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Vacuum-Deposited Perovskite Photodiodes for Visible and

X-Ray Photon Detection
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Albert J. J. M. van Breemen, Gerwin H. Gelinck, Beatrice Fraboni, Daniel Tordera,*
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Metal halide perovskite photodiodes have garnered extensive attention owing
to their favorable optoelectronic properties, rendering them attractive for
visible, near-infrared, and X-ray sensors. However, their predominant reliance
on solution-processing deposition techniques poses challenges for seamless
integration into existing industrial processes. In this study, this limitation is
addressed by developing fully vacuum-processed perovskite photodiodes with
varying hole transport layers (HTL). These findings underscore the critical role
of HTL selection in influencing the dark and noise current characteristics of
the diodes. With an optimized HTL, photodiodes are obtained with low noise
current (~3 10~'* A Hz~"/2) and high specific detectivity (~10'? Jones at

710 nm at —0.5 V). The photodiodes are also tested as X-ray detectors and are
found to be stable under X-ray radiation, with state-of-the-art sensitivity of

33 + 4 uC Gy~ ' cm~—2 and a low limit of

detection of 2.0 + 1.6 pG s~. These insights contribute to the development of
perovskite photodiodes with improved performance and broader industrial

cells or light-emitting diodes.!""*] These ma-
terials can be described by their distinc-
tive chemical structure ABX;, where A is a
monovalent cation (often organic), B is a di-
valent metal and X is a halide.}] In partic-
ular, perovskites incorporating Pb*" in the
divalent site have shown superior semicon-
ducting properties, such as long charge dif-
fusion length, ambipolar carrier mobility,
high optical absorption coefficient, as well
as bandgap tunability by changing the X
halide and monovalent A cation.[*7! The
recent successful implementation in so-
lar cells using perovskites as active ma-
terials, with efficiencies reaching 26%,!®]
have encouraged the study of sister opto-
electronic devices such as photodetectors.
Photodetectors also convert the impinging

applicability.

1. Introduction

Metal halide perovskites are one of the most promising mate-
rials for future optoelectronic applications such as photovoltaic
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light into electronic signals but are com-

monly operated at negative bias to maxi-

mize current collection. They are used in a

wide range of applications such as imaging,
optical communications, gesture recognition or biomedical sens-
ing, amongst others.>13]

Perovskite-based photodetector technologies, and in particular
photodiodes, are rapidly closing the gap with their inorganic
counterparts in terms of device performance, such as dark
current (J,), external quantum efficiency (EQE) and specific
detectivity (D*).'*1] Specifically, D* up to 10" Jones have
been demonstrated in the visible range,’>!¢l values in line
with other technologies such as organic semiconductors, and
approaching that of commercial Si.['”!8] It comes to no surprise
that perovskite photodetectors have garnered interest as they
combine the desirable optoelectronic properties of perovskites
with the advantages of thin-film devices, such as transparency,
flexibility and ease of integration.!>?°] As a result, perovskite
photodetectors for visible, near infrared and X-ray photons have
been demonstrated.[20-2%]

Most of the reported perovskite photodetectors are prepared
by solution-processing methods. These processes are convenient
on a lab scale, but are not readily transferable to industry, as
they are often restricted to small area and use steps that are
challenging to scale up, such as anti-solvent processing.?! On
the other hand, vacuum deposition does not require the use of
a solvent, is a low-temperature technique, allows for miniatur-
ization and, more importantly, is already implemented in the
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Figure 1. a) Schematic device structure of the vacuum deposited perovskite photodiodes. J-V characteristics in dark (dynamic scan: solid line, static
scan: line and symbols) and under 100 mW c¢m=2 illumination (dashed line) for photodiodes with five different HTLs: b) MoO;/TaTm, c) TaTm, d)
C€S90112/TaTm, ) TaTm:CS90112 (9 wt%)/TaTm, and f) TaTm:CS90112 (13 wt%) /TaTm.

industry.l?”] Therefore, research on perovskite photodetectors us-
ing dry, vacuum-processing methods is of high interest. However,
as for vacuum-processed perovskite solar cells, only a limited
number of examples have been reported on vacuum-deposited
perovskite photodetectors.[28341 Another advantage of vacuum
processing is the possibility to fabricate multilayer devices with-
out concerns about damaging the underlying layers. Multilayers
are used in state-of-the-art devices to maximize performance, as
each layer is designed to carry out one specific process contribut-
ing to the device function.

Recently, it has been shown that the electron blocking layer
(EBL, or hole transport layer, HTL), and more precisely the energy
offset between the highest occupied molecular orbital (HOMO)
of the HTL and the perovskite conduction band minimum, plays
a key role in the determination of the dark current and noise, and
hence the specific detectivity, of perovskite photodiodes.[3>3¢]
However, other factors such as wetting, perovskite film for-
mation, and crystallization due to the use of different bottom
HTLs may also influence recombination at the HTL/perovskite
interface, hence affecting the detector characteristics.

In this work, we have prepared fully vacuum-processed
perovskite photodiodes using methyl ammonium lead iodide
(MAPI) as the active material, with HTL combinations represen-
tative of most organic and perovskite optoelectronic devices. The
work investigates the relation of the HTL with the performance
of the devices, highlighting the importance of the HTL selection
in order to fabricate efficient perovskite detectors. The photodi-
odes are characterized both in the visible and X-ray spectrum. In
the visible range, devices show low dark currents, high EQE (up
to 90% in the visible range), and detectivity close to 10" Jones.
The perovskite diodes are also used to detect X-ray radiation up
to 150 kVp, obtaining a linear response in a wide range of X-ray
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irradiance, for both high and low X-ray doses, with a low limit of
detection of 2.0 pG s~!. The sensitivity is the highest reported so
far for thin film X-ray perovskite photodiodes.

2. Results and Discussion

Perovskite photodiodes with five different HTLs were fabricated
in a p-i-n configuration (Figure 1a). The diodes consist of MAPI
perovskite films, the semiconductor responsible for the carrier
generation, sandwiched between an electron transport layers
(ETL, also acting as hole blocking layer) and an HTL, and even-
tual additional layers to ensure ohmic contact with the bottom
ITO and top silver electrodes (flat band energy diagram in Figure
S1, Supporting Information). The selected hole transport mate-
rials (Table 1) are commonly used in efficient, vacuum-deposited
photovoltaic devices.37#]

The device stack is ITO/HTL/MAPI (550 nm)/Cq,
(50 nm)/BCP (8 nm)/Ag (where C,, is fullerene and BCP
is bathocuproine). Thick C, layers were intentionally used to
achieve lower dark current values.!l The investigated HTLs
were chosen as the most representative for organic optoelec-
tronic devices, and include thin organic semiconductors, the
combination of a high-work function metal oxide and an organic
semiconductor, a thin organic dopant layer coated with an
intrinsic organic semiconductor, and a combination of doped
and intrinsic organic semiconductors. The detailed structures
are MoO; (5.5 nm)/TaTm (10 nm), TaTm (5 nm), CS90112
(2.5 nm)/TaTm (10 nm), TaTm:CS90112 (9 wt%, 20 nm)/TaTm
(10 nm) and TaTm:CS90112 (13 wt%, 20 nm)/TaTm (10 nm),
where TaTm is N4,N4,N4”,N4"-tetra([1,1’-biphenyl]—4-yl)-
[1,1":4’,1"-terphenyl]—4,4"-diamine, MoO; is molybdenum
oxide and CS90112 is 2,2’,2"-(cyclopropane-1,2,3-triylidene)tris
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Table 1. Overview of the device structures evaluated in this study, highlighting the different HTLs and eventual hole injection layers (HILs).

HIL

HTL

ITO MoOj; (5.5 nm)

TaTm (10 nm)

MAPI/Cgq (50 nm)/BCP (8 nm)/Ag

- TaTm (5 nm)

€S90112 (2.5 nm)
TaTm:CS90112 (9 wt%)
TaTm:CS90112 (13 wt%)

TaTm (10 nm)
TaTm (10 nm)
TaTm (10 nm)

(2-(p-cyanotetrafluorophenyl)acetonitrile). TaTm is an intrinsic
organic semiconductor that acts as HTL (previously reported by
us and others in perovskite solar cells and photodiodes),l*%! while
MoO; and CS90112 are used to improve the carrier extraction to
the transparent bottom electrode in the p-i-n configuration.[*>-#4]
The notation TaTm:CS90112 indicates that the two materials are
co-sublimed (with CS90112 at 9 and 13 wt% as indicated) in
order to increase the conductivity of the film used as the hole
injection layer."] All layers are deposited by thermal vacuum
deposition. Fabrication details are described in the experimental
section.[*46]

Current density versus voltage (J—V) characteristics of the pho-
todiodes were obtained in dark and under a 100 mW cm=2 (1
Sun) illumination (dashed line) (Figure 1b—f). The main key pa-
rameters to evaluate the performance of the perovskite photo-
diodes are summarized in Table 2. J-V characteristics in dark
were recorded dynamically (solid line) and statically (line and
circles). Dynamic scans consisted in a voltage scan from —0.5
to 1.5 V with a rate of 0.05 V s7!, while in static measure-
ments a constant voltage was maintained, and the dark cur-
rent was measured as a function of time at different voltage
points (Figure S2, Supporting Information). This is considered a
more reliable way to determine the dark current, as photodiodes
are generally driven in reverse and constant applied bias.[153547]
All devices show a similar photocurrent value of approximately
18 mA cm™ at —0.5 V. Regarding the dark current, photodi-
odes with MoO, /TaTm and TaTm as HTLs (Figure 1b,c), exhibit
similar values, ~5 10~ mA cm~ at —0.5 V, and static and dy-
namic dark curves can be superimposed. This might originate
from the relatively high (ohmic) leakage current observed for
these HTLs, as observable from the symmetric linear regime
around short circuit. On the other hand, devices incorporating
CS90112 and TaTm (Figure 1d-f) exhibit much lower dark cur-
rent, with values of 410~ mA cm~2 at —0.5 V for CS90112/TaTm
and ~6-10~° mA cm~? when the HTL is TaTm:CS90112/TaTm.

Static measurements are almost one order of magnitude lower
than dynamic scans, because at these low dark current values,
transient currents play a significant role. Photovoltaic parame-
ters of the perovskite diodes were also estimated and are sum-
marized in Table S1 (Supporting Information), showing values
in line with vacuum-processed perovskite solar cells with similar
device structure.[4042:43]

Figure 2a illustrates the EQE spectra of the different photo-
diodes. In all cases, a broadband response is observed in the
full visible spectrum, with average values over 80% and maxi-
mum values up to 90% in the green region (500 — 550 nm). The
minimum observed for all devices at #650 nm is due to optical
interference.*] The EQE is independent of the applied bias volt-
age (see EQE at 0V, Figure S3, Supporting Information), as pre-
viously reported.**l Photodiodes incorporating the 5 nm thick
TaTm display an enhanced spectral response in the ultraviolet
(UV) region of the electromagnetic spectrum (350-420 nm). Us-
ing a thicker TaTm layer results in a higher parasitic absorption
in the UV region, hence a lower EQE and short-circuit current
density, J,. (Table S1, Supporting Information). The specific de-
tectivity (D*) is a key figure of merit used to quantify the weakest
detectable light signal. In reverse bias the formula of the specific
detectivity can be simplified under the assumption of a predom-
inating shot noise as:

D’ = R/\/2¢Js M

where e is the elementary charge and R is the responsivity (Figure
S4a, Supporting Information). The measured low dark current
and high EQE result in high shot-noise D* (Figure 2b). As the
responsivity is similar for all photodiodes, the shot-noise detec-
tivity follows an inverse trend to that of the dark current, reaching
values of 1.1-10"3 Jones at 710 nm under a bias of —0.5 V for both
photodiodes using TaTm:CS90112/TaTm as HTL.

Table 2. Photodiode figures of merit incorporating the different hole transport layers and measured at —0.5 reverse bias if not otherwise stated.

HTL Jdark Rmax [A/W] Shot-noise Inoise D* ax

[mAcm=2)3) D*,.. [Jones] [A/HZ/2) [Jones]
MoOj; /TaTm 5.3.107 0.46 1.1-10™ 1.3-1078 3.6-10"
TaTm 4.5-107* 0.48 1.3-10"2 121071 4.0-10"
CS90112/TaTm 3.9-107° 0.47 4.2.10" 5.7-107 ™ 8.3-10"
TaTm:CS90112 (9 wt%)/TaTm 6.3:107° 0.48 1.1-10" 3.8.1071 1.3-10'2
TaTm:CS90112 (13 wt%) /TaTm 571076 0.46 1.1-10" 3.5-107™ 1.3-10"

? Static measurement of the dark current (Figure S4b, Supporting Information).
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Figure 2. a) External quantum efficiency (EQE) as a function of photon wavelength recorded at a reverse bias of —0.5 V and b) Shot-noise specific

detectivity as a function of wavelength at —0.5 V.

Although specific detectivity has been commonly reported
in literature under the assumption of a predominating shot
noise,12849-531 this approximation results in an overestima-
tion of D*, as other sources of noise are non-negligible.*!
Moreover, another often-used assumption is to consider the noise
to be “white”, i.e., frequency independent.[>*| However, there may
be contributions to the noise current that are frequency depen-
dent, such as flicker or pink noise (1/f), and elements of static
and dynamic disorder (generally originated from carrier trap-
ping/detrapping processes).>>] Hence, a more rigorous defini-
tion of the specific detectivity is defined as:

Dr=—Y_ " )

a) 1wo® :
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where i, ., is the noise current, A is the active area and Af is
the electrical bandwidth. In order to precisely determine the spe-
cific detectivity of our devices, we characterized the noise cur-
rent versus frequency at —0.5V in the frequency interval from
1 to 100 Hz (Figure 3a). In all cases, the spectra are almost fre-
quency independent, indicating that the 1/f component is neg-
ligible, and hence the noise of the photodiodes is dominated by
white noise. Following the trend of dark current, photodiodes in-
cluding bilayer HTLs based on TaTm and CS90112 exhibit lower
noise current, achieving an average noise level of ~40 fA Hz™!
at —0.5 V for the photodiodes using TaTm:CS90112/TaTm as the
HTL. The noise is also independent of the applied bias voltage
(see noise current versus frequency at 0V, Figure S5 (Supporting
Information) and calculated noise equivalent power in Figure S6,
Supporting Information). Clearly, when taking into account other
sources of noise, the obtained specific detectivity is nearly one

N
Q
0

1011

Hole Transport Layer

— MoO,/TaTm

— TaTm

— CS90112/TaTm

—— TaTm:CS90112(9wt%)/TaTm
—— TaTm:CS90112(13wt%)/TaTm

Specific Detectivity (Jones)

10"0F

400 500 600 700 800
Wavelength (nm)

TaTm:CS90112
(9 wt.%)

TaTm TaTm:CS90112
Cs90112 (13 wt. %)

Figure 3. a) Noise current versus frequency (1-100 Hz) measured at —0.5 V. b) Specific detectivity under reverse bias of —0.5 V calculated using the
measured noise current. c) Average noise current versus dark current density at —0.5 V for the different photodiodes. Colored circles indicate average
noise values extrapolated from the frequency region between 1-100 Hz. The shot noise limit is also plotted for comparison (dashed line). d) Schematic
of the ionization energy (IE) of the HTLs incorporating TaTm and CS90112 obtained by UPS, with respect to the perovskite conduction and valence band
(Ec and Ey, respectively, values from literature).[8] The energy barrier between the HTL IE and the perovskite E is also highlighted.
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order of magnitude lower than the shot-noise detectivity. This is
shown in Figure 3b where the specific detectivity is calculated
using Equation (2) with measured values of the noise current
(averaged between 1 and 100 Hz). In this case, the photodi-
odes including TaTm:CS90112/TaTm as the HTL show a spe-
cific detectivity of ~1.3-10'? at 710 nm, under a bias of —0.5 V.
These values are similar to previously reported specific detec-
tivity for perovskite photodiodes under the same bias condi-
tions and considering the noise current (Table S2, Supporting
Information).>*°¢1 The same device shows a linear dynamic
range (LDR) of 126 dB (Figure S7, Supporting Information). The
relation between the average noise current and the dark current
density of the photodiodes is shown in Figure 3c. The shot noise
is also plotted for reference (dashed line), and is calculated from
the dark current according to the following expression:

in, shot — V zeBIdark (3)

where B is the electrical bandwidth. The average experimental
noise current is one order of magnitude higher than the shot
noise, showing the importance to determine the specific detec-
tivity taking into account all possible sources of noise.[33557]
Recently, it was demonstrated that thermal generation at the
HTL/perovskite interface is the primary source of dark current in
solution-processed perovskite photodiodes.3°! In particular, the
activation energy of the dark current is correlated with the energy
difference () between the HOMO of the HTL and the conduc-
tion band minimum (E) of the perovskite, where thermal charge
generation can occur.

In order to assess if a similar mechanism might explain the
trends observed in our vacuum-deposited photodiodes, we mea-
sured the ionization energy (IE) of the HTLs with lower |, (those
combining TaTm and CS90112) by ultraviolet photoemission
spectroscopy (UPS, Figure S8, Supporting Information). The IE
is an experimentally accessible approximation of the HOMO level
of a material in the solid state. A schematic flat band energy di-
agram of the MAPI interface with the three different HTLs is
shown in Figure 3d. Indeed, when the energy difference ¢ in-
creases, ], was found to decrease accordingly (Figure S9, Sup-
porting Information), which is in agreement with the role of ther-
mal generation at this interface. Hence, in general, HTLs with
high IE (HOMO) are preferred, as long as the IE is not higher
than the perovskite valence band maximum (E, ), which would re-
sult in unfavorable charge extraction and recombination, as pre-
viously reported.l*"]

In summary, devices using TaTm:CS90112 (9 wit%,
20 nm)/TaTm(10 nm) as the HTL show the highest specific
detectivity in the visible spectrum, consequence of the low dark
and noise currents. Hence, we selected this device stack to
be assessed as an X-ray detector. It is known that thin films
absorb only a small fraction of high-energy X-ray photons due
to the small absorbing material thickness.’>®! On the other
hand, when the active layer is thick, it is susceptible to radiation
damage, and high-voltage operation is necessary for efficient
charge collection.[®!] We fabricated devices with both 550 and
1000 nm thick perovskite films (cross section SEM in Figure S10,
Supporting Information). Figure 4a,b shows the photocurrent
of devices under different incident dose rates of X-ray irradi-
ation (1482, 3237, 4911, 6667, and 8354 pGy s7!) with a 20 s
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modulation period of the X-ray beam. The characterization of
the devices was carried out at 0 V to maximize the signal-to-
noise ratio. Thicker perovskite (1 um) devices show slower time
response to X-ray (Figure 4b), likely a consequence of the longer
charge drifting time. After X-ray irradiation, the dark current of
both devices shows values comparable to pre-irradiation ones,
indicating that the photodiodes are X-ray radiation-tolerant
(Figure S11, Supporting Information). Figure 4c illustrates the
linear response of the extracted photocurrent as a function of
the dose rates (from 1482 to 8354 uGy s7?!), and the respective
linear fit. In general, high values of collected photocurrent as a
function of dose rates indicate a high sensitivity, an important
figure of merit used to validate X-ray detectors performance. The
sensitivity is the slope of the linear fit, normalized by the device
effective area, equal to 7.8 + 0.6 and 33 + 4 uC Gy ! cm™? for
550 nm and 1 um thick perovskite films, respectively. The values
are the average over 8 devices for each thickness, therefore, the
low associated error indicates the good reproducibility of the
deposition process. Photodiodes based on thicker perovskite
films show higher X-ray sensitivity due to the higher photon
absorption, hence increased photocurrent. The sensitivity of
550 nm thick devices is comparable to those reported for thin
film perovskite X-ray detectors with similar thicknesses under a
short-circuit operation mode.[%2-*] To the best of our knowledge,
the sensitivity of the 1 um thick devices is the highest reported
so far for this thickness, about four times higher than previously
reported values for thin-film passive detectors.!%]

Another important figure of merit for ionizing radiation de-
tectors is the limit of detection (LoD), commonly defined as the
equivalent dose that generates a signal three times higher than
the noise level. Low values of LoD reduces the risk of irradia-
tion exposure for routine X-ray examination, but also allows deep
examination and tissue imaging, which are of great importance
in medical applications.|®! To determine the LoD, we performed
the same irradiation protocol as before (dynamic measurements
performed at 0 V bias and with 20 s modulation period) but at
lower dose rates, from 2.1 to 81.4 uGy s~! (Figure S12, Support-
ing Information). Figure 4d shows the extracted photocurrent as
a function of dose rates and the respective linear fit. The mea-
sured limit of detection was 2.0 + 1.6 and 11.9 + 0.6 uG s! for
the two perovskite thicknesses (550 nm and 1 um), respectively.
The thinner perovskite film shows the lowest LoD, a value com-
parable to the typical dose rates used in medical diagnostic appli-
cations (typically >5.5 pGy s71).1%] The performance of these vac-
uum deposited thin-film perovskite X-ray detectors is particularly
suitable for dosimetry where thin, real-time, radiation transpar-
ent, passive electronic detectors could be successfully employed.
The current technologies for live monitoring are typically rigid
devices and difficult to integrate, like fiber-optic dosimeters.*”]
Thus thin-film X-ray detector dosimeter devices based on per-
ovskites can be a desirable alternative.

3. Conclusion

In conclusion, we have developed high-performing p-i-n per-
ovskite photodiodes via optimization of the hole transport lay-
ers (HTLs) using vacuum deposition techniques. Several HTL
structures have been evaluated, chosen as representative of the
most used ones in thin film organic and perovskite diodes. We
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Figure 4. Characterization of the perovskite X-ray detectors. Dynamic response at 0 V bias under various dose rates of X-ray irradiance for the two-
perovskite thickness, a) 550 nm and b) 1 um; and extracted photocurrent of the photodiodes (colored circles) as a function of applied dose rate at 0 V
bias for c) high dose rates (from 1482 to 8354 uGy s~') and d) low dose rates (from 2.13 to 64. uGy s™').

show that the choice of the vacuum-deposited HTL plays an im-
portant role in the performance of the devices, as it directly in-
fluences the dark current via thermal charge generation. We ob-
tained low values of noise current down to ~3 10~ A Hz !/
with a combination of doped and intrinsic organic semiconduc-
tor as HTL, resulting in a high specific detectivity of ~10'? Jones
at 710 nm (at —0.5 V reverse bias). The vacuum-deposited per-
ovskite photodiodes were also tested as X-ray detectors. The sen-
sitivity of the detectors was as high as 33 + 4 uC Gy™! cm™
for a perovskite film thickness of 1 ym. The devices were sta-
ble under X-ray radiation and showed a low limit of detec-
tion of 2.0 + 1.6 uG s7! for a thinner (500 nm) perovskite ab-
sorber. The 1 ym thick X-ray detectors are among the most sen-
sitive perovskite photodiodes reported so far for similar thick-
nesses. In general, we show how fully vacuum-processed per-
ovskite photodiodes offer performance on par with state-of-the-
art solution-processed devices, both in visible and X-ray sens-
ing, while using techniques more suitable for the industrial
environment.

4. Experimental Section

Materials:  N4,N4,N4'',N4''-tetra([1,1"-biphenyl]—4-yl)-[1,1:4",1"-
terphenyl]—4,4’-diamine (TaTm) was purchased from Tokyo Chemical
Industry. Fullerene (Cgy) was purchased from Merck KGaA. CH3NH;l
(MAL), Pbl,, MoOj3, bathocuproine (BCP) and CS90112 were purchased
from Luminescence Technology Corp. All materials were used as received.

Device Fabrication: Pre-patterned ITO-coated glass substrates were
subsequently cleaned with soap, water, and isopropanol in an ultrasonic

Adv. Optical Mater. 2024, 12, 2400464 2400464 (6 of 8)

bath, followed by a 20 min UV-ozone treatment. Substrates were trans-
ferred to a vacuum chamber integrated in a nitrogen-filled glovebox and
evacuated to a pressure of 107% mbar. The deposition rate for TaTm and
Cgo Was 0.6 A s~1 while the thinner BCP layer was sublimed at 0.2 A s~'.
Ag was deposited in a second vacuum chamber using aluminum boat
as source by applying currents ranging from 2.5 to 4.5 A. The deposi-
tion rate for the co-deposited doped layers was 0.8 A s~ for TaTm and
0.08 and 0.12 A s~ for the dopant (CS90112), achieving TaTm:CS90112
of 9 and 13% wt., respectively. For MAPbl; deposition, MAI and Pbl, pre-
cursors were simultaneously evaporated following a procedure recently
published by the group:[®8 in summary, the evaporation chamber em-
ployed had only two QCMs, one close to the Pbl, source designated to
monitor exclusively the Pbl, precursor (Pbl,-QCM), with no cross read-
ing, and a second one fixed at the height of the substrates to monitor
simultaneously the total amount of Pbl, and MAI mass reaching the
substrates (MAPbI;-QCM). Initially, only Pbl, was heated, and the tem-
perature was fine-tuned to lead to a stable sublimation rate of precisely
0.50 A s~ on both Pbl,-QCM and MAPbl;-QCM. Then, MAI was heated,
and the temperature was adjusted so that the sublimation detected on the
MAPbI;-QCM increased from the previous 0.50 to 0.66 A s~1, while the
rate on the Pbl,-QCM was kept stable at 0.50 A s~1.[88] During the evap-
oration the pressure of the chamber was maintained at 5 x 107® mbar.
For the encapsulation, Al,O; (30 nm) was deposited by atomic layer de-
position in a reactor (Arradiance) at 40 °C, using a previously published
protocol.[®?] A photograph with device layout was shown in Figure S13
(Supporting Information).

Characterization: The J-V curves under light conditions of the photo-
diodes were recorded with a Keithley 2612A SourceMeter in a —0.5 and
1.5 V voltage range with 0.01V steps and were illuminated under a Wave-
labs Sinus 70 LED solar simulator using a custom LabVIEW program. The
light intensity was calibrated before every measurement using a calibrated
Si reference diode. In the EQE measurements the device was illuminated
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with a Quartz-Tungsten-Halogen lamp (Newport Apex 2-QTH) through
a monochromator (Newport CS130-USB-3-MC), a chopper at 279 Hz
and a focusing lens. The device current was measured as a function of
energy from 3.5 to 1.5 eV in 0.05 eV steps using a lock-in amplifier (Stan-
ford Research Systems SR830). The system was calibrated, and the so-
lar spectrum mismatch was corrected using a calibrated Si reference cell.
The dark J-V curves were recorded with a Keithley 6485 Picoammeter in
a —0.5 and 1.5 V voltage range with 0.02 V steps applied with a Keithley
2612A SourceMeter. To avoid charging effects and capacitance, dark cur-
rent density was recorded under applied constant bias voltage over time
until a steady-state value was reached. Noise measurements were per-
formed at room temperature and in dark conditions, exploiting a battery-
powered current to voltage conversion readout circuit developed with off-
the-shelf components. The setup was further arranged in a metal enclo-
sure to shield the device under test from electromagnetic interference. The
photodiode was connected by means of two probes and triaxial cables to
a trans-impedance amplifier (TIA) implemented with the operation ampli-
fier Analog Devices (ADA4530). An adjustable DC voltage source was ap-
plied to the non-inverting terminal of the TIA to modify the biasing of the
device. The ultraviolet photoelectron spectroscopy (UPS) measurements
were performed in a VG Escalab Il system with a base pressure of 1078 Pa
using He-I radiation (21.22eV) and a bias of —6 V. The X-ray source was
a Hamamatsu L12161 Microfocus X-ray tube with W target operated at an
accelerating voltage of 150 kVp and with filament currents ranging from
10 to 500 pA. The photocurrent was acquired using a Keithley 2614B pre-
cision Source/Measure Unit. During all the irradiation measurements, the
sample was kept in nitrogen atmosphere. X-ray pulse duration was of 10s.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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