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Using Combinatorial Inkjet Printing for Synthesis and
Deposition of Metal Halide Perovskites in Wavelength-

Selective Photodetectors

Vincent R. F. Schrider, Felix Hermerschmidt,* Sabrina Helper, Carolin Rehermann,
Giovanni Ligorio, Hampus Ndsstrom, Eva L. Unger, and Emil J. W. List-Kratochvil*

Metal halide perovskites have received great attention in recent years, pre-
dominantly due to the high performance of perovskite solar cells. The versatility
of the material, which allows the tunability of the bandgap, has led to its use in
light-emitting diodes, photo, and X-ray detectors, among other optoelectronic
device applications. Specifically in photodetectors, the tunability of the bandgap
allows fabrication of spectrally selective devices. Utilizing a combinatorial inkjet
printing approach, multiple perovskite compositions absorbing at specific
wavelengths in a single printing step are fabricated. The drop-on-demand
capabilities of inkjet printing enable the deposition of inks in a precise ratio to
produce specific perovskite compositions in the printed thin film. By controlling
the halide ratio in the compositions, a mixed halide gradient ranging from pure
MAPDI; via MAPbBr; to MAPbCI; is produced. The tunability in the absorption
onset from 410 to 790 nm is demonstrated, covering the whole visible spectrum,
with a precision of 8 nm steps for MAPb(Br,Cl; ,); compositions. From this
range of mixed halide perovskites, photodetectors which show spectral selectivity
corresponding to the measured absorption onset are demonstrated, paving the
way for use in a printed visible light spectrometer without the need for a dis-
persion element.

1. Introduction

The exceptional optoelectronic properties
combined with the ability to process metal
halide perovskite semiconductors from
solution have led to comprehensive
research results in the field of (opto)elec-
tronic applications, including photovoltaic
devices,'™ light-emitting diodes
(LEDs),H_(’] LASER applications,[7_9] as well
as X-ray"®"? and photodetectors."***! To
a large extent, these optoelectronic proper-
ties, such as the bandgap, the relative posi-
tion of the energy levels, and the carrier
mobility,® depend on the ionic composi-
tion of the material. Through the multitude
of possible perovskite compositions, a great
freedom of tunability arises to match the
device requirements.'’” ") In particular
in solar cells, LEDs, and photodetectors,
the semiconductor bandgap predefines
the specification and function of the
according devices, as it governs the absorp-
tion and emission wavelengths. Therefore,
being able to easily tune the bandgap of a

material through composition variation by combinatorial synthe-
sis is highly advantageous for fabricating a wide range of
optoelectronic devices with targeted specifications.
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One of the greatest success stories of this tunability is the
application of metal halide perovskites in various tandem solar
cell technologies. By being able to match the bandgap of halide
perovskites to lower-bandgap semiconductors such as silicon and
copper indium gallium selenide (CIGS), efficient hybrid tandem
solar cells have been demonstrated.?®? In addition to solar
cells, the tunability of the bandgap can also be utilized in perov-
skite-based LEDs and according display applications to adjust the
wavelength of the emitted light over the entire visible spec-
trum,**~** while also enabling devices emitting in the near infra-
red.” In photodetectors, the bandgap tunability can be taken
advantage of to produce a wavelength-specific photoresponse.

Yet, while for solar cells and LEDs, typically only a single mate-
rial layer with a singular specific bandgap is required to achieve
the specified performance; in photodetectors, the accessibility of
continuous bandgap tuning over a wide spectral range will pave
the way for novel device implementations. This is especially the
case when compositional tuning can be combined with the ability
to laterally structure the material layer. Metal halide perovskites
as a material class provide the necessary versatility in targeting
multibandgap devices, due to the aforementioned multitude of
available perovskite compositions. Moreover, what makes this
approach even more attractive is the fact that a multitude of com-
positions with different properties can be achieved by a combi-
nation of a relatively small set of precursor materials. By, for
example, varying the halide ions (I, Br™, Cl7) and the organic
ions (methylammonium [MA™] or formamidinium [FA™)), a
range of active layers can be targeted using a combinatorial syn-
thesis approach of the metal halide perovskite composition. To
fully exploit this concept, it is desirable to not only mix the mate-
rial precursor composition ex situ, but also to be able to accom-
plish mixing with structured deposition of the active layer in situ.
Using an inkjet printing process with multiple printheads, it is
possible to achieve this.2*~28

Inkjet printing as such has already been successfully used as a
deposition method for organic semiconductors,* inorganic
semiconductors,?® and metal inks®' 3% for the fabrication
of various electronic and optoelectronic devices.**”! More
recently, inkjet printing has also been successfully used to
deposit metal halide perovskites and perovskite nanocrystal-
based optoelectronic devices such as solar cells,*® LEDs,*”!
and photodetectors.[*>*!]

Inkjet printing is an additive, a mask-less, and noncontact
deposition method, which has the ability to produce functional
devices with a high degree of customization, minimal consump-
tion of active material, and selective and structured patterning due
to its drop-on-demand (DoD) character.[*>*3) Moreover it is also an
industrially mature and scalable, digital production technology,
with the ability to be implemented in high-throughput and
large-area industrial-scale production processes./**!

By now combining (at least) two printheads during printing,
the simultaneous deposition of (at least) two inks within one coat-
ing process is possible and this combinatorial method has been
used previously to screen material compositions®®®®! for appli-
cation in solar cells.[***%! In this way, the mixing of ink droplets
during deposition on the substrate serves as a combinatorial syn-
thesis and structuring approach, producing a precise ionic com-
position of the perovskite precursors. Based on these
accomplishments, in this contribution, we will use this approach
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for the first time to directly fabricate a series of photodetectors
with a spectral response spanning the entire visible spectrum. As
we are able to stepwise match the spectral response, this work
lays the foundation for integrating perovskite-based photodetec-
tors into a visible light spectrometer without the need for a dis-
persion element.

2. Results and Discussion

During the printing procedure, a defined number of ink droplets
is deposited on a substrate. The area wetted by a single droplet is
determined by the interplay of surface free energy and the sur-
face tension of the ink. The resolution of the printed image in
drops per inch (dpi) is chosen in a way that the deposited droplets
spread on the surface and merge on contact to form a closed con-
tinuous wet film with a thickness of multiple micrometers."”!
Starting with the first ink droplet, evaporation of the solvent is
initiated, which has to be taken into account when choosing
the printing speed. The drying process can result in inhomoge-
neous films (coffee ring effect)*®! and for metal halide perov-
skites is connected to the crystallization process. Compared
with organic semiconductors, the metal halide perovskite is
formed during drying. Therefore, controlling the drying process,
and by that the crystallization of the perovskite, is crucial for the
material quality and performance of the resulting optoelectronic
devices. The drying process can be assisted by annealing, vac-
uum drying, or gas flow-assisted drying.?**%

Starting with three different print heads filled with three dif-
ferent MA lead halide perovskite precursor inks (MAPDIs,
MAPbBr3;, and MAPDCI;), a gradient of mixing ratios was inkjet
printed by varying the relative halide ion concentration. Using
the DoD capabilities of inkjet printing and controlling the ratio
of deposited droplets of each ink, precise compositional mixing
can be achieved. This is enhanced by choosing fully miscible sol-
vent systems, in our case dimethyl formamide : dimethyl sulfox-
ide (DMF:DMSO),’” and a print pattern that deposits drops
deliberately on top of each other to ensure mixing of the inks.

Figure 1a displays a schematic depiction of the combinatorial
printing process, where droplets of different precursor inks are
mixed with different ratios. Within the first half of the gradient
(i.e., a combination of MAPbI; with MAPDbBr3), we incrementally
reduced the number of droplets containing the iodide (MAPDIS)
precursor and simultaneously increased the number of droplets
containing the bromide (MAPbBr;) precursor. In doing so, it is
possible to achieve gradient mixtures between a pure iodide and
a pure bromide composition, producing perovskite films with the
nominal composition of MAPb(I; _,Br,)s. Within the second half
of the gradient (i.e., combination of MAPbBr; with MAPbCl;),
we decreased the number of droplets containing the bromide
(MAPDBr3) precursor and simultaneously increased the number
of droplets containing the chloride (MAPDbCI—;) precursor. In
this way perovskite films with the nominal composition of
MAPDb(Br;_,Cl,); were synthesized. The droplets mix in the
desired ratio on the substrate by controlling the position and pair-
ing of the different inks. All the substrates were thermally treated
after deposition. Iodide-containing samples were treated at
100 °C for 10 min, and chloride-containing samples were treated
at 80 °C for 10 min.

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 1. a) Combinatorial printing allows precise control of the mixing of
perovskite precursor inks during film fabrication. b) This leads to a com-
positional halide gradient in methylammonium-based metal halide perov-
skites. ¢) The resulting distinct perovskite phases are confirmed by the
gradual shift of lattice parameters shown in XRD diffraction patterns.

This leads to a gradient of nine thin films deposited on glass
substrates, with each composition distinguishable by the naked
eye (see Figure 1b). The mixing occurs not only macroscopically
but also on the atomic scale, leading to clearly distinguishable
crystal phases of the desired composition in accordance with
Vegard’s law.”!! These different phases are distinguishable by
X-ray diffraction (XRD) analysis and the results are shown in
Figure 1c (and zoom-in image in Figure Sla and S2,
Supporting Information).

We observe a gradual shift of the reflection peaks, which cor-
responds to the decreasing size of the unit cell along the gradient.
For MAPbI;, the first reflection peak belonging to the (110) plane
of the tetragonal perovskite phase sits at 14.13°. Substituting
iodide ions by bromide ions decreases the size of the unit cell,
resulting in the first reflection peak at 14.95°, belonging to the
(100) of the cubic perovskite phase of MAPbBrs;. Further substi-
tution of bromide by chloride results in a shift of the (100) reflec-
tion peak to 15.63° for MAPbCl5.*~* The gradual shift of the
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reflection peaks fits directly to the compositional gradient targeted
with our combinatorial synthesis approach. We note the strong
preferential growth in our perovskite thin film, which results in
a strong relative intensity of the reflection peaks of the (100) plane
in our samples. Comparing the peak broadness at full width at half
maximum (FWHM) of the reflection peaks (See Figure Sic,
Supporting Information) reveals a broadening for mixed halide
perovskite phases relative to the pure halide compositions. This
can be caused by crystal size effects, strain, or by ionic heteroge-
neities in mixed halide perovskites created during crystalliza-
tion.”®) We further observe no peak splitting in the diffraction
patterns of the mixed halide perovskite films that could be attrib-
uted to the previously reported miscibility gap.”® To support the
results of our XRD measurements, we performed energy-disper-
sive X-ray spectroscopy (EDX) measurements on the printed thin
films. In Figure S3, Supporting Information, the EDX spectra for
the printed perovskite compositions are displayed showing the
gradual substitution of halide ions. Furthermore, the halide distri-
bution was investigated by elemental mapping, showing equal dis-
tribution of halide ions. As seen in scanning electron microscopy
(SEM) images, the elemental distribution correlates with the mor-
phology of the printed thin films, on the scale of multiple tens of
micrometers. Taking the spreading of printed droplets into
account, this finding demonstrates full intermixing of ink droplets
during formation of the primary wet film.

Having investigated the crystal structure and confirmed the
successful synthesis of the desired perovskite compositions in
this comprehensive gradient series, we continued with an inves-
tigation of the optical and electronic properties.

We investigated the optical properties of this series of printed
samples, specifically their absorption properties using UV/vis
spectroscopy. The spectra reported in Figure 2a clearly display
a shift in the absorption onset as a function of the halide ratio,
which covers the entire visible spectral range from 410 nm
(MAPDCL;) to 790 nm (MAPDI;). The absorption onset shifts
in ~30nm steps in bromide/chloride mixtures and in
~60 nm steps in iodide/bromide mixtures. Along this gradient,
the exciton binding energy decreases with the perovskite compo-
sition, as visible by the disappearance of excitonic features in the
absorption spectra of iodide-containing perovskite compositions.
Values for the exciton binding energies were determined by fit-
ting the absorption onset to the Elliot equation (see Table S1,
Supporting Information) and range from 6.12meV (MAPbDI;)
t0 59.20 meV (MAPDCI;). These values are in line with previously
reported results.®”*® The increase in exciton binding energies is
caused by a decrease in the dynamic dielectric constant from
iodide via bromide to chloride-containing perovskites,*¢"!
which is caused by the decreasing polarizability of the halide ions
(according to the Clausius—Mossotti relation).[*"!

While the absorption onsets shift, the steepness varies sub-
stantially. Especially iodide-containing perovskite compositions
show a more gradual absorption onset, quantified as broadness
of the first derivative (see Figure S4, Supporting Information).
Correlating with the broadening observed in the XRD reflection
peaks, the width in the first derivative of the absorption onset
gives another experimental indication of the variation in ionic
heterogeneity in the mixed halide perovskite compositions.

Furthermore, the advantages of the combinatorial synthesis
approach allow us to access even finer compositional differences
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Figure 2. a) The printed films show a shifting absorption onset over the
full range of the visible spectrum. b) Precise control of the absorption
onset can be achieved by fine tuning the composition of deposited perov-
skite precursors. c) The linear dependence of the extracted bandgaps on
the nominal composition of the printed perovskite films confirms the pre-
cise control of the combinatorial approach. d) The same linear trend can
be observed in the energy-level diagrams consisting of VB, Fermi level
(FL), and CB.

by adjusting the combinatorial print pattern. Figure 2b shows
the result of the influence on the absorption onset of such an
incremental change between the MAPD(Bry,5Clo7s); and
MAPD(BrysClys); compositions, allowing a resolution of
~8 nm steps between 2440 and ~470 nm. Fitting the absorption
onsets to the Elliot equation yields not only the exciton binding
energy but also the bandgap energy. We compiled the extracted
bandgap energies in Figure 2c. The extracted bandgaps range
from 1.64 eV (MAPDI;) to 3.14 eV (MAPbCL;) and show a linear
dependence, which directly correlate to the linear change of nom-
inal composition of the perovskite layers (the results are reported
in Table S1, Supporting Information). After having assessed the
optical gap, we conducted the investigation of the energy level by
means of ultraviolet photoemission spectroscopy (UPS). This
technique provides information of the work function (WF)
and hole injection barrier (HIB) extrapolated from secondary
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electron cutoft and valence band (VB) onset, respectively. The
printed perovskite samples were fabricated employing ITO-
coated glass as substrates to ground them during the measure-
ments. The VB is calculated as the ionization potential (IP) given
by the sum of the WF and HIB (WF, HIB, and IP are listed in
Table S1, Supporting Information). The compositional perov-
skite series shows an increase in the IP (and with it, the position
of the VB) along the gradient of inkjet-printed samples with
increasing bromide or chloride content. MAPbI;, MAPbBI3,
and MAPDbCI; IPs of 5.93 eV, 6.26 €V, and 6.50 eV were deter-
mined. These results are in line with previous reported val-
ues.P*¢3%4 The results are confirmed by photoelectron yield
spectroscopy (PYS) conducted in air (with the results also sum-
marized in Table S1, Supporting Information). The position of
the conduction band (CB) is estimated by subtracting the
bandgap from the VB. The constructed energy-level diagrams
for the full series of perovskite compositions are shown in
Figure 2d. Along the gradient, from MAPDI; to MAPDCls, a shift
in the position of the VB of ~0.6 eV and a shift of the position of
the CB of ~0.9 eV occur, which is caused by a combination of
increasing electronegativity and confinement effects.[®*!

The shifts in the bandgap and the resulting absorption onset
allow the exploitation of this series as photoactive materials in the
production of wavelength-selective photodetectors. We therefore
fabricated a series of photodetectors (schematically depicted in
Figure 3a) by printing this series of nine materials on prepat-
terned indium tin oxide (ITO) interdigitated electrodes. The pho-
toresponse was measured under constant bias as a function of
incident wavelength. By referencing this response to a calibrated
silicon solar cell, the external quantum efficiency (EQE) was
determined. As depicted in Figure 3b, the spectral response of
the photodetectors ranges from 410 nm (MAPbCl;) to 790 nm
(MAPDI;) and matches the absorption spectra discussed earlier.
The ionic heterogeneity shown in the XRD reflection peak width
and gradual absorption onset has no significant effect on the
detection onset of the photodetector devices. To study the behav-
ior of the detection onset during operation, mixed halide perov-
skite (iodide/bromide) detectors were fabricated and subjected to
increasing voltage from 5 to 40V (see Figure S5a, Supporting
Information) and a constant voltage of 30V over time (see
Figure S5b, Supporting Information). In both cases, a shift of
the detection onset toward longer wavelengths can be observed,
which saturates at a maximum shift of ~#10 nm. The influence of
ionic heterogeneity on the spectral selectivity therefore remains
controllable.

In a next step, the photodetectors were each illuminated by
different high-powered LEDs (~100—300 mW cm 2, peak wave-
lengths between 375 and 850 nm and FWHM between 10 and
30nm, as shown in Figure S6, Supporting Information). The
photocurrent was measured as a function of the applied bias
and we find a linear behavior between —5 and 5 V for all devices,
as shown in Figure S7, Supporting Information. When a photo-
detector is illuminated with an LED whose wavelength is longer
than the absorption onset of the perovskite material, the resulting
photocurrent is in the order of magnitude of the dark current (the
black lines). Therefore, for the pure chloride-containing perov-
skite photodetector, a photoresponse and increase in measured
photocurrent are only seen upon illumination with violet and
blue light. As we continue along the gradient and shift the
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Figure 3. a) Each perovskite composition is inkjet printed onto prefabri-
cated interdigitated ITO electrodes to produce a series of nine photode-
tectors. b) The detection onset of the photodetectors measured in EQE
directly relates to the absorption onset of the printed layers and, in turn,
the compositional gradient of the metal halide perovskite. c) The resulting
selectivity of the photodetectors is confirmed by external excitation using
high-powered LEDs. A jump in responsivity of multiple orders of magni-
tude (as shown by a change from dark to light colors in the grid) signals
the absorption onset.

absorption onset toward higher wavelengths, an increasing num-
ber of LEDs induce a photocurrent (0.2—25 pA), which is higher
than the dark current (0.1—10 nA).

By now dividing the difference of photocurrent and dark
current (in A) at 5V by the nominal power (in W) of the LED,
a responsivity (in AW™') can be calculated, as depicted in
Figure 3c for each perovskite composition and LED excitation.
The result is a matrix of responsivity values, with the perovskite
composition on the y-axis and the excitation wavelength on the
x-axis. The magnitude of the values is indicated by a color scale,
dark colors correspond to a low responsivity (10 >~10"°> mA W™ ?),
while the lighter the color, the higher the responsivity (up to
9.8mAW™"). As with the EQE, the responsivity is dependent
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on the wavelength of the incident LED light. Once the photodetec-
tor is illuminated with the LED matching the absorption onset of
the absorber material, a rise in responsivity by 2—3 orders of mag-
nitude can be observed, comparable with previously reported val-
ues at comparable irradiance.®>=7)

Let us consider possible applications of this observation.
When operated individually, the responsivity of a single photo-
detector provides limited information (high/low responsivity).
However, when considering an entire column of responsivities
within the matrix, the collective response of all nine photodetec-
tors to one LED (with its particular wavelength) can be seen.
Collectively, the photodetector series can there give a distinct
response depending on the wavelength of the incident light.
Depending on the resolution of the printed gradient and the cal-
ibration with different light sources, a combination of these pho-
todetectors lays the foundation for use in the visible light
spectrometer, without the need for a dispersion element.

3. Conclusion

In this work, we use combinatorial inkjet printing as a versatile
tool to integrate a seamless gradient of metal halide perovskites
in photodetector devices. Printing with multiple printheads and
multiple inks and exploiting the DoD capabilities of inkjet printing
result in precise control of the droplet ratio on the substrate. The
deposited ink mixtures crystallize into distinct phase-pure perov-
skite thin films, producing a compositional halide gradient ranging
from MAPbCI; via MAPbBr; to MAPDI;. The resulting perovskite
compositions show a tunable bandgap between 410 and 790 nm,
covering the full visible spectrum. Fine tuning of the ink ratio
allows shifting of the bandgap by 8 nm increments within the chlo-
ride series at short wavelengths. Using these compositions, perov-
skite-based photodetectors were fabricated, which showed a
spectral selectivity corresponding to the respective bandgap.
When illuminated with an external light source with a wavelength
lower than the absorption onset of the used perovskite composi-
tion, a photocurrent is measurable. A distinct photoresponse
matrix is obtained when using a range of light sources to illuminate
the series of photodetectors along the perovskite gradient. These
findings pave the way for integration of the devices in a perov-
skite-based, dispersion element-free, visible light spectrometer.

4. Experimental Section

Ink Preparation: Weighing of precursor salts and solution preparation
took place in a nitrogen-filled glovebox. Perovskite precursors were pur-
chased from TCl (Pbl,, PbBr,, PbCly) and Dyenamo (MAI, MABr, MACI)
and used as received. Anhydrous DMF and DMSO were purchased from
Sigma Aldrich. MAPbl;, MAPbBr;, and MAPbCl; solution were prepared
by dissolving Pbl, and PbBr, in a solvent mixture of four parts DMF and
one part DMSO and PbCl; in pure DMSO. Dissolving took place over several
hours at 60 °C. The lead halide solutions were used to dissolve MAI, MABr,
and MACI, resulting in pure halide perovskite precursor solutions. Precursor
amounts were calculated to yield 1 M inks of equimolar mixed precursor salts.

Sample Preparation: Soda lime glass slides with an edge length of
25 mm were cleaned by sonication in aqueous Hellmanex Il solution, ace-
tone, and isopropanol and subsequently cleaned in a UV ozone cleaner
(Ossila) for 30 min. The cleaned glass substrates were transferred to a
nitrogen-filled glovebox with <0.1 ppm oxygen and <0.5 ppm water con-
tent. For device preparation, glass substrates with prepatterned ITO
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electrodes (Ossila) were treated the same way. The interdigitated electro-
des had a channel length of 50 pum and channel width of 6 mm.

Printing Procedure: A Pixdro LP 50 (Stiss Microtec) with a dual head
system of Spectra SE128 printheads (30 pL droplet size) was used for
thin-film preparation. To create a compositional gradient, the two print-
heads were filled with MAPbl; and MAPbBr; or MAPbBr; and
MAPbCI;. The ink ratio was controlled by custom-created patterns that
ensured even spread of both inks over the substrate. Both printheads
received separate custom-created print patterns in which the pixel ratio
mirrored the nominal ratio of halides in the solid film. Best results were
obtained at a printing resolution of 250 dpi, print speed of 100mms™',
and droplet velocity of 4.0 m s™'. To ensure exact drop placement, a quality
factor of 1 and unidirectional printing were chosen. After printing, the sub-
strates were thermally treated to dry the films for 10 min on a hot plate at
100°C for iodide-containing samples and 80 °C for chloride-containing
samples. The substrates prepared with ITO electrodes and used as pho-
todetector devices were encapsulated using a commercially available resin
and hardened with a blue LED (Blufixx).

Thin-Film Characterization: UV/vis spectra were measured using a
Lambdal050 system from PerkinElmer with an integrating sphere, with
a spot size of 5mm diameter. The absorption onset was determined
via the first derivative of the spectrum. The resulting peak was fit with
a pseudo-Voigt function and FWHM was extracted. Additional fitting of
the absorption onset via the Elliot equation was carried out, to obtain
the bandgap energy and exciton binding energy. lonization energy and
WF were measured by UPS in an Omicron system equipped with a hemi-
spherical energy analyzer (SPECS Phoibos 100) using the He | emission
(21.2 eV) as excitation source with an 80% intensity aluminum filter. The
samples were ground during the measurements of the VB region, while a
bias of —10V was applied during the measurements of the WF calculated
through the secondary electron cutoff. The ionization energy of the perov-
skite samples was also measured by PYS performed in air using the AC-2E
DC 1 set-up from Riken Keiki. Measurements were performed in ambient
atmosphere, using a UV lamp, with an excitation energy between 4 and
6eV. XRD experiments were performed on a Bruker Advanced D8 in
Bragg-Brentano geometry under ambient conditions with a Cu Ko X-ray
source (1=1.5406A). The first main reflection peak was fit with a
pseudo-Voigt function and FWHM was extracted. SEM images and
EDX measurements were performed on an eLINE Plus electron beam
lithography system from Raith. An acceleration voltage of 10 kV was used,
with an aperture size of 30 pm at a working distance of 10 um and a pres-
sure of 1077 mbar. For the EDX maps, the intensities of the lead Ma line,
chlorine Ka line, bromine L line, and iodine Lx line were used to indicate
the presence of the respective elements. The EDX maps had a size of 512
pixels, resulting in a resolution of 100 pm per pixel.

EQE Measurement: The EQE was performed in ambient air using a
SpeQuest Quantum Efficiency setup from Rera Systems. A 100 W tungsten
halogen lamp was used as excitation source. The photodetector devices were
biased with 30V from an external source measure unit (Keithley 2602A
source meter). The absolute EQE was calculated by reference measurement
of a calibrated silicon solar cell (Rera Systems) at short-circuit conditions.

Electrical Device Characterization: The electrical characterization of the
photodetector devices was done using a Keithley 4200A-SCS Parameter
Analyzer and an Ossila push-fit test board. The devices were illuminated
using a series of mounted ThorLabs LEDs, with the wavelength and irradi-
ance given in brackets: M375L4 (375 nm, 137 mW cm™?), M405L3 (405 nm,
336mWcem ?),  M455L3  (455nm,  312mWcm %),  M505L3
(505 nm, 11T mWcm™%), M590L3 (590nm, 53mWcem 2, M660L4
(660 nm, 174 mWcm %), and M850L3 (850nm, 191 mWcm ?). The
LEDs were driven with 1A while mounted at a distance of 2cm from
the device. The current—voltage characteristics were measured from —5
to 5 V. The photocurrent at 5V was used for the calculation of responsivity.
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