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Narrowband Monolithic Perovskite—Perovskite Tandem

Photodetectors

Lucia Martinez-Goyeneche, Lidon Gil-Escrig, Isidora Susic, Daniel Tordera, Henk J. Bolink,

and Michele Sessolo*

Narrowband photodetectors (PDs) are sought after for many applications
requiring selective spectral response. The most common systems combine
optical bandpass filters with broadband photodiodes. This work reports a
method to obtain a narrowband response in a perovskite PD by the mono-
lithic integration of a perovskite photoconductor and a perovskite photo-
diode. The spectral response of the tandem PD is determined by the bandgap
energy difference of the two perovskites, and exhibits a full width at half
maximum below 85 nm, an external quantum efficiency up to 68% and a high
specific detectivity of =10'? Jones in reverse bias, enabling the device to detect
weak light signals. The absorption profile of the narrowband PD can be tuned
by changing the thickness and bandgap of the wide bandgap perovskite

absorber.

1. Introduction

Photodetectors (PDs) are optoelectronic devices that convert
light into electrical signals, in the form of either current or
voltage.lll PDs have several applications in a variety of fields,
such as image sensing, biological detection, surveillance,
optical communications, and intelligent monitoring.[>%! Some
of these applications require achieving color discrimination and
therefore selective wavelength photodetection.”"l According to
the bandwidth of their spectral response window, PDs are gen-
erally classified as broadband (i.e., panchromatic) or narrow-
band (i.e., wavelength selective). Generally, narrowband PDs
are realized by different strategies: combining broadband PDs
with optical bandpass filters,’?l using a photoactive material
with narrowband absorption!"l or by modulation of the light
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absorption in a specific wavelength range
by means of plasmonic, grating, or micro-
cavity effects.[*18]

Semiconducting organic—inorganic
(hybrid) lead halide perovskites have
been widely applied in solar cells,'"! light-
emitting diodes,?” and PDs 2?2 due to
their tunable and favorable optoelectronic
properties. Hybrid perovskites have been
initially considered for photovoltaic cells,
with rapid progress in power conversion
efficiency from about 3% in 2009 up to
25.6% in 20212524 Recently, they have
emerged as an attractive semiconducting
material for PDs. Perovskites are prom-
ising for sensitive and fast light detec-
tion due to a combination of efficient
light absorption, low dark current, and high charge carrier
mobility.>%] The combination of a high optical absorption
coefficient and a direct bandgap, however, makes perovskite
PDs intrinsic broadband light detectors. One way to narrow
the spectral response of broadband absorbers is via the use of
thick semiconducting films in a process called charge collection
narrowing (CCN). In a thick junction, high energy photons are
absorbed close to the surface due to the high absorption coef-
ficient, hence the photogenerated carriers will almost quanti-
tatively recombine before reaching the external electrodes. On
the other hand, low energy photons will be absorbed within the
volume of the semiconductor (due to a lower absorption coef-
ficient), with much reduced recombination losses leading to a
high photoresponse. This principle has been demonstrated in
organic semiconductor and later also in perovskite films.[282]
CCN has also been applied to perovskite single-crystal PDs,
where surface recombination is maximized as a consequence
of the very thick semiconductor.?% This approach has been
widely adopted and investigated using single crystals or very
thick (>100 um) perovskite films.[#2>3132l While effective in nar-
rowing the spectral response, the use of very thick films and
especially of single crystals might reduce the application range
(e.g., to flexible devices) and compromise speed. Thin film nar-
rowband PDs have also been demonstrated using two perov-
skite thin films with different bandgaps, the wider bandgap
used as an optical bandpass filter on the outer side (substrate)
of the PDs, and the narrower bandgap perovskite being the
active layer.''*3 The wavelength and bandwidth of the photore-
sponse is hence defined by the optical absorption onset of the
narrow bandgap absorber and the energy difference between
the bandgap of the two materials. In this approach the wide
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bandgap perovskite is acting solely as a filter and is coated on
the backside of the devices, which might limit their stability
and integration with other technologies. This is due to the fact
that in most practical applications of photodetectors (e.g., bio-
medical sensors or visible and X-ray imagers), there is a need
to drive the devices by using a thin film transistor backplane
which is fabricated directly on top of the (glass or flexible) sub-
strate. The photodetector is processed on top of it and topped
with a semitransparent electrode, such as sputtered indium tin
oxide (ITO) or a very thin metal electrode.>*l

In this work, we propose an alternative method to obtain
narrowband perovskite PDs by using a monolithic tandem
structure with two electrically connected perovskite PDs. In par-
ticular, we fabricated a multilayer device with a wide bandgap
(L75 eV) FA,;Csq3Pb(Iy;Bry3); perovskite photoconductor,
simultaneously acting as charge transport layer and optical
filter, monolithically connected to a methylammonium lead
iodide (MAPDI3, 1.6 eV) photodiode. The monolithic integration
is enabled by the use of thermal vacuum deposition for both
the organic and the perovskite semiconductors.l**%1 Proof-of-
concept PDs show a narrow spectral response centered in the
near infrared (NIR, 730 nm) with a full width at half maximum
(FWHM) of =80 nm, EQE up to 68% and high specific detec-
tivity in reverse bias (=10'? Jones in reverse bias).

2. Results and Discussion

We initially fabricated and characterized the isolated photo-
diodes with only one semiconductor using MAPI in a p-i-n
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configuration (Figure 1a). The characterization of the perov-
skite film is reported in Figure S1, Supporting Information.
The structure of the device is ITO/TaTm:Fg-TCNNQ (40 nm)/
TaTm (20 nm)/MAPI (500 nm)/Cs (50 nm)/BCP (8 nm)/
Ag, where TaTm is N4,N4,N4”,N4”-tetra([1,1"-biphenyl]-4-yl)-
[1,1:4',1”-terphenyl]-4,4”-diamine), Fg-TCNNQ is 2,2"-(perfluoro-
naphthalene-2,6-diylidene)dimalononitrile, C, is fullerene and
BCP is bathocuproine. The notation TaTm:F¢-TCNNQ indicates
that the two materials are co-sublimed (Fg-TCNNQ at 10 wt%)
in order to increase the conductivity of the film which is used
as the hole injection layer (HIL).’”} All layers are deposited
by thermal vacuum deposition, as previously reported and as
described in the experimental section.l”38]

Most of the perovskite PDs reported in literature are charac-
terized in the photovoltaic mode (in short circuit condition, V =
0V, or sometimes at mild reverse bias of up to —0.5 V). This is
because at more negative voltage in perovskite thin film devices,
ionic motion, electrochemical reactions and reverse bias break-
down can occur?>* Moreover, the lower dark current at low
bias voltage leads to a larger specific detectivity, compared to
what would be obtained at more negative bias. However, most of
driving electronics for commercial PDs requires negative reverse
bias to increase the response time and the collection efficiency
(typically between —1 and -5 V), hence the investigation and devel-
opment of bias-robust perovskite PDs is highly sought-after.[*>*3]

In view of this, the dark and photocurrent density versus
voltage (J-V) characteristics of the photodiode were measured
in a wide range, between —2 and 2 V (Figure 1b). The dark
current density (Jp) at =1 V is 8 x 107> mA cm™ and rises to
1.5 X 102 mA cm™2 at =2 V. The J-V curves have almost no
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Figure 1. Characterization of MAPI photodiodes. a) Schematic device structure of the photodiode. b) J-V characteristics (-2 to 2 V) in dark (red curve)
and under 100 m\W cm~2illumination (green curve). c) Responsivity (orange line and symbols) and specific detectivity (purple curve) at —1V. d) Dynamic

response of the photodiode at different applied bias voltages.
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hysteresis and the devices display a good diode behavior
(current rectification ratio of =10* in the -2 to 2 V range).
This finding correlates with the very low hysteresis typically
observed in vacuum-deposited perovskite solar cells, indicating
that either ion migration or interface recombination (or both)
are suppressed in these perovskite devices.***] The J-V curves
under 1 sun equivalent illumination (100 mW c¢m~2) shows a
current density of 14.7 mA cm™2 at -1 V and very small voltage
dependence in the measured range of reverse bias. The diode
under illumination shows an open circuit voltage (V,) of 1.1 V.
The difference between the current in the dark and under illu-
mination is of about three orders of magnitudes at -2 V.

The device responsivity (R) and the specific detectivity
(D*) measured with an applied voltage of —1 V are shown in
Figure 1c. The responsivity is the ratio between the output
photocurrent and the input light power, and is defined as:

R:EQEx% 1)

where EQE is the external quantum efficiency, e is the elemen-
tary charge, h is the Planck’s constant and v is the frequency
of the incident light. The diode shows a broadband EQE in the
wavelength range of 440 to 770 nm, with values of =80% which
are independent of the applied bias voltages (between —2 and
0 V in 0.5 V step, Figure S2, Supporting Information). The
maximum responsivity at —1 V is 0.48 A WL The high EQE
and responsivity indicate an efficient charge carrier generation
and extraction in the photodiode.

Another key figure of merit that characterizes the perfor-
mance of a PD is the specific detectivity (D*). This parameter
reflects the sensitivity of the device to detect weak levels of
light. Although PDs work under reverse bias (negative voltage),
most of the published perovskite PDs reports the specific detec-
tivity at zero bias (photovoltaic regime). At zero bias, assuming
that the main source that contributes to the noise is the thermal
noise, the specific detectivity can be calculated using the fol-
lowing formula:

_RJA

Vthermal

D*

(2)

where A is the photoactive area (here 0.0825 cm?), and iyermal

is the thermal noise current expressed as ipema = +/4ksT / Ry, in
which kg is Boltzmann constant, T is temperature and Ry, is
the shunt resistance extracted from the slope of the dark -V
curve around zero bias.l*! In general, a low dark current indi-
cates large values of the shunt resistance and therefore a high
specific detectivity. The specific detectivity of the photodiode at
zero bias is 1.44 x 10" Jones at 738 nm (Figure S2, Supporting
Information), which is comparable to previously reported MAPI
photodiodes characterized in photovoltaic mode.’*¥! In reverse
bias, the formula of the specific detectivity can be simplified as:

R

e ()

At a reverse bias of -1V, our photodiode has a maximum spe-
cific detectivity of 3.0 x 10" Jones at 738 nm (Figure 1c), similar

D' =
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to previous reports using the same active material.*l The linear

dynamic range (LDR) describes the range in which the response
of photocurrent versus light intensity is a linear function:

LDR = 20log L )

lower

where Jupper and Jiower are the higher and lower light current
limits in which the photocurrent is linear to the light inten-
sity. For practical applications, having a large LDR means that
the PD can operate in a wider range of lighting conditions.
The LDR was measured by recording the photocurrent of the
photodiode under 1 sun equivalent illumination (100 mW cm™2)
and by attenuating the intensity using neutral density filters.
Figure 1d shows the photocurrent versus light intensity at dif-
ferent applied bias voltages (0, =1, and -2 V). The photodiode
shows a linear response to incident light from =107 mW cm™2
to 102 mW cm™2 corresponding to a LDR of 92 dB at 0 V. When
the negative applied bias is increased to —1 and -2 V, the linear
response to incident light presents a different range (from 107
to 102 mW cm‘z), resulting in a lower LDR of 60 dB.

Narrowband PDs were prepared using the MAPI photo-
diode in series with a wide bandgap perovskite photoconductor.
The photoconductor is deposited on the glass/ITO substrate
and consists of a wide bandgap perovskite film of the type
FA(;Cs3Pb(lp7Brg3)3 (600 nm thick; characterization of
the perovskite film is reported in Figure S1, Supporting Infor-
mation) sandwiched in between two hole transport layers con-
sisting of TaTm doped with Fg-TCNNQ (40 nm thick). The
MAPI photodiode is monolithically fabricated on top with the
same layout as previously presented (schematics in Figure 2a).
Thanks to the use of vacuum deposition, this multilayer archi-
tecture can be readily obtained, as shown in the cross-section
scanning electron microscopy (SEM) image in Figure 2b. The
expected corresponding spectral response is determined by the
bandgap difference of the two perovskites, which is rather small
(1.6 and 1.75 eV, for MAPI and FA,Cs,;Pb(ly;Bry3);, respec-
tively).5%1 The perovskite layers are electrically connected in a
tandem device architecture, where photogenerated holes within
the MAPI film are transported through the wide bandgap perov-
skite film and extracted at the ITO electrode. The approximate
flat band energy diagram for the materials used in the tandem
devices is shown in Figure 2c. In principle, there is no energy
barrier between the different layers of the device architecture,
which should result in efficient transport and extraction of
charge carriers at the electrodes. We initially tested an isolated
photoconductor consisting of a FAg;Csq3Pb(Iy;Brg3); perov-
skite layer sandwiched between two TaTm:F-TCNNQ (40 nm)
transport layers (Figure S3a, Supporting Information). The J-V
curves under illumination of the photoconductor (Figure S3b,
Supporting Information) show a high current density under
illumination, and a two order of magnitude lower dark current.
In this device type, the current is mainly a hole current due to
the p-type contact used, although some recombination at the
organic/perovskite interface is expected in view of the use of
non-selective transport layers. The hysteresis in between the
scans in forward and reverse bias direction is likely related to
the latter phenomenon, and partially to the use of electrodes
with different work functions (ITO vs. Ag).

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. a) Schematic device structure of the tandem narrowband PD (layer thickness for each material is reported in nanometers). b) Cross-section
of the device observed by SEM; scale bar corresponds to 1 um. c) Approximate flat band energy diagram for the set of materials used in the narrow-

band PD.

The J-V characteristics of the narrowband PD in the dark
and under illumination for bias voltages between -2 and 2V,
are illustrated in Figure 3a. The dark current is reduced in the
tandem structure as compared to the isolated MAPI photo-
diode (Figure 1b), in particular in the —1 to 1 voltage range. The
dark current density is 1.1 x 10* mA cm™ at -1V, and raises
to 3.8 x 1073 mA cm™ at -2 V, closer to the value obtained
for the MAPI photodiode at the same voltage. The more pro-
nounced J-V hysteresis in between the forward and reverse
(as compared to the isolated photodiode), is most likely related
with the large hysteresis observed in the isolated photocon-
ductor (Figure S3b, Supporting Information). The current den-
sity under illumination is 5.5 mA cm™ at -1 V and virtually
bias independent in the 0 to —2 voltage range. An interesting
observation is the high V,  obtained for the tandem photodiode
(1.20 and 1.34 V in reverse and forward bias, respectively). This
indicates that the V.. of the two isolated subunits (1.0-1.1 and
0.1-0.3 V for the photodiode and photoconductor, respectively)
is summed in the tandem architecture, as a consequence of the
ohmic contact of this structure. The light/dark current ratio at
—1V exceeds four decades, which translates to a higher signal-

Adv. Optical Mater. 2022, 2201047 2201047 (4 of 8)

to-noise ratio as compared to the MAPI photodiode. The spec-
tral response of the tandem device is evaluated by measuring
the EQE spectrum (Figure 3b). We observed a narrow peak in
the EQE from 680 to 800 nm, with a weak shoulder at lower
wavelength vanishing at 550 nm. Considering the bandgap of
both perovskites (1.75 and 1.6 eV, corresponding to 708 and
775 nm, respectively), the wavelength difference in the spec-
tral response is expected to be =70 nm. This agrees with the
FWHM of the spectral response of the tandem photodiode,
which varies from 61 to 82 nm depending on the applied bias
voltage (Figure 3b). At the maximum of the response band,
the EQE and responsivity (Figure S4, Supporting Information)
values are above 58% and 0.32 A WL, respectively, between —2
and 0 V applied bias. The maximum EQE and responsivity at
-1V are 60% and 0.35 A W (Figure 3c). We note that the EQE
is varying with the applied bias, but not monotonically as one
would expect if the photocurrent current would scale with the
applied voltage. This can be partially ascribed to the electrical
characteristics of the PD (Figure S3b, Supporting Information),
leading to fluctuation in the photocurrent of the tandem device.
Regarding the maximum measured EQE (0.68 at -2 V), it is

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Characterization of the narrowband PD. a) J-V characteristics (=2 to 2 V) in the dark (red curve) and under 100 mW cm~2 illumination (green
curve). b) EQE at different applied bias (-2 to 0V, in 0.5 V step). c) Responsivity (orange line and symbols) and specific detectivity (purple curve) at

—1V. d) Dynamic response of the PD at different applied bias voltages.

lower as compared to the one of the MAPI photodiode at the
same wavelength (above 0.8). This is expected as the absorption
coefficient in perovskites is not abrupt, and the Urbach expo-
nential tail will continue to absorb below the nominal bandgap
value (175 eV) of the wide bandgap perovskite.’Y As Figure 3c
illustrates, the maximum specific detectivity of the tandem
device is 1.7 x 10" Jones at 730 nm, when the applied bias is
—1 V. When the thermal noise is the primary contribution of the
noise (at zero bias condition), the specific detectivity of the nar-
rowband PD increases to 6.1 x 102 Jones at 730 nm (Figure S4,
Supporting Information). Both values of the specific detectivity
are comparable to best-in-class narrowband perovskite PDs
reported so far.”335233 The light intensity-dependent photo-
current at different applied bias voltages (0, -1, and -2 V) is
illustrated in Figure 3d, showing a linear response to incident

light from =3 X 1072 to 10> mW c¢m™2 corresponding to a LDR
for the narrowband PD of about 68 dB at 0 and —1 V, respec-
tively. When the negative applied bias is increased to -2V,
the linear response to incident light is slightly reduced (from
5% 1072 to 102 mW cm™2), resulting in a LDR of 63 dB.

Finally, in an attempt to further suppress the spectral
response in the low-energy region of the visible spectrum
(>550 nm, Figure 3b) of the tandem PD, the thickness of the
wide bandgap perovskite in the photoconductor was increased
from 600 nm to 1 um. A cross-section SEM image of the nar-
rowband PD incorporating a 1 um wide bandgap perovskite
layer in series with a 500 nm MAPI film is shown in Figure 4a.
The corresponding J-V curves (between —2 and 2 V) in the dark
and under illumination are shown in Figure 4b. Dark current
values at —2 V are reduced from 3.8 X 107 to 1.8 x 10* mA cm™
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Figure 4. Characterization of the narrowband PD with thicker wide bandgap perovskite (1000 nm). a) Cross-section image of the tandem device as
observed by SEM; scale bar corresponds to 1 um. b) J-V characteristics (=2 to 2 V) in the dark (red curve) and under 100 mW cm~2 illumination (green
curve). ¢) EQE (red line and symbols) and specific detectivity (purple line) measured at —2 V.
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when the thickness of the front wide bandgap perovskite is
increased from 600 to 1000 nm, respectively. The use of the
thicker wide bandgap perovskite film mostly suppresses the
PD response in the 550-700 nm range, and results in a nar-
rower band in the NIR, albeit at the expense of a lower EQE
(maximum 50% at 730 nm), due to the nature of the absorption
coefficient in perovskites, as already discussed.

With the thick front perovskite, the FWHM is reduced from
77 to 69 nm at an applied bias of =2 V (Figure 4c). The lower
dark current density at —2 V for the tandem PD with 1 um thick
perovskite film partially compensates for the lower EQE, leading
to a specific detectivity of 9.5 x 10" Jones at 730 nm, higher
compared to the one of the detector with the 600 nm thick
perovskite film (3 x 10" Jones), at the same wavelength. Using
the tandem approach, the spectral response of the narrowband
detector can be varied by changing the chemical composition of
the two perovskite films. To show this, we prepared a different
tandem configuration which includes a FA(¢Cs4Pb(Ij¢5Br¢35)3
perovskite photoconductor (1.8 eV) in series with a triple cation
Csg3(FA:MA)Pb(IygBr1( ,); perovskite photodiode (1.73 eV). These
vacuum-deposited perovskite films have been recently reported
by some of us (material characterization in Figure S5, Supporting
Information).” First, we characterized the EQE of the stan-
dalone Cs;(FA:MA)Pb(IygBr(,); photodiode (Figure S6a, Sup-
porting Information). The device shows the characteristic broad-
band EQE expected for a direct bandgap perovskite absorber.
When placing the FA(¢Csq4Pb(I5Br035); photoconductor in
series with the photodiode, we observe a suppression of the
device response in the visible wavelength range (Figure S6b, Sup-
porting Information). Importantly, the EQE peak is blue shifted
at 700 nm compared to the FA,;Csg;Pb(ly;Bro3);/MAPDI;
tandem, and due to the closer bandgaps of the two perovskite
films, the FWHM is reduced to 30 nm.

A comparison of the key figures of merit of the tandem
detector with other published narrowband perovskite photodi-
odes (Table S1, Supporting Information) shows that it can deliver
high specific detectivity in spite of being driven at relatively high
reverse bias. Depending on the combination of perovskite films
used in the device, the FWHM also compares favorably with
the literature. One drawback of this architecture is the non-zero
spectral response in the UV-vis range, which in turns limits the
rejection ratio. We noticed that high rejection ratios have been
obtained with self-filtered detectors where the wide bandgap
perovskite is not electrically integrated within the device.3*!
This observation suggests that the limiting factor for the rejec-
tion ratio (i.e., the tandem detector showing weak but appreci-
able response in the UV-vis ) might be related with the electrical
connection between the two subunits (photoconductor and pho-
todetector). To test this hypothesis, we fabricated a device with a
perovskite film vacuum deposited on the glass side of the sub-
strate, and compared it to the tandem configuration (Figure S7,
Supporting Information). Indeed, we do see a suppression of the
visible component when the wider bandgap perovskite is used
as a filter on the glass side of the substrate, confirming that the
photoconductor in the tandem configuration contributes to some
extent to the spectral response of the tandem.

Finally, we tested the time response of the tandem detector
and compared it with the single photodiode. As reported in
Figure S8, Supporting Information, both the photodiode and
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the tandem photodetector can follow and resolve a laser excita-
tion at 1 kHz, with 50% duty cycle. We did observe a capacitive
current surge in the onset of the pulse, hence we analyzed
the current fall when the laser switches off (at 500 us). Indeed,
we do observe a longer current decay in the tandem detector
(the time to reach 10% of the initial maximum signal is 25.3 us)
as compared to the photodiode (3.2 ps). The longer discharge
time can be associated to transport (transit time) but also to
charge accumulation and or trapping within the tandem struc-
ture, due to the increased thickness and number of layers.

3. Conclusion

In conclusion, we show a new approach to obtain narrowband
perovskite PDs. Using vacuum-deposited multilayers, we devel-
oped a tandem PD where a wide bandgap perovskite photocon-
ductor is monolithically connected to a broadband perovskite
photodiode. The narrow spectral response of the tandem devices
is determined by the difference in the bandgaps of the perovskite
employed as a photoconducting filter and the one used in the rear
photodiode. In this proof-of-concept design, we achieved detec-
tors with FWHM ranging from 30 to 80 nm, which is compa-
rable to best-in-class previously reported perovskite PDs.">%33>3]
With this approach, the spectral response of the narrowband
PD can be tuned by changing the bandgap of the wide bandgap
perovskite used in the front photoconductor. These narrowband
PDs have external quantum efficiencies up to 60% at 730 nm,
low dark current and high specific detectivity in reverse bias. The
proposed approach allows for easier encapsulation and integra-
tion of narrowband photodetectors in practical applications.

4. Experimental Section

Materials: N4,N4,N4’,N4'-tetra([1,1-biphenyl]-4-yl)-[1,1":4’,1"-terphenyl]-
4,4-diamine  (TaTm) and 2,2’-(perfluoronaphthalene-2,6-diylidene)
dimalononitrile (F&-TCNNQ) were kindly provided by Novaled GmbH.
Fullerene (Cgo) was purchased from Merck KGaA and CHNH,NH,I
(FAI) from Greatcell Solar. CH3NH;l (MAI), Pbl,, and bathocuproine
(BCP) were purchased from Luminescence Technology Corp. PbBr, was
obtained from Tokyo Chemical Industry.

Device Fabrication: Pre-patterned ITO-coated glass substrates were
subsequently cleaned with soap, water, and isopropanol in an ultrasonic
bath, followed by a 20 min UV-ozone treatment. Substrates were
transferred to a vacuum chamber integrated in a nitrogen-filled glovebox
and evacuated to a pressure of 10°® mbar. In general, the deposition rate
for TaTm and Cgq was 0.6 A s~ while the thinner BCP layer was sublimed
at 0.2 A s7'. 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 deposition rate for the co-deposited doped layers was 0.8 A s for
TaTm and 0.05 A s for the dopant (F&-TCNNQ). The wide bandgap
perovskites were deposited in a vacuum chamber equipped with four
evaporation sources (Creaphys) and with independent temperature
controllers, shutter, and QCM sensor, following a previously reported
protocol.%*4 For MAPbI; deposition, MAI and Pbl, were co-evaporated
simultaneously with rates of 0.6 and 1A s7, respectively. Two evaporation
sources (one for Pbl, and one for MAI) and three QCM sensors were
used for MAPbI; deposition, where two controlled the deposition rate
of the sources and the third one (close to the substrate holder) was
used to monitor the total deposition rate. During the evaporation the
pressure of the chamber was maintained at 5 x 107 mbar. The devices
were encapsulated with epoxy resin inside a glovebox. A commercial
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Araldite two-component epoxy resin (2014-2) was spread at the edges
of a square 4.8cm? aluminum plate, with bent edges of Tmm height,
then centered at the device substrate, fully covering the evaporated area
inside the resin/aluminum perimeter. The resin was cured for 4h.

Characterization: SEM images were performed on a Hitachi S-4800
microscope operating at an accelerating voltage of 2 kV over platinum
metallized samples. The J-V curves of the PDs were recorded with a
Keithley 2612A SourceMeter in a —2 and 2 V voltage range with 0.01 V
steps and were illuminated under a Wavelabs Sinus 70 LED solar
simulator using a custom LabVIEW program. The light intensity was
calibrated before every measurement using a calibrated Si reference
diode. Intensity-dependent data were carried out by measuring J-V
curves in the same system using neutral density filters of decreasing
optical density. In the EQE measurements the device was illuminated
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 2.0 eV in 0.05 eV steps and from 2.0 to 1.4 eV
in 0.02 eV steps using a lock-in amplifier (Stanford Research Systems
SR830). The system was calibrated, and the solar spectrum mismatch
was corrected using a calibrated Si reference cell. The time response
of the photodiodes was measured by illuminating the devices with
a MatchBox laser pulsed at 1 kHz and 50% duty cycle. The signal of
the photodetector was monitored with a Rohde & Schwarz RTM3004
Oscilloscope (1 GHz) through an input resistance of 50 Q.

Supporting Information

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