursor solution 

at 400 rpm for 15 s, followed by 32 s at 4,000 rpm. At the 17 th sec-

ond of 4,000-rpm spinning stage, 170 μL CB was dripped onto 

the spinning substrate as antisolvent, with a controlled speed 

of 150 μL s − 1 . The film was then transferred onto a hot plate 

set at 120 ◦ C for 10 min. PEAI layer was deposited by spin coating 

80 μL of solution at 3,000 rpm for 30 s, using dynamic mode, and 

then annealed at 100 ◦ C for 5 min. All the above coating pro-

cesses were performed on a SPINBOT automatic spin-coating 

platform without manual operation. The time and speed of anti-

solvent dripping and the time of thermal annealing were both 

digitally controlled.

The samples were then transferred to an evaporator, in which 

25 nm of C 60 layer was thermally evaporated onto the perovskite

with an average deposition rate of 0.2 A ˚ /s and at pressures

below 10 − 6 mbar. Afterward, the samples were moved to an 

ALD setup. The SnO x layer was deposited onto C 60 using low-

temperature ALD at 110 ◦ C. TDMASn (tetrakis-dimethylamino 

tin) was used as precursor (pulse 400 ms, exposure 7 s) and 

H 2 O as reactant (pulse 100 ms, exposure 7 s), and the reaction 

was run for 130 cycles. Precursor was heated to 65 ◦ C and 

oxidizer was at room temperature, while respective manifold 

temperatures for the precursor and oxidizer were 100 ◦ C and 

80 ◦ C. The samples were then subjected to different post-depo-

sition treatments prior to the deposition of electrodes.

As a replacement for ALD-SnO x , a thin layer of BCP or SnO x 
nanoparticles was deposited onto C 60 , both by spin coating 

80 μL of the solution (or the dispersion) at 3,000 rpm for 30 s fol-

lowed by annealing at 100 ◦ C for 5 min.

To complete device fabrication, carbon electrodes were 

printed from a commercial paste (Liaoning Huite) on the SnO x . 

The pixel shape was defined with a laser-patterned tape mask. 

The pixel area was defined to be 0.1 cm 2 (0.2 × 0.5 cm) and 

was checked by optical microscope. Wet carbon paste was sub-

sequently annealed on a hot plate at 110 ◦ C for 15 min in ambient 

fume hood to be fully solidified. The thickness is approximately 

20 μm, with sheet resistance below 10 Ω/square. Alternatively, 

100 nm Ag or 60 nm Au was thermally evaporated onto the de-

vice, with an average deposition rate of 0.2 A ˚ /s and at pressures

below 10 − 6 mbar. The devices were covered by a square mask 

with a defined pixel area of 0.06 cm 2 during evaporation.

Characterizations

JV measurement

JV curves were measured using a Keithley source meter in 

ambient conditions (20 ◦ C–25 ◦ C). The illumination was provided 

by a Wavelab LED solar simulator with an embedded recipe of 

AM 1.5G spectrum and 100 mW cm − 2 . The light intensity was

calibrated with a crystalline Si cell. The JV curves were measured 

by applying bias from both − 0.2 to 1.2 V (forward scan) and 1.2

to − -0.2 V (reverse scan) at a scan speed of 40 mV s − 1 .

EQE measurement

The EQE spectra were measured with a commercial measure-

ment system (Enlitech, QE-R). The incident light intensity at 

each wavelength was calibrated with a standard Si refer-

ence cell.

MPP measurement

The stabilized PCE was measured with MPP tracking software 

with embedded algorithm to determine the MPP of the device. 

The PCE data were obtained by measuring the photocurrent at 

given voltages.

Stability measurement

Aging of the solar cells was carried out with an ISOS-L-2I proto-

col, namely, in a nitrogen-filled chamber with glass window. The 

temperature in the chamber was adjusted by an underneath hot 

plate and was calibrated with a thermal couple. The continuous 

illumination was provided with a metal-halide lamp, and a UV fil-

ter was placed in front of the solar cells. The light intensity was 

approximately 1 sun equivalent and was continuously monitored 

by a photodiode sensor. The solar cells were held at a fixed 

voltage that is close to the voltage of their MPPs. JV scans (in 

both forward-scan and reverse-scan direction) were carried 

out periodically (approximately every 20 min) to determine the 

PCEs of the solar cells.

Thickness measurement

Thickness of the ALD SnO x layers were measured using SENpro 

Spectroscopic ellipsometer with a tungsten halogen lamp. Sili-

con wafers with [100] direction and a SiO 2 layer of about 3 nm 

were used as the substrates for thickness measurements. Wa-

fers were treated with UV light to clean the substrate surface 

and to generate hydroxyl group sites at SiO 2 surface to accom-

modate precursor adsorption at the surface. Predetermined ma-

terial models with appropriate parameters were utilized to obtain 

the final thickness value from the measured spectra.

Kelvin probe measurement

WF was measured with a SPS040 instrument from KP Technol-

ogy. The tip’s WF was determined before the measurements, us-

ing a freshly cleaved highly ordered pyrolytic graphite (HOPG) 

sample for calculating the absolute WF value.

XRD and SEM measurements

Crystallographic information of the thin films was obtained with 

a Panalytical X’pert powder diffractometer (Cu-Kα radiation, 

λ = 0.154 nm) and an X’Celerator solid-state stripe detector 

with conditions of 40 kV and 30 mA. Surface morphologies of 

the SnO x films were investigated by a JEOL (JSM-7610F) SEM. 

XPS measurement

XPS characterization was carried out with the aid of a Quantera II 

(Physical Electronics, Chanhassen, MN, USA) device, equipped 

with a monochromatic Al Kα-X-ray source (1,486.6 eV), which 

was operated at 15 kV and 25 W. Analysis of the spectra was 

carried out using the software Casa XPS (http://www.casaxps. 

com/). The surface composition of each sample was obtained 

by the integration of the Sn 3d and O 1s peaks, using corre-

sponding relative sensitivity factors. The atomic ratios presented 

in the manuscript feature only Sn and O in atomic percent, omit-

ting other chemical elements.
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