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Broad- and narrow-band, tunable perovskite photodetectors (PPDs) with size-dependent fast response times are
demonstrated for the first time in optical sensing of analytes, including gas-phase and dissolved oxygen (DO), as
well as glucose. The sensors included a LED excitation source and a polystyrene film with embedded oxygen-
sensitive dyes, PtOEP or PAOEP. The analyte’s dose-dependent photoluminescence (PL) intensity I and decay
time r were measured. Using the PPDs enabled monitoring gas-phase O at levels of 0 %-100 % with a sensitivity
comparable to that of a Si photodiode. A broad dynamic range was similarly observed for DO monitoring and the

limit of detection for glucose monitoring was ~0.02 mM at an initial level of ~0.26 mM DO. Importantly, the
size-dependent fast response time of the PPDs enabled analyte monitoring via the preferred measurement of z,
rather than I, over a broad dynamic range, which was unattainable with organic photodetectors. The use of the
narrow-band PPDs eliminated the need for optical filters, which leads to more compact device designs.

1. Introduction

There is a continued and growing need for miniaturization of sen-
sors [1,2] to enable their integration into existing and developing
technologies, such as wearable electronics [3]. In the long run, such
sensors will be fully adapted for applications in medical testing, security
inspection, and water and food quality monitoring [4]. In parallel, or-
ganic semiconductor-based devices e.g., organic light emitting diodes
(OLEDs), organic solar cells (OSCs), and organic photodetectors (OPDs)
continue to attract extensive interest, with OLEDs already successfully
commercialized and OSCs gaining renewed interest due to recent re-
ports of enhanced performance [5-7]. The use of the latter has broa-
dened in e.g., medical tools [8,9], photodetectors (PDs) in optical (bio)
chemical sensors [10], and spectrometers-on-a-chip [11,12]. In parti-
cular, thin-film organic components can be fabricated on flexible plastic
substrates, enabling development of wearable sensors and other bend-
able devices. Organic components are easily structurally-integrated,
and hence will enable device portability and field-deployability. Hybrid
perovskite-based photodetectors (PPDs) are of special interest for such

optical sensing due to their exceptional attributes of high responsivity
and fast response [13,14], though their use in specific optical mon-
itoring of analytes is yet to be demonstrated.

Thin film-based optical sensors, for (bio)chemical analyte mon-
itoring, which are compact with a potential for miniaturization, have
been demonstrated, including simultaneous detection of multiple ana-
lytes [10]. Such sensors employed, for example, OLED excitation
sources and thin film PDs for signal monitoring. The PDs were based on
inorganic materials such as hydrogenated amorphous Si (a-Si:H) [15]
and nano-crystalline (nc) Si [16], or were OPDs [12]. The latter turned
out to be more promising in comparison to a-Si:H- or nc-Si- based PDs,
largely due to their faster response time and lower dark currents [17].
Long-term stability issues that some organic electronic devices face are
not a major issue for such sensors, because the sensing elements are
often suitable for only short-period usage, and in particular low-cost
disposable sensors are often desirable. Still, encapsulated organic de-
vices have long operational lifetimes, as demonstrated by commercial
OLEDs.

While OPDs show promise as flexible devices, further improvement
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in their performance is hindered by low carrier mobility and in parti-
cular relatively slow response [18]. Strategies for improving the per-
formance of OPDs and PPDs as well as extending their spectral response
are ongoing [19,20].

In contrast to OPDs, PPDs have fast response times, high carrier
mobility, high external quantum efficiency (EQE), and excellent sensi-
tivity to low light intensities. Indeed, the potential of such hybrid PDs
was demonstrated in various applications. As an example, a PPD with a
sub-ns response time, which is promising for imagers in digital cameras,
was used for measuring the photoluminescence (PL) lifetimes of organic
and hybrid materials [21,22]. Such measurements provide information
on materials’ quality, as the PL decay times are influenced by defects
and impurities [22].

Development of hybrid PDs, including narrow-band devices, is on-
going. For example, (i) PPDs showing high gain were fabricated by trap-
and interface-engineering using a perovskite rich in Pbl, [23] and (ii)
tunable, narrow band (e.g, EQE with full width half maximum, FWHM
~28nm) PPDs were fabricated using a two-perovskite layer structure
with the first, electrically inactive, thin layer filtering unwanted light,
while the second being the electro-optically active layer. The sensitivity
and wavelength range of such PPDs can be tuned by changing the
bromine:iodine ratio in e.g., CH3NH3PbBr3, I, in both layers; other
mixtures, including chlorides, were also reported [13]. As we show, the
advantage of narrow-band PPDs in sensing applications is that they do
not require an external optical filter, which is otherwise needed to
prevent the excitation source or stray light from reaching the PD. As
such, they are more compact and easier to integrate with the other
sensor components.

Other strategies based on different mechanisms for generating NB
photodiodes have been reported [24-27]. These include charge col-
lection narrowing (CCN) and charge injection narrowing (CIN). CCN is
based on the concept that light with different wavelengths has different
charge collection efficiency due to different penetration depths; it was
demonstrated for OPDs and PPDs. CIN was only demonstrated in OPDs,
resulting in photomultiplication and FWHM ~ 30 nm. The narrow band
in this case was attributed to the sharp absorption edge of a
P3HT:PCBM (100:1 w/w) active layer with a small amount of acceptor.

In this work, we demonstrate for the first time the suitability of
PPD:s for optical analyte sensing by monitoring not only dose-dependent
changes in the PL intensity I of analyte-sensitive dyes, but also by
measuring the PL decay times 7, which is a preferred approach as dis-
cussed below. We optimized two types of highly responsive PPD
structures: (1) PPDs with wide band responsivity that are suitable for
light detection over a broad spectral range, and (2) PPDs designed so
that they are sensitive only over a narrow band, which makes them
more specific and suitable for development of multi-analyte compact
sensors arrays, with analytes that are detected in different spectral
ranges. We demonstrate the functionality of such PPDs for monitoring
gas-phase and dissolved oxygen (DO), as well as glucose whose mon-
itoring is based on DO level measurements. In contrast to PPDs, the use
of OPDs failed previously, with only measurements of I enabling O,
monitoring [12,18].

The high-responsivity PPDs together with their response time of
~500ns (that can be further reduced [13] enabled reliable analyte
sensing. Using PPDs, oxygen and glucose monitoring sensitivity was
comparable or better than with a commercial Si PD.

PL-based O, sensors have been studied extensively [28-38], and
such PL-based gas-phase and DO monitors are available commercially.
Development of such sensors continues for applications such as med-
ical, biological, and water treatment, and for developing reliable and
sensitive compact field-deployable devices. The PL-based sensors are
advantageous due to their high sensitivity, low maintenance, and in-
frequent need for calibration. Typically an oxygen-sensitive dye (e.g., Pt
or Pd octaethylporphyrin; PtOEP or PdOEP, respectively) is embedded
in a thin polymeric (e.g, polystyrene, PS) or sol-gel film. When the
photoexcited dye molecules collide via a Dexter mechanism with
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oxygen molecules, their PL is quenched with a dose-dependent decrease
in I and 7. Calibration lines and the oxygen level can be obtained
(ideally for a dynamic quenching process [39]) using the Stern-Volmer
(S-V) equation:

Io/I = 70/t =1 + Kgy[O2], M

where I, and 7o are the unquenched values and Kgy is the film- and
temperature-dependent S-V constant. The sensitivity S is defined as

S = Ip/I(100 % O3) = 70/7(100 % Oy). 2)

Pulsing the excitation source enables monitoring O, via
7 measurements. This approach is valid provided that 7 is significantly
longer than the electroluminescence (EL) decay time of the excitation
source and the PD’s response time. Monitoring 7 is advantageous as it
eliminates the problem of stray or other background light. Additionally,
when operating in the r mode, moderate changes in the sensor com-
ponents, including dye leaching, have a minimal effect on the sensor’s
response. As a result, the need for frequent calibration and optical fil-
ters is eliminated, which can lead to more compact and reliable devices.

As mentioned, glucose monitoring is based on determining the DO
level. Glucose is catalytically oxidized in the presence of glucose oxi-
dase (GOx) and O to yield gluconic acid with the oxygen reduced to
H,0,. In sealed containers, where there is no supply of DO beyond the
initial concentration, the change in [DO] is equal to the change in the
initial glucose concentration [glucoselipitia if [glucoselinitiar < [DO]. As
the analyte conversion into products is complete, [DO]g,, is given by

[Do]ﬁnal = [Do]initial - [glucose]initial 3)

and the SV equation becomes

Io/I = 70/t =1 + Kgsy X {[DOlinitiai — [glucoselinitiar} “4)

Thus, a plot of 1/7 vs. [glucoselinitial, to generate calibration lines,
will ideally be linear up to [glucoselinitiar = [DOlinitial-

In some sensing films, not all of the sensing molecules are in the
same state, hence, a two-site model may better fit the experimental data
[40]. This situation can occur if the oxygen diffusion through the (e.g.,
polystyrene, PS) matrix is impeded. The equation describing the two-
state model is given by [40]

Io/1 = (fo/(l +Ksy [OZapplied]) + (1'fo)/(1 + KSV[OZatmosphere] N~ ! )

It is assumed that Kgy is the same for both states, and that the O,
concentration of the second state is equivalent to the atmospheric level
due to the PS matrix trapping of the gas. f; denotes the fraction of the
active dye molecules that are in the first state, with the rest of the active
dye molecules being in the second state. We note that various models
were developed over time [41]; we chose the two-state model for
simplicity and as the data fitting for a PAOEP sensing film was good.

2. Methods

The sensor components used for measuring gas-phase O,, DO, and
glucose included PtOEP or PAOEP embedded in PS as sensing films, a 5
mw 385nm LED as the excitation source, and broadband PPDs or
narrowband PPDs; a commercial Si photodiode reference was also used.
The PtOEP was purchased from H. W. Sands, the PAOEP from Frontier
Scientific, the 280,000 MW PS from Sigma Aldrich, and the LED and Si
photodiode from Thorlabs.

A low pass filter in front of the LED and a long pass filter in front of
the PD were used when using the broadband measurement setup. The
former was needed as the 385nm LED has a small emission peak at
~ 600 nm that interferes with the ~630 nm sensor film peak PL. For the
narrowband PPD setup, the filter between the sensing film and the PD
was not required.

The PD signal, with no applied bias, was amplified 5x using a
Stanford Research Systems (SRS) amplifier model SR445A and then
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amplified 5,000x using a SRS low-noise preamplifier model SR560. It
was recorded using a Tektronix TDS7104 Oscilloscope, and analyzed
using LabVIEW. The LED was pulsed at 3.9 V for narrow band and 3.5V
for broadband PDs for 100-300 s, depending on oxygen concentration,
at a rate of 100 Hz. The NB PPDs required a higher LED voltage (higher
brightness) due to their lower EQE in comparison to that of the BB
PPDs. The longer 300 ps pulse was used additionally for 0 and 10 % O,
to ensure the signal reached a steady state for intensity measurements.
The experiment was automated by a homemade LabVIEW program that
controlled pulse parameters, data recording, timing, and the oxygen
concentration through a MKS multi-gas controller 647B with oxygen
and argon mixtures. The sensing film was exposed to each oxygen
concentration for 3 min to ensure equilibration; the signal was averaged
over 3 min.

The broad band PPDs have a structure of indium tin oxide (ITO)/
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)/perovskite
(Csp.05FA0.0sMAg 15Pbl3, where FA is formamidinium and MA is me-
thylamine)/fullerene (Cgo)/bathocuproine (BCP)/Cu. The ITO substrate
was treated under UV-Ozone for 20 min. The PTAA layer was next spin
coated from a toluene solution containing 0.2 wt% PTAA at 4000 rpm
for 35s. Next, it was annealed at 100 °C for 10 min. The perovskite
precursor solution was spin coated at 2000 rpm for 2 s and 4000 rpm for
20s onto the PTAA layer and further annealed at 100 °C for 10 min.
After that, 20 nm Cgo, 8 nm BCP, and 80 nm Cu were sequentially de-
posited by thermal evaporation. For narrow band PPDs, the device with
perovskite-2 active layer only was first fabricated with the same
structure. The perovskite-1 filter layer was then coated onto the glass
side of the standard PPD device to complete the fabrication of narrow
band PPDs.

The EQE spectrum of the PPDs was measured with a Newport IPCE
measurement system under zero bias and a 35 Hz modulated light.

The PtOEP was embedded in PS by dissolving both materials in
toluene at a ratio of 1:40 PtOEP:PS with a PtOEP concentration of 1 mg/
mL. The solution was drop cast on a 1”x1” glass and annealed at 65 °C
for 1h to evaporate the solvent while outgassing oxygen from the film.

Both S-V ratios 7o/7 and Iy/I were measured. As mentioned, I was
measured after a steady state was reached, and 7 was obtained by fitting
the PL decay curves, following the LED pulse, to either a single or
double exponential decay, depending on the O, level, using a home-
made MATLAB program.

Glucose monitoring was performed using PPDs and a PtOEP:PS film
submerged in a phosphate buffer solution (PBS) obtained from Fischer
Scientific and containing glucose oxidase from Sigma Aldrich. The
PtOEP:PS film was drop cast on the bottom of a 23.5 mL vial. The vial
was sealed with a plastic film and covered with a lid to isolate the
solution from atmospheric oxygen.

3. Results and discussion
3.1. Broad-band (BB) PPDs

Utilization of a BB hybrid PPD with high responsivity and fast
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response time is demonstrated first for gas-phase O, monitoring.
Fig. 1(a) and Fig. 1(b) show the PPD’s structure and EQE spectrum,
respectively [13,42,43]. The layer thicknesses are shown in the figure.
As seen, the EQE is high (~85 %) and constant across a broad wave-
length range of ~375 to ~775nm. The response time was measured
with transient photocurrent (TPC), as shown in Fig. 1(c). By fitting the
photocurrent decay, the response time of the BB PPD device was de-
termined to be 536 ns. This response time is limited by the RC constant
of the large area devices, which is however fast enough for the appli-
cation reported here. The PPD’s response to light, i.e., current density vs
light intensity, is linear over more than ~ 8 orders of intensity magni-
tude [13].

In Testing the PPD for analyte monitoring, we used a 385 nm LED
excitation source and a thin sensing film of PtOEP embedded in a PS
matrix (~8um thick). PtOEP has absorption bands peaking at 385 nm
and 535 nm, with the former being ~ 5x more intense; the dye emits in
the red, with a peak PL at ~635nm [1,10]. The shortest 7 of O, sensors
is obtained when the sensing film is exposed to 100 % gas-phase
oxygen; it is typically ~3-5ps depending on the matrix. As such the
hybrid PPD is a viable option for monitoring O, via the advantageous ¢
mode (Fig. 2).

As seen, the S-V plots are linear over the whole [0,] range with
similar results obtained in both I andz modes; S exceeded 16. The ability
to perform such a measurement in the r mode is far beyond the cap-
ability of previous OPDs or inorganic thin film PDs based on a-Si:H or
nc-Si.

3.2. Narrow-band (NB) PPDs

Fig. 3(a) shows a photograph of both the BB and NB PPDs in am-
bient light. As seen, the NB PPD, unlike the BB PPD, appears red due to
a structurally integrated thin filter that allows only red light to pass
through it. The device structure with the Perovskite-1 filter and the
Perovskite-2 active layer is shown in Fig. 3(b).

Perovskite-1 was a ~1 pm thick (to ensure a good filtering effect)
MAPDI ¢ Br, 4 filter with the absorption edge at ~650 nm cast on the
air-side of the glass substrate. In fact, the absorption edge of the
Perovskite-1 layer is tunable. By changing the bromine to iodine ratio,
it could be varied from ~550nm to ~800nm. The ~500nm thick
Perovskite-2 active layer was Csg4FAq¢ PbIBr, with the absorption
edge at ~ 680 nm. This thickness ensures efficient light absorption and
charge collection. Fig. 4(a) shows the absorption spectra of both Per-
ovskite-1 and Perovskite-2, whose combination filters short wavelength
photons (< 600 nm), guaranteeing the narrow band response range of
610 nm - 680 nm. Fig. 4 shows also the attributes of an ~8 mm? NB
PPD, i.e., the EQE spectrum and the response curve.

As seen, the absorption band of the PPD is narrow, peaking at
~645nm, successfully designed for the ~635nm PtOEP PL peak;
shorter wavelengths are filtered out. This filtering approach is easy to
implement and it adds only an integrated solution-processed ~1 pum
tunable film. The response time of this NB PPD was ~540ns, sig-
nificantly faster than the PL decay times of the sensing film. The

(a) (b) 100 — (c)
——BB PPD 104 —BBPPD
80 -~
3 084
:\: 60 E 06 =536 ns
= =
2 %0 g 044
Perovskite (500 nm) £ 2]
20 ’
0.04
ITO Glass 0 o
400 500 600 700 800 0 2 4

Wavelength (nm)

Time (us)

Fig. 1. (a) the structure of the broad band (BB) PPD, (b) EQE spectrum, and (c) the response time of the BB PPD.
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Fig. 2. (a) The PL intensity vs time at 0 and 100 % gas-phase oxygen. (b) The S-V plots for I and z modes. A LED with peak emission at 385 nm and a broad band PPD

were used.

performance of these NB PPDs exceeds that of OPDs that were pre-
viously used in all-organic sensors [12,18], in particular when mea-
suring z, which was impossible with those previous OPDs. It also equals
or exceeds that of commercial Si PDs, as demonstrated in Fig. 5. The
figure shows the gas-phase S-V line using both the NB PPD and a
commercial Si PD, with the former showing S ~ 20. The excitation and
decay curves for DO are also shown; the LED pulse duration was 400 s
with 7 shortening as the DO level increases. Importantly, with the NB
PPD the filter in front of the PD is unnecessary, which can result in more
compact sensors for multiple analytes.

3.3. Glucose monitoring

As mentioned, in the presence of glucose oxidase and oxygen, glu-
cose is oxidized consuming DO in a stoichiometric reaction. As the
glucose level increases, DO is increasingly consumed, and when the
reaction is performed in a closed cell to prevent replenishment of
oxygen from the gas phase, Eq. 4 is ideally obeyed. Fig. 6 shows an
example of a glucose sensor operated in the z mode using the NB PPD.
As seen, Eq. 4 is obeyed up to ~0.26 mM glucose, which is the DO level
at room temperature in equilibrium with air. Beyond ~0.26 mM glu-
cose (i.e., when the DO is completely consumed) r remains constant as
shown in Fig. 6.

We previously demonstrated simultaneous monitoring of glucose,
lactate, and ethanol (all of which are oxidized in similar reactions as
that of glucose with their specific oxidase enzymes) in mixtures
[10,30], thus this setup could be used for any of these analytes. The
analytes were previously monitored by measuring changes in I, with the
7 mode measurement possible only with commercial Si PDs. As men-
tioned, monitoring analytes in the r mode, which is possible with the

PPDs, is advantageous as it eliminates the need for optical filters and
frequent calibration, because it is independent of small changes in the
intensity of the light source and stray light.

3.4. Sensing film: PAOEP vs PtOEP

In addition to PtOEP:PS, PAOEP:PS films were also tested to de-
monstrate their compatibility with PPDs. Fig. 7 shows the S-V [O]
monitoring results using a NB PPD. The S-V data can be fit linearly up to
30 % O,, but above 30 % the fit requires assuming more than one O,
state. The line presenting the data in Fig. 7 uses a two-site equation,
where one site is in equilibrium with the gas-phase O, level, while the
other site is at atmospheric O, concentration. As seen, this “Two-Site
Model” successfully describes the PAOEP S-V line [40]. The fit shows
that ~19 % of PAOEP sites are exposed to atmospheric O, trapped in
the PS matrix. From Fig. 7 it is clear, as expected, that PAOEP is more
suitable than PtOEP for detecting low O levels. This is due to PAOEP’s
larger sensitivity associated with the longer z (~1ms) at 0 % O, in
comparison to that of PtOEP, which is ~100 ps.

4. Summary and concluding remarks

The promising utilization of fast and tunable BB and NB PPDs for
sensitive and reliable optical detection of (bio)analytes, including in the
preferred = mode, is shown for the first time. With their further in-
tegration with OLED excitation sources, compact devices can be
achieved for monitoring a variety of analytes, including simultaneous
detection of multi-analytes. Using BB PPDs in conjunction with mi-
crocavity OLEDs that have narrow EL bands peaking at tunable wave-
lengths from blue to green, a highly responsive spectrometer on a chip

Perovskite - 2

ITO Glass

Perovskite - 1

(b)

Fig. 3. (a) a photograph of the BB and NB (red) PPDs and (b) the structure of the NB PPD. The red color of the NB PPD is due to the Perovskite-1 filter (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 5. (a) The S-V lines of gas-phase O, sensing obtained with NB PPD and a Si photodiode and (b) excitation and decay curves of a NB PPD used for DO monitoring;

the numbers indicate the gas phase level that is in equilibrium with the solution.
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Fig. 6. Monitoring glucose using a 385 nm pulsed LED and a NB PPD with peak
absorption at ~645nm.

can be achieved, as was previously shown with OPDs. With the NB
PPDs, an array for monitoring multiple analytes with different, specific
wavelength sensing probe emissions can similarly be realized. These
PPDs show promise also for future wearable sensors.
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