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1.  Abstract  
Having proven their potential as visible and near infrared light detectors, metal halide perovskites are 

now being integrated with thin-film transistor- or silicon-based read-out circuits for high-resolution 

imaging applications. Vacuum-deposited, all-inorganic perovskite photodiodes (PePDs) offer a superior 

alternative to solution-processed hybrid organic-inorganic perovskites, addressing their specific 

limitations in semiconductor fabrication process compatibility. Specifically, vacuum processing 

overcomes challenges related to limited scalability and reproducibility, while the development of 

photodiodes made entirely of inorganic compounds improves their resilience at high-temperature 

environments. At the same time, the performance of vacuum-deposited, all-inorganic PePDs has proved 

competitive with that of their solution-processed hybrid organic-inorganic counterparts. Building on 

this progress, this study demonstrates that the careful tuning of the electron transport layer (ETL) can 

achieve a three-fold optimization in the performance of all-inorganic, vacuum deposited PePDs, through 

improvements in device performance repeatability, operational stability under reverse bias, and carrier 

extraction speed. Specifically, we identify that the combination of a fullerene and a metal oxide transport 

layer, as well as the careful tuning of their respective thicknesses, can simultaneously prevent metallic 

shorts, reduce the amount of interface defect states, and extend the depletion width of the photodiode. 

Eventually, the optimized photodiodes exhibit minimal variability in device performance, maintaining 

a stable dark current density below 0.1 μΑ/cm2 even after biasing at -2 V for 1 hour. They also 

demonstrate a rise time below 2 μs, with results confirming the potential for sub-μs response times for 

further scaled down pixel sizes. 

 

2. Introduction  
Almost 15 years of intensive scientific research has established metal halide perovskites as a leading 

candidate for highly efficient commercial solar cells, particularly when used in tandem architectures1,2. 

The efforts to optimize the perovskite quality and device performance have sparked interest in numerous 

other optoelectronic applications, including photodetectors3–7, light-emitting diodes8,9, and lasers10,11. In 

the case of photodetector applications, the use of perovskites has been demonstrated across a wide range 
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of photon energies, spanning from the near-infrared12 all the way to X-rays13–17. Even in the visible 

spectrum, where silicon is the standard detector material, perovskites offer competitive advantages, 

mainly related to their high absorption coefficient18 and fast response time19. In this framework, 

perovskite photodetectors were recently successfully integrated atop a silicon read-out circuit, paving 

the way for fast and high-resolution perovskite imagers20–22. 

 

To enhance the compatibility of PePDs with CMOS fabrication processes, it is essential to re-evaluate 

the deposition technique and thermal stability of the films. Among deposition methods, solution 

processing—particularly spin coating—is the most widely used one due to its accessibility and 

versatility23.  However, it falls short in scalability and reproducibility24, in contrast to physical vapor 

deposition methods, such as thermal evaporation, which align better with the standards of silicon-

integrated structures25. Additionally, hybrid organic-inorganic perovskite thin films have proved highly 

effective for the development of efficient solar cells. Yet, the presence of volatile organic compounds 

compromises the thermal stability of these films. For instance, it has been demonstrated that at 

temperatures exceeding 100°C, methylammonium lead iodide perovskites (MAPbI3) decompose into 

methylamine, hydrogen iodide, and lead iodide, resulting in the loss of their photoconverting 

properties.26. This limitation makes solution-processed perovskites unsuitable for many semiconductor 

integration processes, underscoring the advantages of inorganic perovskites, which can withstand 

temperatures exceeding 250°C27. Among inorganic perovskites, CsPbI₂Br is particularly favoured for 

its optimal bandgap (~1.92 eV) suitable for visible light detection and its enhanced stability in the black 

phase28. Consequently, the development of efficient, vacuum-deposited, all-inorganic PePDs could be 

pivotal for the seamless integration of perovskites into silicon fabrication processes. 

 

 

While the use of inorganic, vacuum deposited perovskite layers for the fabrication of solar cells or 

photodetectors has gained significant attention over the past years15,29–32, most of these studies still 

employ organic and/or solution processed additives, as well as passivation and charge transport layer. 

This practice usually boosts the device’s performance, however, it counteracts the benefits of using 

inorganic and vacuum processed perovskites. The number of reports that develop perovskite-based 

heterojunctions where all layers are inorganic, and vacuum processed is still minimal33–35. In this work, 

we follow up on our previous report that demonstrated the use of co-evaporated CsPbI3 perovskites for 

the fabrication of all-inorganic, vacuum-deposited photodetectors35. Despite its improved thermal 

stability and competitive performance, the black (or photoactive) CsPbI3 phase is only stable at 

temperatures beyond 320 °C36. It is possible to kinetically trap the black phase at room temperature in 

inert environments through rapid cooling, however the photoinactive (yellow) phase emerges almost 

instantaneously upon exposure to moderate temperatures (~60 °C) or ambient moisture37. To address 

this, we introduce Br-doping in the CsPbI3 absorber, shifting to the CsPbI2Br composition, effectively 

enhancing the phase stability of the absorber in the ambient environment through an increase of the 

perovskite’s tolerance factor and lattice strain (Figure S1)38,39. Additionally, we demonstrate that by 

simply tuning the architecture of the electron transport layer, we can achieve a three-fold optimization 

in performance variability, reverse bias stability, and carrier extraction speed. Specifically, we identify 

that using thermally evaporated C60 as the sole electron transport layer (ETL) results in significant 

variability in device performance. Additionally, e-beam deposited TiO₂ introduces interface defect 

states that lead to reverse bias breakdown. While this mechanism has been studied extensively in 

perovskite-based solar cells (PeSC)40–45,  it is often overlooked in PePDs, where studies typically focus 

on dynamic current-voltage scans or limit the operating range to small reverse biases up to -0.5 V16,46–

48. We demonstrate that implementing an ETL with sequentially deposited C60 and TiO2 layers can 

effectively address both challenges, ensuring consistent device performance and limiting the dark 

current to values below 1 μΑ/cm2, even after 60 minutes of biasing at -2 V.  Furthermore, we show that 

the thickness of C60 in this bilayer configuration is crucial not only for maintaining a defect-free 

interface but also for enhancing the extraction speed of photo-generated carriers by extending the 

diode’s depletion width. 
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3. Results and Discussion 
For the fabrication of all-inorganic, all-evaporated perovskite photodiodes we used a p-i-n device 

architecture, with commercial indium tin oxide (ITO) as the common contact and a DC sputtered nickel 

oxide layer (NiOx) as the hole transport layer (HTL). The cesium lead iodide bromide perovskite, with 

a nominal stoichiometry of CsPbI2Br, was deposited via the thermal co-evaporation of CsBr and PbI2 

powders. After the perovskite deposition, the stack was flash annealed at 300 °C in nitrogen 

environment to achieve films with larger grains and improved crystallinity. A comprehensive analysis 

of the perovskite film’s structural, morphological, and optical properties is provided in our previous 

work49. For the deposition of the ETL, two candidates were evaluated: e-beam evaporated titanium 

oxide (TiO2) and thermally evaporated buckminsterfullerene (C60). The stack was completed with the 

evaporation of aluminum (Al) top contacts, defined via the use of a shadow mask. The cross-section 

schematic of the stack configuration is shown in Fig. 1a, while Fig. 1e depicts the energy levels of each 

layer. The band structures for Al, ITO, NiOx, C60, and TiO2 were previously characterized within our 

group50,51 and the band structure of the CsPbI2Br layer is referenced from literature52.   

 

Similarly to our previous work on all-evaporated, all-inorganic perovskite photodiodes35, we start by 

evaluating the use of e-beam deposited TiO2 as the stack’s ETL (Sample 40TiO2 in Fig. 1b).  TiO2 is a 

widespread ETL in perovskite-based optoelectronic devices, owing to its excellent hole-blocking 

capability, appropriate energy alignment with perovskite absorbers, and high optical transparency53. 

TiO2 is most commonly deposited via spin-coating to form either a mesoporous or compact layer54. 

However, sufficient studies have also explored its deposition using vacuum-based techniques, including 

electron-beam evaporation55, magnetron sputtering56, and atomic layer deposition (ALD)57. In the case 

of sample 40TiO2, the conformal deposition of all layers, as well as the absence of pinholes or cracks 

in the perovskite layer, is confirmed through scanning transmission electron microscopy (STEM) on a 

focused ion beam (FIB)-prepared cross-section (Fig. 1f). The excellent homogeneity of the fabrication 

process is further demonstrated by the nearly identical current density – voltage (J-V) characteristics 

(Fig. 2a) across 12 devices fabricated on the same sample (Fig. S3a). Specifically, the solid line 

represents the median response of the 12 devices under both dark and 1-sun illumination conditions, 

while the shaded area indicates the interquartile range (IQR). At –2 V, the median current density is 2.4 

μA/cm² in the dark 11.33 mA/cm² under 1-sun illumination. The corresponding IQR values are 0.51 

μA/cm² and 1.45 mA/cm², respectively.  The discrete J-V curves for each device can be found in Fig. 

S3b. Finally, the EQE spectral response of a single device (Fig. S4a) reveals that the EQE becomes 

fully saturated -1 V and is higher than 70% across the complete visible spectrum.  

 

The accurate determination of a device’s dark current (Jd) is critical for its proper characterization, as 

well as for the evaluation of other important parameters, such as its specific detectivity. Dynamic 

voltage scans of perovskite-based photodiodes are highly sensitive to the speed and direction of 

measurement because they are influenced by charging and capacitive effects as well as ion migration. 

As a result, the monitoring of the steady-state current under steps of constant bias is considered more 
reliable46,47,58. The elimination of transient currents during steady-state scans is manifested as a sharp 

drop of Jd within the first tens of seconds under reverse bias, often resulting  nearly an order-of-

magnitude reduction in dark current for a specific biasing point compared to values observed in dynamic 

J-V scans. In the scope of this study, we perform static measurements, where Jd is measured as a function 

of time for 300 seconds at consecutive reverse bias steps. Between two consecutive steps, the device 

was allowed to reset in the dark for an additional 300 seconds. The results for sample 40TiO2, which 

are illustrated in Fig. 2d, indicate that Jd saturates below 0.1 μA/cm2 at the end of the static scan at -0.5 

and -1 V, however a 3-order-of-magnitude increase is observed once the bias is increased to -2 V. This 

effect, which is concealed during the dynamic J-V scan, could be detrimental to photodetector 

applications that require reverse biasing for an extensive period of time. The nature of this phenomenon 

is reversible, as demonstrated through J-V scans for the same device before and after the static 

measurements (Fig. S5).  

 

This multiple-order-of-magnitude increase in Jd is known as a reverse bias breakdown of perovskite-

based diodes. This mechanism has been previously investigated in the context of PeSCs that fall under 

reverse bias conditions when a shadowed cell has to carry the current generated by the neighboring, un-
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shadowed, cells40–45,59–61. The underlying cause has been identified as the trap-assisted tunneling of 

holes through the ETL, that followingly create charge recombination centers in the perovskite bulk 

through the oxidation of halides to neutral halogens. This effect is exacerbated by the halide vacancy 

accumulation at the perovskite/ETL interface, which further increases band-bending41,43.   

 

Considering the crucial role of the ETL on the reverse bias breakdown of perovskite-based diodes, we 

evaluate the use of an alternative transport layer that can be vacuum-deposited and withstand high 

temperatures. The use of thermally-evaporated C60
 satisfies these conditions, as it has been 

demonstrated that it possesses excellent thermal stability, even at temperatures exceeding 250°C.62,63 

Typically, a buffer layer, such as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), bathocuproine 

(BCP) and lithium fluoride (LiF), is inserted on top or below the C60 layer, to prevent charge 

accumulation and reduce non-radiative recombination losses64,65. However, these compounds have been 

associated with limiting a device’s operational and thermal stability66,67, leading to their exclusion from 

the present study. For this reason, we employ a single 40 nm C60 layer as the PePDs ETL (Sample 40C60 

in Fig. 1c). Indeed, replacing TiO2 with C60 has a positive impact on the reverse bias stability of the 

stack, with Jd remaining below 1 μΑ/cm2 at even -3 V (Fig. 2e) when characterizing one of the devices 

with the lowest dark current (Fig. S13c). Nevertheless, the use of C60 also leads to significantly greater 

variability in the devices’ response in dark conditions, as indicated by the wider spread of IQR in Fig. 

2b, thereby limiting the overall reliability of the stack. The change of ETL does not seem to have a 

significant impact on the device’s EQE (Fig. S4b).  

 

The significant variability in device performance is surprising given the widespread use of C60 as an 

ETL in perovskite-based photodiodes. However, most studies on PeSC fabrication derive key 

performance metrics from J–V measurements under illumination, which do not reflect the variability 

observed under dark conditions (Fig. 2c). As a result, this variability may be overlooked or 

underestimated when the focus is placed solely on illuminated performance. We further postulate that 

the increased variability could stem from the absence of a buffer layer (such as BCP, PCBM, or LiF), 

which is typically present in comparable studies. Additionally, we believe that the large spread of the J-

V curves in dark conditions is also related to the inherently small grain size of thermally evaporated 

perovskite. To further explore this claim, we compare the device performance of two PePDs, one that 

employs an as-deposited CsPbI2Br layer (Fig. S6a) and another with a flash-annealed (300 °C) 

CsPbI2Br layer (Fig. S6b). The as-deposited perovskite shows particularly small grain sizes, in the range 

of 30 – 40 nm, while the grains for the annealed state display a broad distribution of sizes, between 100 

and 800 nm49. This increase in the perovskite’s grains corresponds to a reduction of not only the median 

Jd but also of the IQR, even though the spread remains notable (Fig. S6c). This suggests that a high 

density of grain boundaries contributes to the variability. Thermally evaporated perovskites possess 

inherently smaller grains compared to their solution processed counterparts, owing to the large amount 

of nucleation points that arise during the initial stages of the deposition23. For comparison, previous 

studies on the use of solution-processed CsPbI2Br films have reported the attainment of perovskites 

with consistent grain size in the micrometer scale68. Lastly, in order to evaluate the impact of the 

thickness of the C60 layer on the variability of J-Vs in dark conditions we fabricate two additional 

samples, with 60 nm (Fig. S7a) and 80 nm (Fig. S7b) of C60 as the device’s ETL. Increasing the 

thickness of the C60 layer has a positive impact on reducing the median Jd and the spread of the dark J-

V curves, nonetheless the variability is still considerably larger compared to the 40TiO2 samples.  

 

Considering the complimentary advantages of using TiO2 and C60 as the ETL in the PePD’s 

performance, in terms of yield and reverse bias stability, we explore the use of a C60-TiO2 bilayer 

configuration through the fabrication of two additional stacks, one that employs 10 nm of C60
 and 30 

nm of TiO2 (Sample 10C60-30TiO2 in Fig. S8a) and another one with 20 nm of C60
 and 20 nm of TiO2 

(Sample 20C60-20TiO2 in Fig. 1d). The results for sample 10C60-30TiO2, shown in Fig. S8b-f, include 

the dynamic and static J-V curves, as well as the EQE spectra. It is evident that the inclusion of a TiO2 

layer between C60 and the metal contact is drastically reducing the variability in device performance, 

nevertheless this configuration is still not able to prevent the reverse bias breakdown. This is not the 

case for sample 20C60-20TiO2, whose dynamic and static J-V scans are shown in Fig. 2c and Fig. 2f, 

respectively. Indeed, this combination is mitigating the disadvantages of all previous samples, achieving 
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excellent yield in device performance (the discrete J-V scans of all devices are shown in Fig. S3d), as 

well as improved stability under reverse bias. Specifically, Jd remains below 0.5 μΑ/cm2 when the 

device is biased at -2 V for 300 seconds and below 2 μΑ/cm2 at -3 V for the same duration. Furthermore, 

no signs of breakdown occur when biasing the device at -2 V for 60 minutes (Fig. S9). These results 

suggest that a minimum thickness of C60 is required to maintain the stability of the diode under 

prolonged reverse bias. Fig. S4c shows the device’s EQE spectra. Even though a slight drop compared 

to samples 40C60 and 40TiO2 is observed at 0 V, the EQE saturates at -1 V with an efficiency above 70% 

across the entire visible range. The observed drop in EQE at 0 V may be associated with an increase in 

the photodiode’s series resistance (Rs), as suggested by the lower forward current density observed for 

the 20C60–20TiO2 sample. However, this increase in Rₛ does not appear to affect charge extraction under 

reverse bias conditions. As will be discussed later, the potential increase in Rs will also not affect the 

speed of the PePD, since the device’s response time is primarily governed by its geometrical 

capacitance. 

 

 

Besides the stability of Jd under reverse bias, it is important to evaluate the stability of the device’s 

photo-response, as well, since a common concern with PeSCs is the loss of power conversion efficiency 

under continuous illumination69–71. For this reason, we measured the EQE of samples 40TiO2, 40C60, 

and 20C60-20TiO2 as a function of time for consecutive bias steps and two different light wavelengths 

(430 nm and 620 nm). With the samples being illuminated from the glass side, the absorption lengths 

of blue (430 nm) and red (620 nm) light are expected to correspond to the HTL/perovskite and 

perovskite/ETL interfaces, respectively. The results are demonstrated in Fig. S10a-c. Even though an 

EQE drop is observed at 0 V for samples 40TiO2 and 20C60-20TiO2 when illuminated by the 620 nm 

light source, the photo-response remains almost completely stable for all samples as soon as we increase 

the reverse bias to -1 V. This is true even for sample 40TiO2 which should already be undergoing a 

breakdown at -2V. This indicates that the breakdown current (generated and saturated by the 

recombination of electrons and holes that are injected from the HTL and ETL side, respectively) is still 

two orders of magnitude lower than the photocurrent and thus does not hinder the extraction of the 

photogenerated carriers. As a result, the different PePDs will share a similar responsivity (R), 

considering the similar levels of EQE (Figure 3a), while their specific detectivity (D*) will be mainly 

determined by their reverse bias stability in dark conditions (Figure 3b). For example, when comparing 

the specific detectivity of samples 40TiO2 and 20C60-20TiO2 under 620 nm illumination after biasing at 

-2 V for 300 seconds, a one-order-of-magnitude difference is observed. D*, which is calculated 

according to the process described in the experimental section, is equal to 8.8 × 1010 Jones and 8.8 × 

1011 Jones for the 40TiO2 and 20C60-20TiO2 samples, respectively.  

 

The analysis of the PePD results with the bi-layer ETL configuration allows us to start disentangling 

the physical mechanisms that influence device performance. On one hand, the elimination of Jd 

variability with the inclusion of a TiO2 layer indicates that the large spread observed for the 40C60 

sample is likely attributed to the incomplete coverage of the perovskite film by the C60 layer and the 

consequent formation of contact pathways between the metal conductor and the perovskite layer48,72. 

On the other hand, the mitigation of reverse bias breakdown with the inclusion of a fullerene layer 

between the perovskite and TiO2 suggests that attention should be directed toward the perovskite/ETL 

interface, considering that a defect-rich interface may introduce trap states that facilitate hole tunneling 

under reverse bias. Previous reports on the reverse bias stability of PeSCs emphasized the inclusion of 

a high-bandgap metal oxide between the ETL and the metal contact to reduce the hole injection rate 

under reverse bias40,45. However, in our case, the breaking down mechanism is exacerbated rather than 

ameliorated with the use of TiO2, alluding that the focus should be shifted to the perovskite/ETL 

interface quality and not on the hole-blocking properties of the ETL. 

 

To further investigate these hypotheses, we evaluate the elemental maps of samples 40TiO2, 40C60, and 

20C60-20TiO2, which are shown in Fig. 4a-c. A dashed line is drawn to indicate the start of the 

perovskite layer, having as a reference the onset of the Pb signal. Contrary to sample 40TiO2, sample 

40C60 displays a stronger overlap between the Al and perovskite (Cs, Pb, I, Br) signal, further supporting 

the claim of incomplete surface coverage by the C60 layer and the creation of metallic shorts. On the 
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other hand, the EDS map of sample 40TiO2 reveals that even though the Al signal is contained away 

from the perovskite layer, the detection of Cs signal is starting much earlier compared to Pb, I, and Br, 

pointing out a significantly altered stoichiometry at the interface. Such a drastic change in the surface 

stoichiometry of the 40TiO2 sample could be the culprit for increased inter-bandgap states that facilitate 

hole tunneling under reverse bias73–75. Lastly, the elemental analysis of sample 20C60-20TiO2 further 

supports the claim that the introduction of a C60 layer between the perovskite and TiO2 is helping 

preserve the perovskite’s surface stoichiometry since the diffusion of Cs in the ETL is significantly 

reduced (albeit not eliminated). As a result, in the bi-layer configuration the perovskite/ETL interface 

quality and charge extraction dynamics are primarily dominated by the properties of the C60 layer, while 

the TiO2 layer is mainly used to improve the device performance yield through an elimination of the Al 

impact on the underlying stack. The quality of the ETL/Al interface can be visually evaluated in Fig. 

S2, where the boundary between C60 and Al appears vague and fuzzy, while the boundary between TiO2 

and Al is sharp and well defined.  

 

Next, transient photocurrent (TPC) measurements are performed to gain deeper insights into the 

improvements in interface quality with increasing C60 layer thickness. Specifically, two different light 

sources, a standard white light source and a monochromatic red light source (λ = 625 nm), are utilized, 

the irradiance of which was adjusted to yield a total intensity of 44.5 mW/cm2 and 22.5 mW/cm2, 

respectively (Fig. S11a and Fig. S11b). The results for the four variations of the device stack are shown 

in Fig. 5a-d. For each sample and light source, the TPC response was measured at biases of -1 V and -

2 V, with all curves normalized relative to the response at -2 V. Starting with the 40TiO2 sample biased 

at -1 V, the photocurrent is reaching a transient peak, before it starts decaying to a lower value. This 

behavior is evident for both types of illumination, though it is more pronounced when a red light source 

is used. The amplitude of the photocurrent peak under red light illumination is decreased for the 10C60-

30TiO2 sample, and almost completely minimized for the 20C60-20TiO2 and 40C60 samples. Such kind 

of transient phenomena were previously associated with the non-ideal charge extraction and carrier 

accumulation at an interface76–78. Specifically, McNeill et al. argued that the trapping of electrons near 

the anode leads to a local reduction of the electric field via the generation of a space-charge region, 

which in turn limits charge separation and promotes recombination78. To further investigate the origin 

of the overshooting for the 40TiO2 sample at -1 V and its dependence on the type of illumination, we 

simulated the charge generation rate across the perovskite layer using the transfer matrix algorithm 79.  

The transfer matrix method relies on the assumption that the layers of the diode stack are homogenous, 

isotropic, and flat, using their thickness and optical constants as an input. As a result, the accuracy of 

the transfer matrix simulation relies on the fabrication of photodiodes with low interfacial roughness 

and the accurate determination of the optical constants of each layer. These constants are typically 

obtained through spectroscopic ellipsometry. Fig. S12 presents the optical constants for all layers in the 

40TiO2 sample used in our simulation. The accuracy of the optical constants extracted for the CsPbI2Br 

layer was validated in our previous work49. Based on these inputs, we calculated the charge generation 

rate in the perovskite layer under red and white light illumination (Fig. S11d). The observed oscillatory 

pattern is a characteristic signature of optical interference within a cavity structure. Interestingly, the 

generation rate at the perovskite/ETL interface (distance = 300 nm) is similar for illumination with the 

red and white light source (~2×1021 s-1cm-3). Therefore, considering that the rate of charge trapping is 

directly proportional to the density of free carriers77 , we could reasonably assume similar levels of 

trapped-charge accumulation at the perovskite/TiO2 interface for illumination with red and white light, 

leading to the formation of a space-charge region of similar width. However, the inefficient charge 

separation and extraction close to the perovskite/ETL interface is less detrimental when the sample is 

illuminated with white light, since a significantly larger number of carriers is generated close to the 

HTL/perovskite interface (distance = 0 – 100 nm in Fig. S11d). This is the reason why the overshooting 

peak is more dominant for illumination with the red light. When the bias is increased at -2 V, the 

overshoot peak disappears, indicating a faster and more efficient extraction of generated carriers, which 

prevents the formation of a space-charge region. Consequently, the diminished overshooting peak 

observed with increasing C60 layer thickness can be attributed to a reduction in the density of interface 

trap states. It has to be highlighted that despite the steady-state photocurrent for sample 40TiO2 being 

almost half at -1 V compared to -2 V (Fig. 5a), the EQE response of the sample is close to 70% for both 

bias steps under red light illumination (620 nm) in Fig. S10a. This is mainly attributed to the 
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significantly lower intensity of the EQE light source (approximately one order of magnitude lower, <3 

mW/cm2) and the fact that the trapped-charge accumulation is directly proportional to it77,78.  

 

Through the TPC measurements, it is possible to extract additional information about the impact of the 

ETL on the response speed of the devices, an important figure of merit for photodetectors. Fig. 6a shows 

an overlay comparison of the response speed for all samples under white light illumination, biased at -

2 V. A trend of increasing response speed with increasing thickness of the C60 layer is evident. We can 

calculate the response speed of each diode using the 10%-90% rule, as shown in Fig. S13. Fig. 6b 

highlights the decrease in the signal’s rise time with increasing C60 thickness. To further investigate the 

origin of this correlation and taking into account that for devices with area in the range of cm2 the 

response speed is dominated by the RC constant20, we measure the devices’ capacitance as a function 

of frequency at 0 and -2 V (Fig. S14). The capacitance of sample 40TiO2 is collapsing for lower 

frequencies at -2 V (Fig. S14b), a direct aftermath of its reverse bias breakdown. Nonetheless, for 

frequencies above 10 Hz, the capacitance at 0 V and –2 V is identical across all samples. The capacitance 

depends on the electrode area and dielectric thickness, however the area is fixed and defined by the 

opening of the metal mask. Thus, the constant capacitance value indicates that that the dielectric width 

does not change with increasing reverse bias, a condition that is only met when the capacitor is fully 

depleted at 0 V. This is a common consideration for perovskite-based diodes, as the perovskite layer is 

nearly intrinsic, and its entire thickness can be fully depleted by the built-in potential established by the 

contacts80. In conclusion, Fig. S14 confirms that the increase in speed is not related to an extension of 

the depletion region within the perovskite itself81. Fig. 6c provides an overlay comparison of the 

capacitance for all samples at 0 V, which highlights that the capacitance of the stack at moderate 

frequencies is inversely proportional to the thickness of the C60 layer. It has been previously numerically 

shown that, due to its relatively low doping density, the depletion region can extend into the C60 layer82, 

as well, which could potentially explain the trend of increasing speed we observe. Considering that for 

the 40TiO2 sample only the perovskite layer is depleted, and using the equation 𝐶𝑝𝑣𝑘𝑡 =  
𝜀𝑟𝜀0𝛢

𝑑
 (where 

𝜀𝑟 is the relative permittivity of the perovskite, 𝜀0 is the vacuum permittivity,  𝛢 is the device area, and 

𝑑 is the thickness of the perovskite layer), we extract 𝜀𝑟 = 26.5. The parameters used for the calculation 

are shown in Table 1. To corroborate this measurement, we additionally fabricate a metal-oxide-

semiconductor (MOS) capacitor, using a heavily p-doped silicon substrate with 100 nm of thermally 

grown silicon oxide (SiO2). The structure of the capacitor and its C-f characteristic are shown in Fig. 

S15a and Fig. S15b, respectively. In this case, the equivalent capacitance will be given from equation 
1

𝐶𝑒𝑞
=  

1

𝐶𝑜𝑥
+  

1

𝐶𝑝𝑣𝑘𝑡
. Using the values indicated in Table 2, we extract 𝜀𝑟 = 26.9, which agrees with the 

value calculated for the 40TiO2 sample. As the last step, we calculate the equivalent capacitance for all 

stacks with C60 (considering that the C60 layer is fully depleted) and compare it with the measured values 

in Fig. 6d. Measured and calculated capacitance values are in excellent agreement, confirming our 

hypothesis that the increase in the photodiode’s response speed with increasing thickness of the C60 

layer is attributed to a reduction of the RC constant through the depletion of the C60 layer81.   

 

This finding gives the motivation to fabricate an additional ETL stack consisting of 40 nm of C60 and 

20 nm of TiO2 as the ETL. The J-V response, EQE spectra, and rise time of this stack are shown in Fig. 

S16a-c. Indeed, the rise time is further increased compared to the 20C6020TiO2 stack (going from 2.17 

μs to 1.96 μs for the same device area of 0.125 cm2) and approximates the response time of the 40C60 

stack (1.9 μs). However, when looking at the EQE spectra, the response does no longer saturate at -1 V, 

and it remains below 70% even at -2 V. This finding is consistent with previous reports that show a drop 

in the PCE of PeSCs when the C60 layer thickness crosses a specific threshold83. Therefore, depending 

on the application, a compromise between speed and carrier extraction efficiency could be made. Of 

course, this compromise can be avoided by scaling down the diode’s area, which in turn minimizes the 

capacitance. To demonstrate this, we decrease the contact area of sample 40C60 from 0.125 cm2 to 0.075 

cm2 and 0.025 cm2. The reduction in the device’s capacitance is illustrated in Fig. S17a and the 

consequent increase in response speed is shown in Fig. S17b. The extracted rise time as a function of 

area is illustrated in Fig. S17c, demonstrating a linear dependence. The 1 μs rise time for the device 
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with 0.025 cm2 area is near the detection limit of the setup; however, sub-μs speeds can be projected 

for further scaled-down pixels.  

 

Finally, in order to evaluate the performance of our PePDs relative to previous literature reports that 

employ thermally evaporated inorganic perovskites (CsPbX₃, where X = I, Br, Cl, or their combinations) 

for the fabrication of photodiodes, we compile a summary of the most characteristic parameters in Table 

S1. Among the available reports, only Yang et al. examine the PePD’s performance at -2 V, where the 

diode operates in photoconductive gain mode (EQE > 100%), resulting in unusually high responsivity 

and specific detectivity30. The remaining studies either focus on "self-powered" diodes (operating at 0 

V) or apply only a moderate bias of -0.5 V. Our work uniquely demonstrates reliable operation at -2 V, 

achieving the lowest Jd in this bias range while maintaining one of the fastest response times—all 

without compromising the device’s responsivity. 

 

4. Conclusions 
In conclusion, with a focus on p-i-n, vacuum-deposited, all-inorganic PePDs, we have demonstrated 

that the careful tuning of the ETL is necessary to ensure reliable operation. The study mainly focused 

on the use of thermally evaporated C60 and e-beam deposited TiO2
 as the diode’s ETLs. The use of C60 

was associated with large variability in device performance, which was attributed to the diffusion of the 

Al top contact into the perovskite layer, as revealed through TEM-EDS. The same measurement 

indicated that the deposition of TiO2 directly on top of the perovskite leads to significant changes in the 

perovskite’s surface stoichiometry, which in turn creates defect states that promote the breakdown of 

the PePD under reverse bias. Additional TPC measurements using both white and red light sources, 

allowing the precise control over the absorption depth and profile, further confirmed the increased 

interface trap states in devices with TiO2.  Eventually, it was shown that the sequential deposition of C60 

and TiO2 for the device’s ETL is sufficient to mitigate the challenges arising from using each layer 

separately. Οur findings demonstrate that the thickness of the C60 layer in the bilayer ETL is critical for 

enhancing charge extraction speed by extending the diode’s depletion width. However, while a thicker 

C60 layer improves extraction speed, an excessive increase begins to limit quantum efficiency. This 

drawback can be mitigated by further reducing the detector’s area. We believe that this study strengthens 

the foundations of high-temperature tolerant, scalable and efficient PePDs, pushing the technology 

closer to the standards of complementary metal-oxide semiconductor (CMOS) applications. 

 

5. Experimental Section 
 

5.1 Perovskite Deposition  

CsPbI2Br perovskite thin films were deposited via thermal co-evaporation using a Kurt J. Lesker 

SPECTROS system. Two diametrically opposed sources were used for the evaporation of CsBr (abcr, 

ultra dry; 99.9%) and PbI2 (TCI Chemicals, >98%) powders. For each deposition, the crucibles would 

be emptied and re-loaded with ~1 g of fresh material. The deposition rate of each source was 

individually monitored by a designated QCM sensor. Prior to the co-evaporations, the tooling factor of 

sensor was calibrated by separately depositing CsBr and PbI2 films on a Si/SiO2 substrate and measuring 

the respective precursor thickness with ex situ ellipsometry (RC2 J.A. Woolam). For stoichiometric 

films, the rate ratio of two precursors A and B  should be equal to  
𝑒𝑣𝑎𝑝.𝑟𝑎𝑡𝑒 (𝐴)

𝑒𝑣𝑎𝑝.𝑟𝑎𝑡𝑒 (𝐵)
=

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 (𝐴) / 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐴) 

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 (𝐵) / 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝐵)
. Similarly to our previous work, we aimed for 1.05:1.00 CsBr to PbI2 ratio 

and a cumulative evaporation rate of ~0.8 Å/s. The base pressure of the chamber was below 10-6 Torr. 

The duration of the deposition was tuned to obtain CsPbI2Br films with a nominal thickness of 300 nm. 

The deposition was initiated when the rates of both sources were stabilized at their set value by 

removing the global shutter. The deposition rate of each source was maintained throughout the 

deposition via an automatic adjustment of their temperature. The substrate holder, which can be loaded 

with up to nine 3×3 cm2 substrates, was constantly rotating to ensure uniform deposition, while being 

kept at room temperature.  
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5.2 Device Fabrication  

For the fabrication of photodetector diodes, 3×3 cm2 glass substrates, pre-patterned with ITO stripes (15 

Ω, Colorado Concept Coatings), were used. For their cleaning, the substrates were placed in an 

ultrasonic bath at 50°C, being sequentially submerged in water comprising Extran as surfactant, 

deionized water, acetone and isopropanol. Each cleaning step lasted 10 minutes. After being thoroughly 

dried with a nitrogen gun, the substrates were transferred into a high-vacuum chamber (Nebula system, 

Angstrom Engineering Inc.) for the deposition of 15 nm thick NiOx films via reactive sputtering of a 

metallic nickel target using oxygen plasma (base pressure 10-7-10-8 Torr).  The NiOx-coated substrates 

were then annealed in open air for 5 minutes at 300°C. Afterwards, ~300 nm thick CsPbI2Br films were 

deposited following the process described above. Post perovskite deposition, the substrates were flash 

annealed (approximately 5 sec) at 300°C in a nitrogen-filled glovebox. For the deposition of ETLs and 

Al contacts, a high-vacuum evaporation system was used (Angstrom Engineering Inc.) C60 was 

thermally evaporated at a rate of 0.2 Å/s. TiO2 was deposited via e-beam evaporation at a similar rate 

of 0.2 Å/s. During TiO2 deposition, an oxygen flow of 9 sccm was introduced in the chamber to 

compensate vacancies created during deposition55
. Lastly, 100 nm of Al contacts were deposited via 

thermal evaporation at a rate of ~0.4 - 0.5 Å/s, using shadow masks for defining the contact area of 12 

devices on the same substrate.  

 

For the fabrication of MIS capacitors, 3×3 cm2 coupons from a Si wafer (p-type, 0.005 – 0.010 Ohm-

cm) with 100 nm of thermally grown SiO2, and an Al back contact (500 nm) were used. These substrates 

were also cleaned in an ultrasonic path, using acetone and isopropanol. The perovskite layer was then 

deposited and annealed in the same way as described above. Au contacts of various sizes were deposited 

via thermal evaporation using a high-vacuum evaporation system (Angstrom Engineering Inc.).  

 
5.3 Device Characterization  

All measurements were performed in N2-filled gloveboxes. The current density – voltage (J-V) 

characteristics of the PePDs were recorded using a Keithley 2602A source-measure unit. The dynamic 

scans were performed using medium integration time, 0.01 V bias step and 0.01 s delay with a -2 V to 

2 V direction. The J-V curves under illumination were recorded with similar settings under 1 sun 

illumination (100 mW/cm3 - AM 1.5G). The device’s EQE as a function of wavelength, bias, and time 

was recorded with a Stanford Research System model SR830 lock-in amplifier unit coupled with a 

monochromator and a 150 W halogen lamp (OSRAM HLX 64633). A low-noise current preamplifier 

(Stanford Research System) was used to amplify the signal. A Si photodiode with a known spectral 

response was used for calibration. The capacitance and transient photocurrent measurements were 

performed using a Paios all-in-one system by Fluxim. Two different light emitting diodes were used for 

the device illumination with white (Cree LED XPGWHT-01-0000-00EE5) and red light (WL-SMDC 

SMT Mono-color Ceramic LED Waterclear 150353RS74500). For the estimation of the PePD’s specific 

detectivity, it was considered that the shot noise is the main contributor to the noise equivalent power 

in the dark, and that the contributions of Johnson and flick noise are negligible35. Therefore, the formula 

𝐷∗ = 𝑅/(2𝑒𝐽𝑑)
1

2⁄   (
𝑐𝑚 𝐻𝑧

1
2

𝑊
𝑜𝑟 Jones ) was used, where R is the device’s responsivity, e is the electron 

charge, and 𝐽𝑑is the dark current density (obtained through steady-state measurements). In turn, the 

device’s responsivity was estimated through the formula 𝑅 =  
𝑒

ℎ𝑐/𝜆
 ×  𝐸𝑄𝐸, where ℎ is Planck’s 

constant, 𝑐 is the speed of light, and λ is the incoming wavelength.  

 

Transmission Electron Microscopy: For local analysis of the structure and composition with 

transmission electron microscope (TEM), cross-sections (70 nm thickness) of the devices were prepared 

using focused ion beam (FIB) on FEI Helios Nanolab 650. Prior to FIB cutting, Pt layer was deposited 

as protective layer. Prepared FIB lamellas were subjected to high angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) imaging. The images were acquired in a low-dose 

(<1500 e-/Å2) regime using a probe-corrected Thermo FisherTitan Themis Z microscope operated at 

300 kV with a probe semi-convergence angle of 21 mrad and equipped with a 4 quadrant Super X 

detector for energy dispersive x-ray spectroscopy (EDS). Acquisition time for EDS measurements was 

around 1200 s. 
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Figure 1: (a) Schematic of the diode structure for vacuum deposited all-inorganic perovskite 

photodetectors. Variations of the ETL used in this study, including (b) a single 40 nm TiO2 layer, (c) 

a single 40 nm C60 layer, and (d) a C60 – TiO2 bilayer, each 20 nm thick. The samples are named 

according to the nominal thickness of their ETL, while the value in the parenthesis indicates the real 

thickness measured through their scanning transmission electron microscopy (STEM) cross-section 

(Fig. S2). (e) Energy levels of the stack’s constituent layers. (f) STEM high-angle annular dark field 

(HAADF) image of the 40TiO2 sample, superimposed with the energy dispersive X-Ray spectroscopy 

(EDS) elemental mapping. 
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Figure 2: Statistical representation of the PePD’s current density as a function of bias in darkness 

and under simulated 1 sun illumination (100 mW/cm3 - AM 1.5G) for the stacks with (a) 40 nm of 

TiO2, (b) 40 nm of C60, and (c) 20 nm of C60 and 20 nm of TiO2 as the ETL. For each curve, the solid 

line represents the median response among 12 devices that were fabricated on the same substrate, 

while the shaded area represents the interquartile range. Dark current density as a function of time 

under increasing steps of reverse bias for stacks with (d) 40 nm of TiO2, (e) 40 nm of C60, and (f) 20 

nm of C60 and 20 nm of TiO2 as the ETL. Each bias step was maintained for 300 s and between two 

consecutive steps the device was allowed to recover for an additional 300 s in darkness. 

 

 

 

 
Figure 3: (a) Responsivity and (b) specific detectivity of PePDs with ETLs with different C60 to TiO2 

thickness ratio as a function of wavelength. For the C60 sample, we considered the specific detectivity 

of both the best-performing device, characterized by the lowest Jd, and the worst-performing device, 

assuming a Jd two orders of magnitude higher. 
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Figure 4: EDS elemental concentration profiles for the PePD with a) 40 nm of TiO2, (b) 40 nm of 

C60, and (c) 20 nm of C60 and 20 nm of TiO2 as the ETL. The counts have been normalized with 

respect to the total amount of counts at each position. The dashed line indicates the start of the 

perovskite layer, having as reference the onset of the Pb signal. 
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Figure 5: TPC response of PePDs with (a) 40 nm of TiO2, (b) 10 nm of C60 and 30 nm of TiO2, (c) 

20 nm of C60 and 20 nm of TiO2, and (d) 40 nm of C60 as the ETL. For each stack and illumination 

profile, the photocurrent transients have been normalized with respect to the photocurrent response 

at -2 V.  
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Figure 6: (a) Comparison of TPC response speed of PePDs with ETLs with different C60 to TiO2 

thickness ratio under white light illumination, biased at -2 V. (b) Dependence of the PePD’s rise time 

on the thickness of the C60 layer deposited on top of the perovskite layer. (c) Comparison of 

capacitance as a function of frequency for PePDs with ETLs with different C60 to TiO2 thickness 

ratio. (d) Comparison of the experimentally measured device capacitance (103 Hz) with the 

analytically calculated one as a function of the thickness of the C60 layer deposited on top of the 

perovskite layer. For the analytical calculation, it was assumed that both the perovskite and the C60 

layer are fully depleted.  

 

 

 

 

 

C [F/cm2] 7.8×10-8 

𝜀0[F/m] 8.85×10-12  

d CsPbI2Br [nm] 300 

A [cm2] 0.125 

Table 1: Parameters used for the estimation of the perovskite’s 𝜀𝑟 according to the capacitance 

measurements of the 40TiO2 sample.  
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Ceq [F/cm2] 2.4×10-8  

𝜀0 [F/m] 8.85×10-12 

𝜀𝑟 SiO2 3.9 

d SiO2 [nm] 100 

d CsPbI2Br [nm] 300 

A [cm2] 0.16 

Table 2: Parameters used for the estimation of the perovskite’s 𝜀𝑟 according to the capacitance 

measurements of the MOS structure. 
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