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Skin-like low-noise elastomeric organic photodiodes

Youngrak Park', Canek Fuentes-Hernandez'*t, Kyungjin Kim?#, Wen-Fang Chou',
Felipe A. Larrain'§, Samuel Graham?, Olivier N. Pierron?, Bernard Kippelen'*

Stretchable optoelectronics made of elastomeric semiconductors could enable the integration of intelligent sys-
tems with soft materials, such as those of the biological world. Organic semiconductors and photodiodes have
been engineered to be elastomeric; however, for photodetector applications, it remains a challenge to identify an
elastomeric bulk heterojunction (e-BHJ) photoactive layer that combines a low Young’s modulus and a high strain
at break that yields organic photodiodes with low electronic noise values and high photodetector performance.
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Here, a blend of an elastomer, a donor-like polymer, and an acceptor-like molecule yields a skin-like e-BHJ with a
Young's modulus of a few megapascals, comparable to values of human tissues, and a high strain at break of
189%. Elastomeric organic photodiodes based on e-BHJ photoactive layers maintain low electronic noise current
values in the tens of femtoamperes range and noise equivalent power values in the tens of picowatts range under

at least 60% strain.

INTRODUCTION

As technology evolves, the demand for interfaces that connect the dig-
ital and physical worlds continues to increase. Wearables, the Internet
of Things, soft robotics, and many other emerging technologies use
flexible optoelectronics to develop intelligent surfaces that combine
sensors, computation, and communication. However, when objects
are soft, their surface deforms under stress, i.e., when they experi-
ence strain, and flexibility is no longer sufficient to ensure mechan-
ical compliance or ergonomics.

Photodetectors are an important class of sensors that generally
benefit from having large photoactive areas that are sensitive to
strain. Since the surface of soft objects experiences strain under nor-
mal conditions, stretchable photodetectors are expected to provide
a roughed sensor platform that could find multiple applications for
skin-mounted health monitors such as photoplethysmogram sensors
(1, 2), sensors mounted on the surface of living organisms such as
plants for smart agriculture, sensors for artificial skin (3, 4) and soft
robotics (5-7), electronic eyes on curvilinear surfaces (8), and sensors
for asset tracking, gesture, and motion recognition (9) mounted on pack-
aging, produce, furniture, or textiles among many others.

Device architectures that heterogeneously integrate rigid opto-
electronics with soft and stretchable substrates by using strain relief
features such as stretchable interconnect remain the most common
approach to achieve stretchable optoelectronics (6, 10). The com-
plex fabrication of such stretchable optoelectronics could be eased
by the use of elastomeric semiconductors, but reports on such ma-
terials remain scarce. By elastomeric, it is meant that semiconductor
layers have viscoelastic properties, with a low Young’s modulus and
a large strain at break.
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Organic materials provide an attractive route to achieve elasto-
meric semiconductors because their properties can be engineered
by design (11). For instance, conjugated polymers with long side-chain
groups can dissipate strain energy through the amorphous regions
while preserving the integrity of charge transport through the more
ordered regions (12-14). Another approach is to blend a polymer
semiconductor with a soft elastomer matrix [e.g., polystyrene-block-
poly(ethylene-ran-butylene)-block-polystyrene, SEBS] to form self-
assembled polymer nanofibers inside the elastomer. Such an approach
yielded elastomeric organic field-effect transistors with field-effect charge
mobility values up to 1 cm? V! s7! at a strain value of 100% (15).

Despite recent progress in the development of elastomeric semi-
conductors, organic photodiodes with elastomeric bulk heterojunc-
tion (e-BHJ) photoactive layers showing a small electronic noise
have not been demonstrated yet. BHJ photoactive layers require a
blend of © donor- and n acceptor-like molecules forming a BHJ
morphology to facilitate exciton dissociation and enable efficient
photogeneration of charge carriers and efficient carrier extraction.
To date, most BHJs cannot be considered skin-like elastomers because
even if some are somewhat stretchable, they have large Young’s mod-
ulus (E) values in the range between ca. 200 MPa and 1 GPa (16-18),
which are at least one order of magnitude larger than typical values
for human tissues (<30 MPa) (19-21) and, with a few exceptions
(22, 23), strain at break values smaller than 10% (17).

Despite showing limited mechanical properties, stretchable organic
photodiodes (OPDs) based on these BHJs have been demonstrated
in the context of photovoltaics (18) by using prestrained substrates
(24), moderately stretchable BHJ (23, 25), or all-polymer BH]J (26, 27).
To date, stretchable OPDs used in photovoltaics do not retain their
performance under illumination beyond strain values ca. 50%, with
one notable exception sustaining 100% strain but having a high E of
5.5 GPa (23). Recently, a ternary blend of polydimethylsiloxane (PDMS),
a donor polymer, and a nonfullerene acceptor yielded a high E value
of 990 MPa, maintaining a normalized power conversion efficiency
of 86.7% up to a strain of 20% (28). Because these devices were test-
ed for photovoltaic applications, their characteristics in the dark or
at low irradiance values were not reported.

In the context of photodetection, stretchable OPDs have been
demonstrated using conventional BHJ materials by laminating com-
plete devices onto a prestrained substrate. These stretchable OPDs
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were tested under compressive strain in the context of pulse oxime-
try (2, 3), but the characterization of their performance parameters
was limited to measurements of their dark current density values
(in the range of 0.1 to 10 pA cm™2 under reverse bias) and their re-
sponsivity (Rmax = 0.144 A W) under 100 mW cm ™2 simulated
solar illumination (2). As recently discussed (29, 30), accurate char-
acterization of the performance parameters of a photodetector re-
quires direct measurement of its electronic noise in the dark, as well
as a direct measurement of its noise equivalent power (NEP). The
electronic noise is defined as the root mean square value (I;y;) of
the current fluctuations (Iqark[?]) around the average current value
measured in the dark (I 4urk). Values of I, are not expected to be
limited by shot noise current values when electric measurements
are carried out at low-frequency bandwidth values and, conse-
quently, cannot be accurately calculated from steady-state dark cur-
rent versus voltage characteristics typically reported in the literature.
The NEP is defined as the average optical power (¢) required to
generate an average photocurrent (/) with an amplitude that is
equal to Ly, i.€., with a signal-to-noise ratio (SNR =T ph/Irms) of 1.
Measured NEP values allow the specific detectivity to be calculated
as D* = yApp B/NEP, where App is the device area and B is the mea-
surement bandwidth. D¥ is the most common performance metric
used to compare different photodetector performance, but the use
of approximations in calculating its value can be inaccurate. This is
particularly true if the responsivity, i.e., the ratio I ,,/§, measured at
a high optical power is assumed to be independent of the magnitude
of the optical power (29, 30). For these reasons, calculating perfor-
mance metrics from reported steady-state current values and mea-
surements at high optical power values is unreliable.

Here, we report that a blend of the elastomer SEBS, the donor
polymer poly(3-hexylthiophene-2,5-diyl) (P3HT), and the acceptor
Indene-C60 bisadduct (ICBA) yields a skin-like e-BH]J with a low E
and a high strain at break, comparable to those of SEBS. Although
pristine P3HT:ICBA BHJ layers are not elastomeric, this BHJ has
enabled OPDs with a level of performance that is comparable to
that of low-noise silicon photodiodes (SiPDs) (29). Here, we demon-
strate that stretchable OPDs using this previously unidentified e-BHJ
show dark current density values smaller than 600 pA cm™ under

reverse bias, but more importantly from a photodetector perspective,
a measured median root mean square electronic noise in the tens of
femtoampere range and measured NEP values at 653 nm between
13 and 24 pW at strain values up to 60%, yielding D* values in the
10" Jones range.

RESULTS

Samples of SEBS:P3HT:ICBA with different compositions were ini-
tially prepared and evaluated in a photodiode device architecture.
On the basis of a preliminary screening of their optical and electrical
properties, films with a SEBS:P3HT:ICBA (2:1:1 by weight) composi-
tion were found to yield the best performance. Hence, the mechanical
and electrical properties of films and devices made with this partic-
ular composition are discussed below.

First, the mechanical properties of freestanding films of SEBS:
P3HT:ICBA (2:1:1 by weight), hereon referred to as e-BHJ, were charac-
terized and compared with those of PZHT:ICBA (1:1 by weight), hereon
referred to as reference-BH]J (r-BH]J), and pristine SEBS. Figure 1A
shows the chemical structure of these materials. Uniaxial tensile
tests were performed to plot stress (c)-strain (€) curves (Fig. 1B),
and the corresponding E and strain at break values were derived
(Fig. 1C). E values are in the range from 259 to 264 MPa for r-BH]J
films. The shape of the stress-strain plot derived from these mea-
surements and, consequently, E values derived from them highly
depend on stress-strain definitions (e.g., engineering stress-strain,
true stress-engineering strain, and true stress-strain defined in
Materials and Methods) for e-BH]J and SEBS due to the hyperelastic
deformation (fig. S1A). Regardless of the definition used, E values are
between 2.4 and 6.9 MPa for e-BHJ films and between 0.8 and
2.4 MPa for SEBS films; this is ca. two orders of magnitude smaller
than in r-BH]J. In addition, the strain at break increases from 6% in
r-BHJ films to 189% (inset of Fig. 1B) in e-BH]J films, similar to
values measured in pristine SEBS films (table S1) and comparable to
those of human tissues (20).

Having demonstrated skin-like mechanical properties, e-BH] films
were further investigated by incorporating them into an OPD geom-
etry fabricated on a rigid substrate (inset Fig. 2A). Figure 2A (top)
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Fig. 1. Mechanical characterization of freestanding films. (A) Chemical structure of materials used in P3HT:ICBA (1:1) (r-BHJ) and SEBS:P3HT:ICBA (2:1:1) (e-BHJ) film.
(B) Stress (o) versus strain (€) behavior of r-BHJ, e-BHJ, and SEBS from the uniaxial tensile test. A photograph of the relaxed and strained (189%) e-BHJ film [(B), inset].
(€) Range of Young's moduli (E) using different stress-strain definitions. The error bars represent the minimum and maximum bounds of E (top). Strain at break compared
to the initial length (bottom). Photo credit: Youngrak Park, Georgia Institute of Technology.
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shows that, under reverse bias, the values of the voltage (V)-dependent dark
current density (Jgark) of the champion device are at least four orders of
magnitude smaller than those previously reported on stretchable OPDs
(2). Figure 2A (bottom) shows that the distribution of measured Iy values,
with a median of 72 fA at V=0 V and at a measurement bandwidth of
B = 1.5 Hz, is comparable to that of low-noise SiPDs (Hamamatsu S1133
series) and state-of-the-art PSHT:ICBA OPDs recently reported (29).
Figure S2 shows that a direct measurement of the NEP (653 nm,
1.5 Hz) yields a value of 39 pW at 0 V. Note that this value is larger than the
value of NEPcyirapolated = 10 pW calculated by extrapolating the photo-
current to the median Iy using a R(653 nm) of 7.5 mA W~ ! derived
from the photocurrent slope at optical power values between 1 nW

and 10 uW (Fig. 2B). This discrepancy arises because R decreases as
the optical power approaches the NEP, reaching a value of 1.9 mA W™
at the NEP. Similar behavior has been observed in low-noise SiPDs
and OPDs and has been attributed to the presence of traps (30). Mea-
sured NEP values yield a D* (0.1 cm?, 1.5 Hz) of 1.0 x 10' Jones at
653 nm. Figure 2C (top) shows that, for average optical power values
of 27 uW, R(560 nm) reaches a peak value of 71 mA WL, which is
significantly larger than at the NEP. Assuming that (653 nm) losses
(ca. 75%) at the NEP are similar at other wavelengths, a peak D* value of
5.3 x 10'° Jones at 560 nm is estimated (Fig. 2C, bottom).

We now demonstrate the use of e-BH]J films to realize elastomeric
OPDs, hereon referred to as e-OPD. Figure 3A shows a schematic of
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Fig. 2. Photodetector characterization of OPD with e-BHJ on a rigid substrate. (A) Dark current density (top) and root mean square noise box plot (N = number of data
points) (bottom). The device structure of OPD [(A), inset]. (B) Optical power-dependent photocurrent (top) and responsivity (bottom). (C) Spectral responsivity (top) and
specific detectivity (bottom); symbols correspond to measured data points.
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the fabrication process and structure of e-OPD with an e-BHJ. A
key difference with respect to previous work is that, in the first
step, only poly(3,4ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) was spin-coated directly onto a 30% prestrained PDMS
film. In the second step, the substrate was released, and the e-BH]J
was spin-coated on top of the buckled PDMS/PEDOT:PSS sub-
strate. In such geometry, the e-BH]J experiences not only flexural de-
formation but also elastic deformation. Last, a drop of eutectic
gallium-indium (EGaln) was used as top electrode. The photodetec-
tor characteristics of e-OPDs were then measured as a function of
strain. Note that the e-OPD was released to 0% strain between dif-
ferent strain values. Figure 3B (top) shows that Iy, versus V char-
acteristics of e-OPDs are comparable to those measured on OPDs
with an e-BHJ on rigid glass substrates and remain comparable under
reverse bias up to 60% strain. Furthermore, Fig. 3B (bottom) shows
that the distribution of I, values is similar to those found on OPDs
with e-BH]J on a rigid substrate, with median values of 27 fA in un-
strained e-OPD and 51 fA at 60% strain. Figure 3C shows that up to
a strain value of 60%, the photocurrent varies approximately linearly
with optical power for values between 1 nW and 1 uW, yielding a
R (653 nm) of 4 mA W™, Deviations at optical power values larger
than 1 uW are caused by the increased series resistance when e-OPDs
are subjected to 60% strain (Fig. 3B, top). At values below 100 pW,
R (653 nm) decreases as the optical power approaches the NEP. Figure
S3 shows that unstrained e-OPDs yieldan NEP value of 13 pW. Figure 3D
(top) shows that NEP values (653 nm, 1.5 Hz) at 0 V are in the range
between 13 and 24 pW for e-OPDs strained up to 60%. These values
are consistent with values measured on rigid OPDs with an e-BH]J
and demonstrate that e-OPDs can sustain up to 60% strain without
substantial degradation, yielding an average D* value of 2.3 x 10"
Jones (Fig. 3D, bottom) at 653 nm.

Beyond strain values of 60%, the e-OPDs failed. As shown in fig.
S4B, this is because the normalized resistance (R/Ry) of as-deposited
and prestrained PDMS/PEDOT:PSS increases rapidly when the
applied strain surpasses the PDMS strain used during PEDOT:PSS depo-
sition. However, it was found that prestrained PDMS/PEDOT:PSS/
e-BH] films can sustain substantially larger strain values. These data
support that failure of e-OPDs beyond 60% strain is caused by failure of
the 30% prestrained PDMS/PEDOT:PSS electrode rather than the e-BHJ
layer. To further confirm this, e-OPDs were fabricated on 60% pre-
strained PDMS/PEDOT:PSS electrodes. Figure S4C (top) shows that the
Ijark versus V characteristics of e-OPDs are even superior to those found
on e-OPDs shown in Fig. 3B (top), as they sustain strain values up to
100% without substantial degradation. Furthermore, the distribution
of Iys values shown in fig. S4C (bottom) remains similar to those found
on rigid OPDs with an e-BHJ and e-OPDs shown in Fig. 3B (bottom), with
median values between 30 and 38 fA for strain values up to 100%.

Last, we investigated the response time of e-OPD by connecting
them to a transimpedance amplifier circuit with a 3-dB bandwidth of
530 kHz and by measuring their response time. As shown in Fig. 4A,
response time values ranged from 60 to 79 us up to 50% of strain,
then doubled to 142 us at 60% strain. This increase is correlated with
an increased resistor-capacitor (RC) time constant due to the in-
creased resistance of prestrained PDMS/PEDOT:PSS, as shown in
fig. S4B. Figure 4B shows that a 3-dB normalized responsivity band-
width of 7 kHz is maintained up to ca. 50% of strain and falls to
1 kHz at 60% strain. As previously discussed (29, 31), these 3-dB
bandwidth values are sufficiently high for the range of applications
described in the Introduction.
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DISCUSSION

This study demonstrates that stretchable OPDs based on e-BH]Js with
skin-like mechanical properties can yield a low electronic noise and
a high level of performance. Tensile testing on the freestanding film
of e-BH] yields a tensile modulus of 2.4 MPa and a strain at break of
189%, which are within the range of values found in human tissue.
Using an e-BHJ, OPDs fabricated on a rigid substrate show low
electronic noise values in the tens of femtoampere range and a mea-
sured NEP of 39 pW at 653 nm and a corresponding peak D* value
of 5.3 x 10" Jones at 560 nm. The NEP value of e-BHJ OPDs is
larger than that achieved by state-of-the-art PAHT:ICBA OPDs, be-
cause devices with an e-BH]J show a smaller responsivity. This is in part
because the addition of SEBS at 50 weight % (wt %) reduces the absorp-
tion of light in an e-BH]J by at least 50% when compared to a pristine
BH]J. In addition, there is a significant reduction of the responsivity val-
ues when the optical power is smaller than around 1 nW, which may be
due to the presence of traps. Despite these shortcomings, e-OPD based on
prestrained PEDOT:PSS and EGaln electrodes exhibit NEP values in
the tens of picowatts range and D* values in the 10'° Jones range at
653 nm and retain these values up to a strain of at least 60%. While it is
clear that further optimization of material composition, selection of
donor and acceptor moieties in the BHJs, and device geometry could
be carried out, these results constitute a proof-of-principle demonstra-
tion of low-noise e-OPDs that combine the mechanical properties of
skin-like elastomers while approaching the remarkable performance of
rigid organic photodetectors. This unique combination of properties
could enable a myriad of new applications by enabling the seamless in-
tegration of optoelectronics with soft materials.

MATERIALS AND METHODS

Fabrication of freestanding films

Glass substrates were cleaned in sequential ultrasonic baths of Liquinox
detergent in deionized water, deionized water, acetone, and isopro-
panol. To create a sacrificial layer, polyethylenimine ethoxylated (PEIE)
(Sigma-Aldrich) dissolved in H,O at a concentration of 37 wt %
was further diluted with 2-methoxyethanol to a concentration of
18 wt %. This PEIE solution was then spin-coated on a cleaned glass
substrate at 1000 revolutions per minute (rpm) for 1 min and annealed
on a hot plate at 100°C for 10 min. The PEIE-coated substrate was
then transferred into an N,-filled glove box for further processing.
The r-BH]J and e-BH]J consist of a blend of regioregular P3HT (Rieke
Metals) with ICBA (Nano-C) at a 1:1 weight ratio and a blend of
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SEBS (Asahi Kasei Corporation, H1221):P3HT:ICBA at a 2:1:1 weight
ratio, respectively. Chlorobenzene solutions of the r-BHJ, e-BH]J, and
pristine SEBS at a concentration of 80 mg/ml were stirred overnight
at 70°C on a hot plate in the nitrogen-filled glove box and cooled down
at room temperature before they were spin-coated onto the glass/indium
tin oxide (ITO)/PEIE substrate at 800 rpm for 30 s. The resulting wet films
were then slowly dried inside covered glass petri dishes for 3 hours.
The sample was then thermally annealed on a hot plate at 150°C for
10 min. The thicknesses of the r-BHJ, e-BH]J, and SEBS freestanding
films are 700 + 2, 1000 + 8, and 1683 + 9 nm, respectively, measured
with a scan area of 30 pm x 30 um by atomic force microscopy (AFM).
Each film was cut into an 8 mm x 38 mm strip, and each end of the
film was gently pressed on the PDMS (Dow Corning Co., Sylgard 184) for
van der Waals bonding to allow tensile testing. The freestanding films
in the form of a strap were obtained by immersing the substrate in de-
ionized water for 30 min to completely dissolve the PEIE underneath.

Fabrication of OPD with e-BHJ on arigid substrate
Custom-patterned ITO-coated glass sheets with a sheet resistance
of 12 to 15 ohms per square were used as a substrate for OPDs. The
ITO substrate was cleaned in ultrasonic baths of Liquinox detergent in
deionized water, deionized water, acetone, and isopropanol sequential-
ly. PEIE dissolved in H,O at a concentration of 37 wt % was further di-
luted with 2-methoxyethanol to a concentration of 0.3 wt %. The 0.3 wt %
PEIE solution was then spin-coated on the ITO substrate at 5000 rpm
for 1 min and annealed on a hot plate at 100°C for 10 min. The substrate
was then transferred into an N,-filled glove box for further process-
ing. The r-BHJ consists of a blend of regioregular P3HT with ICBA at
a 1:1 weight ratio. Elastomeric BHJ consists of P3HT:ICBA at a 1:1
weight ratio and SEBS at different weight ratios (e.g., 33, 50, and 67%)
with respect to P3HT:ICBA. As defined here, the e-BH]J consists of
SEBS:P3HT:ICBA at a 2:1:1 weight ratio. A chlorobenzene solution of
the e-BH]J at a concentration of 40 mg/ml was stirred overnight at 70°C
on a hot plate in the nitrogen-filled glove box and cooled down at room
temperature before they were spin-coated onto the glass/ITO/PEIE
substrate at 800 rpm for 30 s. The resulting wet films were then slowly
dried in covered glass petri dishes for 3 hours. The sample was then
thermally annealed on a hot plate at 150°C for 10 min. The thickness of
the e-BH] is 400 + 8 nm, measured with a scan area of 30 um x 30 um
by AFM. To provide effective hole collection, MoO,/Ag (20/150 nm)
was deposited on top of the substrate through a shadow mask with an
effective area (App) of 0.1 cm* ata pressure of <5.0 x 1077 torr.

Fabrication of stretchable OPD (e-OPD)

Silicone elastomer PDMS was used as an elastomeric substrate for
e-OPD. A sheet of PDMS (2 to 3 mm thick) with a curing agent/
base ratio of 1:20 was obtained by curing in an oven at 60°C for
3 hours. Strained PDMS sheets (30 and 60%) were fixed on glass with
paper clips. PEDOT:PSS (Ossila, PH1000) with 12 wt % of ethylene
glycol and 15 wt % of capstone was spin-coated on the strained PDMS
at 1000 rpm for 1 min and annealed on a hot plate at 100°C for 10 min.
The thickness of the PEDOT:PSS deposited on glass is 392 + 6 nm
measured at three different spots by a profilometer. After releasing,
by removing the paper clips from glass, the substrate was transferred
into an N,-filled glove box for further processing. A chlorobenzene
solution of the e-BHJ with a concentration of 40 mg/ml was stirred
overnight at 70°C on a hot plate in the nitrogen-filled glove box and
cooled down at room temperature before it was spin-coated onto the
prestrained PDMS/PEDOT:PSS at 800 rpm for 30 s. The resulting
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wet film was then slowly dried in a covered glass petri dish for 3 hours. The
device was completed by placing a liquid metal alloy, EGaln (Sigma-
Aldrich), on top of e-BH]J through a PDMS mask to control the area.

Mechanical characterization

The mechanical properties of the r-BHJ, e-BH]J, and SEBS were deter-
mined in a portable tensile stage (TST350, Linkam Scientific). A uniax-
ial monotonic loading was applied to the film on the surface of water at
arate of 0.5% s~ until failure occurred in the middle of the specimen. A
custom-made mini water reservoir was used to float the film. A gauge
length was calculated for the freestanding film between the two PDMS
holders. The engineering stress, Geng, and strain, €.ng, were obtained based
only on the initial cross-sectional area, A, and gauge length, Lo, as

Geng = AEO (1)
L-L
€eng = L—OO (2)

where F is the load measured and L is the elongated gauge length.
The true stress, Giye, and strain, €qye, were derived based on the in-
stantaneous cross-sectional area, A, at the gauge length L, assuming
that the volume of the film was preserved with a Poisson’s ratio of 0.5.
The correlation between true stress-strain and engineering stress-
strain can also be found. Therefore

F_ FL
Gtrue = Z = m = Geng(l + 8eng) (3)

Etrue = ln(l%o) = ln(l + Eeng) (4)

Figure S1A illustrates a comparison of the stress-strain curve be-
tween engineering stress-strain (Eng.-Eng.), true stress-engineering
strain (True-Eng.), and true stress strain (True-True) on the mechan-
ical behavior of e-BHJ. The nonlinear stress-strain curves were fitted
to a third-order polynomial equation, and the elasticity was calculated
via the derivative of the third-order polynomial equation in fig. S1B.

Photodetector characterization

The dark current and electronic noise were measured using a Keithley 6430
electrometer as detailed in (29). In short, the current was recorded as a
function of time using a LabVIEW program. The voltage was controlled
manually to allow for the dark current to reach steady-state values. The
root mean square electronic noise current was derived by calculating the
square root of the mean square of the current residuals derived from esti-
mating the average current over time by fitting the current transients to
an exponential decay function. The effective bandwidth of these mea-
surements was estimated to be 1.5 Hz by measuring the current-voltage
characteristics and electronic noise of a 1-gigohm resistor.

Similarly, the transient current was measured by the same proce-
dure outlined above to ensure the measurement of steady-state values.
The photocurrent extracted by subtracting the fitted dark current
from the measured transient current was generated as a function of
optical power (laser diode with a wavelength of 653 nm) by chang-
ing the bias voltage on the laser diode (figs. S2 and S3). The NEP
and D* are defined as the optical power producing an SNR (SNR =
Ioh/Ims) of 1 and YApp B/NEP, respectively.

The spectral responsivity R (L) was measured by using a laser-
driven light source (Energetiq EQ-99X) connected with a mono-
chromator (CVI Spectral Products, CM110) to produce spectrally
narrow (ca. 10-nm full width at half maximum) illumination. The
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steady-state current at each wavelength was measured using the same
electrometer and procedure previously described.

The response time and frequency response of the e-OPD were
measured using a transimpedance amplifier. The photodetector
current in response to light having a square pulse shape produced by
a green light-emitting diode (LED) at 525 nm with an irradiance of
30 mW cm 2, was passed through a transimpedance amplifier de-
signed by an operational amplifier (Texas Instruments, TL082), with
a feedback resistance of 3 kilohms and a capacitance of 100 pF. The
output voltage was obtained by an oscilloscope (Rohde & Schwarz,
RTO 1002). We define rise time as the response time it takes for the
output signal to go from 10 to 90% of its steady-state on-current. The
transient voltage amplitude of e-OPD at each frequency was normal-
ized to the amplitude measured at 10 Hz by sweeping the LED light
frequency to obtain normalized responsivity.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj6565
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