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Perovskite photodetectors are a promising technology for imaging applications, due to their high
performance, tunable absorption spectrum and large area processability. New applications require
devices with properties such as transparency, near-infrared (NIR) absorption or scalability. Here, we have
fabricated semitransparent NIR perovskite photodetectors based on tin—lead (Sn—Pb) hybrid perovskites,
by using very thin film perovskite layers (200 nm) and transparent indium tin oxide (ITO) electrodes. The
top ITO contact was processed via pulsed layer deposition (PLD) with no damage to the underlying
stack. The photodetectors have a full stack transmission of over 48% in the NIR (between 780 and
1100 nm) and exhibit good performance with a dark current of 1.74 x 1072 mA cm™2 (at —0.2 V), exter-
nal quantum efficiency of 23% and 13%, and detectivity of 6.6 x 10*° and 4.2 x 10'° Jones (at —0.2 V),
at 850 and 940 nm, respectively. The performance of these devices makes them good candidates to be
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Introduction

Photodetectors are the cornerstone of imaging technologies in
fields like surveillance,' chemical sensing,” biomedicine,* and
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used as photodetectors for NIR applications or as bifacial devices.

biometrics.* As these technologies evolve, so does the need for
the design and fabrication of novel devices for new applica-
tions. For instance, near-infrared (NIR) photodetectors are
required for applications such as vein recognition,” pulse
oximetry,® brain imaging,” proximity sensors,® spectrometry
for food monitoring® or skin cancer diagnosis.'® Other applica-
tions require the integration of the imager in front of a display
(such as phones, computers, or ATMs), where semitransparent
devices are needed."* Semitransparent devices can be obtained
via downscaling of the active area (e.g. by photolithography),'?
by using materials that are transparent in the visible spectrum
(narrow bandgap semiconductors)*™® or by using very thin
semiconductors in combination with transparent electrodes,
such as transparent conducting oxides (TCOs), graphene,
organic or nanostructured electrodes.’>'® For many applica-
tions, large-area cost-efficient processing is also preferred.
Scaling up silicon-based photodetectors has proven to be
difficult but materials such as (semi-)conducting polymers,
quantum dots, or perovskites, have already been processed into
large-area devices.'”™*° For certain applications, like the use of
biometric vein detection imagers integrated in consumer elec-
tronics, the combination of these three features is required:
NIR sensitivity, semitransparency, and large-area sensing.>’
Metal halide perovskites (hereinafter referred to as perovs-
kites) are crystalline materials with the chemical structure
AMX;, where A is a monovalent cation (such as methylammo-
nium, MA", or cesium, Cs*), B is a divalent metal (typically Pb>*
or Sn*"), and X is a halide (ClI~, Br~ or I).>"** Pb-based
perovskites have excellent optoelectronic properties due to their

This journal is © The Royal Society of Chemistry 2022
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high charge carrier mobility, large light absorption coefficient, long
diffusion length and high resilience to defects.** For these reasons,
they have extensively been used as the active materials in solar
cells,**?* exhibiting record power conversion efficiencies of up to
25.6% in singlejunction cells,”® and more recently in
photodetectors.”” In particular, the most extensively investigated
perovskite used in solar cells, methylammonium lead iodide
(MAPDL;), has been also widely used as the active material for
photodiodes.”” However, MAPbI; has a bandgap of approximately
1.6 eV with an absorption edge close to 800 nm,*® which limits its
spectral response to the visible spectrum. Other frequently used Pb-
based perovskites (such as CsPbBr;) are also limited to this region of
the electromagnetic spectrum.”® In order to extend the absorption
to longer wavelengths, different strategies have been adopted such
as combining MAPbI, perovskites with quantum dots,***" using tin
(Sn)-based perovskites** or, more commonly, by alloying Sn and Pb
in mixed metal perovskites.**** Sn—Pb hybrid perovskites can have a
bandgap as low as 1.17 eV, showing a broadband absorption from
the visible to the NIR (up to ca. 1050 nm).***” Regarding transpar-
ency, semitransparent perovskite photodetectors are also being
widely investigated, as shown by the sheer amount of published
work in the recent years.*®*° However, most of the examples found
in the literature focus solely on the visible spectral range. An
exception to this is the work of Zhu et al. who, in 2020, developed
a bilayer perovskite/PbSe quantum dots structure that, combined
with transparent polymeric electrodes, resulted in semitransparent
photodetectors capable to absorb from the visible well into the NIR
region, via the trap-assisted photomultiplication effect.*® Therefore,
the development of novel semitransparent NIR perovskite photo-
detectors is still an unexplored field of research, in particular devices
with a simple architecture yet delivering a good performance.

In this work we demonstrate, to the best of our knowledge,
the first semitransparent NIR perovskite photodetector employ-
ing mixed Sn-Pb perovskite as the active material. The devices
consist of a methylammonium (MA") formamidinium (FA") tin
lead iodide (MA, 3FA, ;Pb 5Sn, 5I5) perovskite active layer sand-
wiched between two transparent indium tin oxide (ITO) elec-
trodes. The top electrode was processed via pulsed layer
deposition (PLD) with no observable damage to the underlying
perovskite layer. The full device stack exhibits a transparency of
over 48% in the NIR spectral region. The photodetectors pre-
sent a dark current of 1.74 x 107> mA cm > (at —0.2 V), a
broadband external quantum efficiency (EQE) that extends into
the NIR (~ 1050 nm) with values of 23% and 13% for 850 and
940 nm, respectively, and high detectivity of 6.6 x 10" and
4.2 x 10" Jones for 850 and 940 nm, respectively, at —0.2 V.
The devices are compared with standard opaque Cu top elec-
trodes showing that the PLD top contact processing does not
damage the soft layers underneath.

Results and discussion

MA, 3FA, ;Pbg 5Sn, 513 perovskite thin films were prepared from
tin reduced precursor solutions adjusting a method adapted
from previous reports.*’** The solutions consisted of a mixture

This journal is © The Royal Society of Chemistry 2022
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of FAI, MAI, tin iodide (Snl,), and lead iodide (Pbl,) in a
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
(3 to 1 volume ratio) solvent mixture. Anisole was used as the
anti-solvent during spin-coating. A small tin foil (1 cm?) was
added to the precursor solution to prevent the unwanted
oxidation of Sn®* to Sn*" that results in poor charge trans-
port/extraction in optoelectronic devices.*" As already men-
tioned, one of the strategies to fabricate semitransparent
devices consists of using thin-film active layers coupled with
transparent electrodes. To deposit thin perovskite films, low
concentration precursor solutions were used. In particular, we
processed films from 0.55 M solutions that resulted in 200 nm
thick films. This thickness is much lower compared to those
commonly used for perovskite photodetectors and solar cells,
which often lie in the range of 500 to 1000 nm.**** Indeed, too
thin layers might impact the performance of the photodetector
devices, particularly the EQE,** and a trade-off between perfor-
mance and transparency is expected. The X-ray diffraction
(XRD) characterization of a MA, ;FA, ;Pb, sSn, 513 perovskite
thin film is shown in Fig. 1a. The signal can be fitted consider-
ing a single cubic perovskite phase (space group Pm3m) with a
lattice parameter of 6.33 A, with only a small contribution of the
underlying ITO substrate.

Photodetectors using MA, 3FA, ;Pbg 5Sn, sI; perovskite thin
films as active layer were fabricated (Fig. 1b). The devices had a
p-i-n configuration with the following structure: glass/ITO/
PEDOT:PSS (20 nm)/MA,;FA,,Pb,sSngsl; (200 nm)/Ce,
(25 nm)/BCP (7 nm)/ITO (140 nm) (where PEDOT:PSS is
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, Cg, is
fullerene and BCP is bathocuproine). The energy band diagram
is shown in Fig. 1c. The energy levels of the perovskite layer are
previously reported in literature.*> PEDOT:PSS and Cg,/BCP
were chosen as hole and electron transport layers, respectively,
as they have shown to be good candidates for these roles in Sn—-
Pb based solar cells.*® Usually, ITO top electrodes are processed
by ion sputtering which can easily damage any soft organic
underlayers,”” leading to increased leakage current, as well as
reduced efficiency and lower lifetime of the device.*”"*° To
mitigate these limitations, pulsed laser deposition (PLD) is an
alternative technique that allows damage-free smooth ITO
deposition on top of thin organic layers. For example, in our
recent investigation, bifacial MAPbI; perovskite solar cells were
fabricated by directly depositing ITO with PLD on top of the
organic Ceo/BCP electron transport layers (ETLs) with a total
thickness of only 32 nm, without any protective buffer layers in
between, leading to no damage to the device stack underneath
and, hence, no losses in photovoltaic performance.’ Therefore,
for the fabrication of the semitransparent MAg;FA, -
Pb, 5Sn, sI; photodetectors investigated here, the ITO top cath-
ode was also deposited via PLD directly on top of the Cq0/BCP
ETLs, using the optimized conditions previously obtained.>® In
order to prove that the deposition of the ITO top electrode was
not harmful to the organic stack underneath, reference devices
with a standard opaque Cu top contact (100 nm), instead of
ITO, were also prepared by thermal vacuum deposition, for
comparison. Although the resistivity of the PLD-ITO films is

J. Mater. Chem. C, 2022,10, 13878-13885 | 13879
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Fig. 1

(@) XRD characterization of MAq 3FAq 7Pbo 5Sng sls perovskite thin films deposited on a glass/ITO substrate coated with PEDOT:PSS. Observed

(experimental) intensities are marked with open circles, Le Bail fit is represented in red and Braggs' reflection for the perovskite and underlying ITO phases
are indicated with vertical markers of different colors. (b) Schematic device structure of the semi-transparent perovskite photodetector. (c) Schematic
energy band diagram of the photodetector. (d) Transmittance of the same full stack with a 200 nm thick active layer. Inset: Photography of the device in
front of the logo of the research institute where this work was carried out.

quite low (between 0.4 to 1 mQ cm, depending on the deposi-
tion pressure, for thicknesses of ca. 150 nm), it is not as low as a
typical Cu film (usually around 1 pQ cm). Therefore, to increase
the conductivity of the ITO top cathode in the semitransparent
devices, Au grids (100 nm thick) were thermally evaporated
around the edges of the PLD-ITO cathode, but not covering the
active area. This approach decreased the series resistance of
devices finished with PLD-ITO from 17.4 to 4.8 mQ cm 2,
within the same order of magnitude as devices using the metal
top contact (~3.5 mQ cm ™ ?).*°

The transmittance of the full stack using 200 nm perovskite
films was measured (Fig. 1d). In the visible range, the devices
are opaque from 380 to almost 600 nm and their transmission
starts increasing in the red region, resulting in a characteristic
dark red color (Fig. 1d, inset). More importantly, in the NIR the
devices are semitransparent with a transmission of over 48%
(780-1100 nm wavelength range). Of particular importance are
the wavelengths of 850 and 940 nm as these are wavelengths
where the most commonly available commercial NIR light-
emitting diodes (LEDs) emit. The whole device showed trans-
mittance of 54% and 56% at 850 and 940 nm, respectively.

Current density versus voltage (J-V) characteristics of the
devices were obtained and are shown in Fig. 2a, both in dark
(blue curve) and under light (green curve). The J-V sweep
presents almost negligible hysteresis, usually originating from

13880 | J Mater. Chem. C, 2022,10, 13878-13885

halide ionic migration on the active layer.>* The dark current
density (Jp) is 1.74 x 107> mA cm > at —0.2 V. Light current
density (Jpn) was also measured by using a light source with a
simulated AM 1.5G irradiation (100 mW cm ?). The Jp, is
17.7 mA em 2 at —0.2 V and we do not observe nearly any
voltage dependence, highlighting the efficient charge carrier
extraction of these devices. The Jpy, is three orders of magnitude
higher than the J, (at —0.2 V). The EQE was measured at 0 V
and under a constant voltage bias of —0.2, —0.4 and —0.6 V
(Fig. 3b). There is virtually no voltage dependence of the EQE on
the voltage, as expected form the current profile in the j-V
curves under illumination. The devices absorb up to ca.
1050 nm, in line with the expected bandgap of the material
(~1.22 eV),*" with values of 23% and 13% for 850 and 940 nm,
respectively. The EQE in the visible spectrum (380-780 nm)
ranges from 30 to 77%. This shows that these photodetectors
could be used for applications both in the visible and in the
NIR range. On the other hand, for strict wavelength dependent
applications, filters should be used to prevent parasitic light
from reaching the active layer.>°

We compared the performance of these devices with refer-
ence devices using a standard opaque Cu top electrode (stack:
glass/ITO/PEDOT:PSS/MA, ;FA, ;Pby 58N 515/Ceo/BCP/Cu).  J-V
curves of the reference devices are shown in Fig. 2¢ both in
dark (red curve) and under the same light conditions (green

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) J-V characteristics of the semitransparent Glass/ITO/PEDOT:PSS/MAq 3FAq 7Pbo 5SNg 513/C0/BCP/ITO photodetector in dark (blue curve) and
under light illumination (green curve). (b) EQE spectra for the same device measured at different voltage biases (0 to —0.6 V in 0.2 V steps). (c) J-V
characteristics of the standard opaque Glass/ITO/PEDOT:PSS/MAq 3FAq7Pbo 5SN0 sl3/Ceo/BCP/Cu photodetector in dark (red curve) and under light
(green curve). (d) EQE spectra for the same device measured at different voltage biases (0 to —0.6 V in 0.2 V steps).

curve). The Jp and the Jp, under —0.2 V are 1.92 x 10> mA
cm~? and 23.4 mA cm 2, respectively. The Jp, for the semitran-
sparent and reference devices exhibits very similar values,
where small differences are attributed to device-to-device varia-
tion. The shape of both curves is also very similar between the
PLD-ITO and the Cu top electrode devices, indicating that the
PLD processing on top of the stack has not damaged the soft
layers underneath; if the PLD had damaged the underlayers,
the contact/shunt resistance of the semitransparent devices
would have had increased,>® mainly affecting the slope of the
J-V curves near short-circuit (from 0 to ~0.7 V). The EQE,
however, shows higher values for the reference device, all
across the visible spectrum (58-80%), and at 850 nm (56%)
and 940 nm (32%) (Fig. 3d). The higher EQE on the reference
device is expected as the opaque electrode acts as a mirror,
reflecting the non-absorbed light that crossed the device back
to the active layer, where it can be reabsorbed.

The responsivity (R) is a key figure of merit that is defined as
the ratio of the output photocurrent (Ip,) and the input light
power (Ppp) at a certain wavelength and is expressed as:

EQE Z(nm)

Ipp _
== a0 AW 1)

T Ppn 100%

where / is the wavelength of incident light. The R at different
voltage biases (0 to —0.6 V in 0.2 V steps) of the semitransparent
devices is shown in Fig. 3a. As observed for the EQE, the
responsivity is also voltage independent, with values of

This journal is © The Royal Society of Chemistry 2022

0.16 AW "' and 0.10 A W' for 850 and 940 nm, respectively.
The shot noise limited specific detectivity (D*) is regarded as
the overall figure of merit for photodetectors as it considers
both the EQE and the Jp,. It can be expressed as:

R
D = W(JOHCS =cm VHz W71> (2]

where g is the elementary charge. We note that, albeit widely
used in literature, this approximates the detectivity and a more
accurate value can be obtained by directly measuring the noise
spectral density.**">

The detectivity of the semitransparent devices at —0.2, —0.4
and —0.6 V was calculated (Fig. 3b). The D* is voltage depen-
dent (as the Jp, varies with the applied voltage) and shows values
of 6.6 x 10" and 4.2 x 10" Jones (at —0.2 V) for 850 and
940 nm, respectively. When comparing the detectivity of our
devices with semitransparent devices based on commonly-used
perovskite materials such as MAPbI; or MAPbCI; we observe
that previous works report higher detectivity values (in the
order of 10" Jones, and up to 7.3 x 10'? Jones),*®>* albeit
these devices can absorb only in the UV and visible ranges,
hindering their applicability in the NIR. An alternative to our
approach would be to add a PbSe quantum dot layer on top of
the MAPDI; layer. In this way absorption can be enhanced up to
2600 nm, at the cost of a more complex device structure.*’

Both R and D* were also determined for the reference
opaque devices (Fig. 3c and d). In both cases, the values were

J. Mater. Chem. C, 2022, 10, 13878-13885 | 13881
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Fig. 3 (a) Responsivity (R) as a function of wavelength of the semitransparent Glass/ITO/PEDOT:PSS/MAq 3FAq 7Pbo 5SNg 513/Ce0/BCP/ITO photodetector
at different voltage biases (0 to —0.6 V in 0.2 V steps). (b) Detectivity (D*) as a function of wavelength for the same device measured at different voltage
biases (—0.2 Vto —0.6 Vin 0.2 V steps). (c) R as a function of wavelength of the standard opaque Glass/ITO/PEDOT:PSS/MAq 3FAq 7Pbo 5SN0 5l3/Ceo/BCP/
Cu photodetector at different voltage biases (0 to —0.6 V in 0.2 V steps). (d) D* as a function of wavelength for the same device measured at different

voltage biases (—0.2 V to —0.6 V in 0.2 V steps).

higher (at —0.2 V) than the semitransparent devices with R of
0.39 and 0.24 AW ! and D* of 1.6 x 10 and 9.2 x 10'° Jones
(at —0.2 V) for 850 and 940 nm, respectively. Again, the higher
values for the reference devices are related to the higher EQE
exhibited by these devices due to the use of an opaque reflect-
ing top contact. Therefore, it is difficult to directly compare the
R and D* of the semitransparent device with other NIR per-
ovskite photodetector works reported in the literature where an
opaque reflective top contact is used.?® In order to improve the
detectivity, J/p has to be reduced, as EQE will always be limited
by the thickness of the devices (due to the trade-off between
EQE and transparency). Recently it has been shown that the
origin of the dark current in perovskite photodetectors is due to
the interfacial energy offset between the perovskite and the
electron blocking layer (EBL).** Carefully choosing an EBL with
a lower highest occupied molecular orbital (HOMO) than
PEDOT:PSS (e.g. poly(4-butyl-N,N-diphenylaniline) (poly-TPD))
could further improve the Jp, of these devices and will be subject
of further study. Other strategies, such as using an edge cover
layer, covering edges and corners of the pixels, have also been
shown to be effective.*?

Finally, the linearity of the semitransparent devices was
examined at —0.6 V illuminating from both top and bottom
sides. Fig. 4 shows the Jp, as a function of the incident light
intensity. In both cases the device behaves linearly in the 100 to

13882 | J Mater. Chem. C, 2022, 10, 13878-13885

1 mW cm™? light intensity range (R-square of 0.997 and 0.998
for top and bottom illumination, respectively), deviating at
lower values due to the noise current of the device.”® These
results indicate that the device has the same response irrespec-
tively from the direction of the illumination and could effec-
tively be used for applications where a high transparency (both
in the visible and in the NIR) is needed, or as bifacial devices in
a range of lighting conditions.

Conclusions

We have reported a NIR semitransparent photodetector based
on a MA, 3FA, ;Pb, 5Sn, sI; perovskite active layer with a full
stack transmission of over 48% in the NIR (between 780 and
1100 nm). To achieve this, we have fabricated thin perovskite
layers (200 nm) sandwiched between two semitransparent ITO
electrodes. The top electrode was deposited via PLD, which is a
soft deposition method harmless to the underlying
organic stack. The photodetectors showed a dark current of
1.74 x 10> mA cm ™2 (at —0.2 V), EQEs of 23% and 13% and D*
of 6.6 x 10" and 4.2 x 10" Jones (at —0.2 V) for 850 and
940 nm, respectively. No difference in the response was
observed when illuminating from either side of the device at
different light intensities. These findings could lead to the

This journal is © The Royal Society of Chemistry 2022
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development of novel NIR semitransparent perovskite photo-
detectors that could open new application possibilities for this
technology.

Experimental section

Materials

PEDOT:PSS (Al 4083) was purchased from Heraeus Clevios.
Dimethylformamide and dimethyl sulfoxide were purchased
from VWR. Sn foil, anisole and SnF, were purchased from
Sigma Aldrich. Fullerene (Cgo) was purchased from Merck
KGaA. CH;3NH;I (MAI), CHNH,NH,I (FAI) and bathocuproine
(BCP) were purchased from Luminescence Technology Corp.
Tin iodide (Snl,) and lead iodide (Pbl,) were purchased from
Alfa Aesar.

Device fabrication

ITO-coated glass substrates were subsequently cleaned with
soap, water and isopropanol in an ultrasonic bath, followed

This journal is © The Royal Society of Chemistry 2022
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by a 20 min UV-ozone treatment. PEDOT:PSS was filtered with a
0.45 um polypropylene filter, then spin-coated on the ITO-
coated glass substrates (4000 rpm for 30 seconds). Subse-
quently, the substrates were annealed at 150 °C for 10 minutes.
For the preparation of the perovskite precursor molar ratios of
0.385 MAI, 0.165 FAI, 0.275 Pbl,, 0.275 Snl, and 0.0275 SnF,
(10% of SnI, molar ratio) were mixed in DMF : DMSO (3 : 1) with
a resulting 0.55 M concentration. In order to suppress the Sn
oxidation, a tin foil (1 cm?) was inserted in the precursor for
10 minutes. The precursor was filtered with a 0.45 pm poly-
tetrafluoroethylene filter and spin-coated at 1000 rpm for
10 seconds and 4000 rpm for 40 seconds. The anisole was
dropped dynamically on the substrate. Sequentially, the sam-
ples were annealed at 100 °C for 10 minutes. Finally, 140 nm of
ITO were deposited by PLD using a Solmates’ large area PLD
200 mm system coupled to a Lightmachinery’s IPEX-700 KrF
excimer laser (4 = 248 nm, with a repetition rate of 25 Hz and a
fluence of 1.5-1.7 J cm™2). The source material for ITO deposi-
tion was a Sn:In,O; ceramic target with 2:98 wt% and the
chamber pressure was set at 0.033 mbar, with an O, partial
pressure of 0.007 mbar controlled by a constant injection of an
oxygen/argon gas mix, as optimized in our previous paper.’®
Shadow masks were used during the ITO deposition to obtain a
final active area of 0.06 cm?. The Au grids (100 nm thick) at the
side of the PLT-ITO cathodes were thermally evaporated. The
devices were prepared in an inert atmosphere inside the glove-
box and characterized outside. Prior to the characterization, the
stacks were encapsulated using atomic layer deposition for the
deposition of a transparent Al,O; (30 nm) film at 40 °C to
prevent possible degradation from ambient conditions.>”

X-ray diffraction

The patterns were collected in Bragg-Brentano geometry on an
Empyrean PANalytical powder diffractometer with a copper
anode operated at 45 kV and 40 mA. Further analysis including
Le Bail fits were performed with Fullprof software.

Optical and optoelectronic characterization

The transmittance was measured with an Avantes AvaLight-DS-
S-BAL deuterium halogen light source and an Avantes AvaSpec-
2048L spectrometer. The J-V curves of the devices were
measured with a Keithley 2612A SourceMeter under dark and
illuminated with a Wavelabs Sinus 70 LED solar simulator (AM
1.5G irradiation (100 mW c¢cm™?)) and recorded using a custom
LabVIEW program. A step of 0.01 voltage was used. The light
intensity was calibrated before every measurement using a
calibrated Si reference diode. Intensity dependent data was
carried out by measuring J-V curves in the same system using
neutral density filters of decreasing optical density. The
external quantum efficiency (EQE) was measured using a
Quartz-Tungsten-Halogen lamp (Newport Apex 2-QTH) source,
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 using a lock-in amplifier (Stanford
Research Systems SR830) and recorded using a custom Lab-
VIEW program. The system was calibrated, and the solar
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spectrum mismatch was corrected using a calibrated Si
reference cell.
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