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CONSPECTUS: Infrared photodetectors are essential to many applications, including surveillance,
communications, process monitoring, and biological imaging. The short-wave infrared (SWIR)
spectral region (4 = 1—3 pm) is particularly powerful for health monitoring and medical diagnostics
because biological tissues show low absorbance and minimal SWIR autofluorescence, enabling greater
penetration depth and improved resolution in comparison with visible light. However, current SWIR
photodetection technologies are largely based on epitaxially grown inorganic semiconductors, which
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This Account introduces recent efforts to advance the spectral response of organic photodetectors

into the SWIR. High-performance visible to near-infrared (NIR) organic photodetectors have been

demonstrated by leveraging the wealth of knowledge from organic solar cell research in the past decade. On the other hand,
organic semiconductors that absorb in the SWIR are just emerging, and only a few organic materials have been reported that
exhibit photocurrent past 1 pm. In this Account, we survey novel SWIR molecules and polymers and discuss the main
bottlenecks associated with charge recombination and trapping, which are more challenging to address in narrow-band-gap
photodetectors in comparison with devices operating in the visible to NIR. As we call attention to discrepancies in the literature
regarding performance metrics, we share our perspective on potential pitfalls that may lead to overestimated values, with
particular attention to the detectivity (signal-to-noise ratio) and temporal characteristics, in order to ensure a fair comparison of
device performance.

As progress is made toward overcoming challenges associated with losses due to recombination and increasing noise at
progressively narrower band gaps, the performance of organic SWIR photodetectors is steadily rising, with detectivity exceeding
10"" Jones, comparable to that of commercial germanium photodiodes. Organic SWIR photodetectors can be incorporated into
wearable physiological monitors and SWIR spectroscopic imagers that enable compositional analysis. A wide range of potential
applications include food and water quality monitoring, medical and biological studies, industrial process inspection, and
environmental surveillance. There are exciting opportunities for low-cost organic SWIR technologies to be as widely deployable
and affordable as today’s ubiquitous cell phone cameras operating in the visible, which will serve as an empowering tool for
users to discover information in the SWIR and inspire new use cases and applications.

1. INTRODUCTION

Optical sensors are essential in wearable electronics that enable
health monitoring, telemedicine, and biological studies. While
today’s photodetectors primarily transduce visible light (wave-
length (1) = 0.4—0.7 ym) and near-infrared (NIR) radiation
(A = 0.7—1 pm), there are significant advantages in extending
the detection window into the short-wave infrared (SWIR)
region (4 = 1-3 um), including low tissue absorbance and
minimal autofluorescence, which greatly improve the detection
depth and resolution.”” While SWIR detection is highly
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desirable, crystalline infrared devices remain expensive because
of fabrication and cooling requirements that are incompatible
with wearable systems.

This Account surveys recent efforts to advance the
photoresponse of organic SWIR devices to enable cost-
effective infrared detectors. In addition to the ease of solution
processing,”* organic molecules and polymers offer excellent
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Figure 1. (a) Absorbance of biological tissues vs spectral wavelength (left) and light penetration at 808 nm (NIR) or at 1525 nm (SWIR) vs the
tissue phantom depth (right). Reproduced with permission from ref 1. Copyright 2013 Nature Publishing Group. (b) Comparison of noninvasive
fluorescence imaging of a mouse brain in different spectral regions. Reproduced with permission from ref 2. Copyright 2014 Nature Publishing
Group. (c) Comparison of the detectivities as functions of temperature for a commercial germanium photodiode and a typical organic photodiode
(left) and photocurrent—voltage characteristics as the temperature is varied from —12 to 48 °C (right). Reproduced from ref 24. Copyright 2016

American Chemical Society.

mechanical flexibility’™® and biocompatibility,” which render
them particularly suitable for wearable optoelectronic
applications.'*™"*
organic semiconductors in the visible and NIR, organic

Despite the demonstrated performance of

semiconductors that absorb in the SWIR are just emerging,
and only a few materials exhibit photocurrent past 1 pm.'*™*°
Thus, there remains a disparity between the limits on the
performances of organic photodiodes operating in the SWIR
and visible—NIR regions, which is manifested as discrepancies
associated with characterization and loss mechanisms seen in
the literature."*™'®*" Here we discuss challenges associated
with the implementation of narrow-band-gap polymeric
photodetectors and present our characterization guidelines,
calling attention to assumptions that potentially overestimate
performance metrics such as detectivity and temporal
characteristics. Furthermore, we demonstrate examples of
biomedical monitoring and address new opportunities using
organic SWIR technologies.
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2. BIOLOGICAL IMAGING IN THE INFRARED

SWIR imaging benefits from enhanced tissue penetration"'
and accuracy, > as the absorbance of many biological tissues
decreases sharply above 700 nm, as shown in Figure la." Since
photon scattering is inversely proportional to the wavelength,
SWIR light penetrates more deeply than NIR light. Figure 1b
demonstrates noninvasive fluorescence imaging through an
intact mouse skull,” in which the contrast and resolution are
much higher in the SWIR. These images were acquired with an
inorganic InGaAs array, which requires cooling to lower the
detector noise. With regard to temperature, organic SWIR
semiconductors provide an advantage since they can operate at
near-physiological temperatures in wearable electronic plat-
forms. Carrier transport in organics improves with elevated
temperature because thermal energy assists carrier hopping. In
contrast, carrier transport in crystalline inorganic materials is
adversely affected by increasing temperature, as lattice
vibrations reduce the mean free path of carriers. Figure lc
highlights that the detectivity, or signal-to-noise ratio, of an

0
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Figure 2. (a—e) Chemical structures of infrared active organic semiconductors."*"® (f) Device structure and characteristics of bulk-heterojunction
photodiodes. The structures of the polymers used are shown in (e). For P1 and P3, R = C;,H,;. For P4, R = C,,H,,. For P2, R = OC,,H,;, R’ =
CgH,;. (g) Device structure of a phototransistor using separate transport and light-sensitized layers (left), external quantum efficiency vs incident
wavelength (middle), and transfer characteristics in the dark and under illumination with 4 = 940 nm and 17 mW/cm? (right). P2-d2 is a derivative

of P2 in which R’ = C,H,;.

organic photodiode is less adversely affected by chanﬁes in
temperature compared with a germanium photodiode.”

3. INFRARED-RESPONSIVE ORGANIC
SEMICONDUCTORS AND DEVICE STRUCTURES

Efforts to extend the functionality of organic semiconductors
to narrow band gaps (<1.1 eV) have seen a rise in the past
decade. The first report of an SWIR-responsive conjugated

polymer appeared in 2009."* This material, whose structure is
shown in Figure 2a, demonstrated a spectral response from 300
to 1450 nm, offering a broadly absorbing alternative to SWIR
colloidal quantum dots,*>*° which are limited to narrow
spectral widths by their characteristic zero-dimensional density
of states. Another conjugated polymer, shown in Figure 2b,
reached a peak external quantum efficiency (EQE) of 8% at
1200 nm with an applied bias of —2 V. The polymer
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absorption displayed a wide band tail, indicative of high
structural disorder resulting in low efficiency. Small molecules,
such as the porphyrin dimers in Figure 2c, were explored to
reduce disorder and showed EQE = 13% at 1400 nm without
an external bias.'® Heptamethine salts demonstrated absorg)—
tion out to 1600 nm, but the device EQEs were below 2%."”
Research in o7ptica1 management, such as incorporation of
microcavities,”” has been applied to increase the absorption
and extend the spectral range. Our team has focused on SWIR
polymers, which are amorphous and enable uniform and
smooth film deposition. As shown in Figure 2e, the Azoulay lab
synthesized a series of donor—acceptor conjugated polymers
with variations in the acceptor moieties, which allowed tuning
of the semiconductor energy levels."® Leveraging this series of
materials, the Ng lab demonstrated devices with spectral
response up to 1700 nm.”%*’

Figure 2f displays an organic bulk heterojunction (BHJ)
photodiode®”" that comprises an SWIR-responsive organic
semiconductor used as the p-type donor intermixed with an n-
type [6,6]-phenyl-C,;-butyric acid methyl ester (PCBM[70])
acceptor. Besides fullerene derivatives, alternative oligomer
acceptors designed to imgrove the device stability and
efficiency are emerging.””>’ The P2 photodiode at 0 V
demonstrated’* a peak EQE of 26%, which is the highest
efficiency reported to date for polymeric photodiodes
operating without an external bias in the spectral range
beyond the cutoff wavelength of silicon at A = 1100 nm. As the
band gap is reduced in the series of Figure 2e, the spectral
response is extended, however, the EQE decreases with a
reduction in band gap. The dark current and rectification ratio
become worse in moving from the P1 BHJ to the P4 BHJ
because of the increasing thermal generation and recombina-
tion associated with a decreasing band gap. The concomitant
trends of decreasing photoresponse and increasing noise levels
with band gap reduction are some of the challenges
exemplified in using narrow-band-gap materials.

Another device structure often used in organic photo-
detectors is the field-effect transistor.”">>~** Because of poor
charge transport in organic materials, the phototransistor
structure is designed with separate channels® for charge
photogeneration and transport, as shown in Figure 2g. In our
bilayer phototransistors, the transport layer consists of indium
zinc oxide (I1Z0),” on top of which is the infrared-responsive
BH]. Under illumination, the photogenerated holes are trapped
in the polymer, while electrons are transferred to the IZO. The
trapped holes induce injection of electrons from the source
electrode for the duration of the hole lifetime. The additional
injected electrons are instrumental to realize photoconductive
gain, enabling the phototransistor EQE to exceed 100%.
However, the photoconductive gain mechanism limits the
response speed, and thus, there is trade-off between gain and
bandwidth. In phototransistors, the difference between the
photocurrent and dark current is largest in the subthreshold
region, leading to a maximized signal-to-noise ratio, as
indicated in Figure 2g.

4. CHALLENGES FACING ORGANIC INFRARED
PHOTODETECTORS

Recent characterization and modeling efforts*®*" have revealed
that the probability of recombination increases at progressively
narrow band gaps, and therefore, separating the photo-
generated excitons into free carriers becomes more challeng-
ing. This is in contrast to visible-wavelength organics, which
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have large band gaps and are not affected as strongly by exciton
recombination.*’ In this section, we analyze the bottlenecks of
charge recombination and trapping that currently limit SWIR
detectivity and speed and also share our perspective on
potential pitfalls that lead to overestimation in device
characterization. Photodetector metrics relevant to this
discussion are defined in Table 1.

4.1. Recombination Across Narrow Band Gaps Affects
Signal-to-Noise Ratios

Figure 3a,b illustrates the energy levels and density of states
(DOS), respectively, in organic BHJ films. There is strong
Coulombic attraction binding the photogenerated singlet
excitons (S;), but the energy offset (AE o) at the donor—
acceptor interface assists the dissociation of excitons into free
electrons and holes. The difference in energy between the
highest occupied molecular orbital (HOMO) of the donor and
the lowest unoccupied molecular orbital (LUMO) of the
acceptor defines the charge-transfer (CT) state, which is the
effective band gap (Ecr) of the BH]. When the polymer band
gap is wide, the localized band-tail states are well-separated.
When the polymer band gap is reduced, the gap between free
carriers and trapped charges in localized states becomes small,
which increases the probability for electrons and holes to
recombine.*” In comparison with wide-band-gap organics, the
band tails of SWIR polymers are empirically more broad and
disordered, which further exacerbates efficiency losses due to
recombination.

Recombination via localized states affects both the photo-
current and noise levels. Our modeling and experimental
results in Figure 3¢ reveal that this SWIR photodiode is limited
by diminished internal electric field, leading to poor
dissociation efficiency (/gisociate < 12%). Applying an external
bias was helpful to increase the photocurrent. However,
enhancing the photosignal is just one aspect of device
improvement, and the appropriate photodetector metric is
the detectivity, or signal-to-noise ratio. Hence, the device noise
must be characterized with respect to materials and device
parameters, including Ecr and the applied bias.

The relation between Ecr and the shunt resistance (Rgunc)
in the dark for our photodiodes is shown in Figure 3d. It can
be seen that lower Eqp leads to smaller Ry, The value of
Ryune i taken from impedance measurements at low frequency,
if the impedance characteristics are not convoluted with
interfacial barrier resistance.”> The range of Ry, is obtained
as the BHJ thickness is varied from 150—500 nm, where lower
Ryune is attributed to pinholes in thinner films. A further
thickness increase did not improve Ry, because of an
increased volume for thermal generation of intrinsic carriers.
As E¢rp is reduced, the localized band-tail states are closer in
energy, and the intrinsic carriers are thermally excited to
nearby band-tail states, contributing to decreasing Ry, and
higher thermal noise current. The equation relating R, to
the thermal noise is included in Table 1. The contribution of
thermal noise to the total noise current becomes increasingly
large and important in SWIR devices.

Potential Pitfalls in Photodetector Characterization.
The total noise spectral density includes components from
shot noise (Sg,o), thermal noise (Syerma), and 1/f noise (S; p).
In comparison to visible-wavelength photodiodes, thermal
generation becomes significant at narrow band gaps, and
thermal noise overtakes shot noise near zero bias. However, at
high reverse bias, shot noise may dominate again. At a small
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Table 1. Definitions of Photodetector Metrics

definition

metric

Uph/ Pitumin) (hc/Aq), where h is Planck’s constant, ¢ is the speed of light, 4 is the wavelength of the incident light, q is the elementary charge, Toh

is the photocurrent density, and Py, is the intensity of the incident light per unit area. The EQE metric is unitless and often expressed as a percentage.

The ratio between the numbers of collected carriers and incident photons: EQE

external
quantum

efficiency
(EQE)

, A is the effective photodetector area, and S, is the
%) normalized by the area. The unit of D* is the
4kT /R g, Where k is Boltzman’s constant, T is the

Sshm2 + Sthe‘,mal2 + 5 /fz. If the detection bandwidth is

S,/R, in units of W/Hz

+/2q1. The thermal noise is given by Sthermal@1 Hz

temperature, and Ry, is the shunt resistance of the devices. The 1/f noise is empirical and often not expressed in terms of device parameters. The unit of S, is A/Hz">.

1/ Pilumin) is the responsivity, which is proportional to the EQE at each wavelength,
., it is the reciprocal of the noise equivalent power (NEP

U
) e

A% /NEP,

A%SR/S,, where R

noise spectral density of the current. Another view of the detectivity is D*
set to 1 Hz, which is the convention in the community, the shot noise is related to the total current I by Sthot@1 Hz

Jones (1 Jones = 1 cm Hz"*/W).
The noise spectral density of current has multiple components, including shot noise, thermal noise, 1/f noise, and potentially others. The total noise is expressed as S,

The signal-to-noise ratio of responsivity to dark-current noise: D*

&
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bias of —0.1 mV, Sy,,(—0.1 mV) is estimated to be ~0.02 pA/
Hz* using the equations in Table 1; this calculated value is an
order of magnitude lower than the actual noise measured by a
power spectral analyzer or a lock-in amplifier, as shown in
Figure 3e. Meanwhile, Syma(—0.1 mV) is computed from
Rgune and found to be 0.6 pA/Hz™S, which is close to the
measured noise. When the reverse bias is increased to —0.5 'V,
Sehot(—0.5 V) is estimated to be 2 pA/Hz"*, which accounts for
the additional noise current displayed as the light-green data.
Opverall, this analysis emphasizes the importance of direct noise
measurements, as the dominant component may change
depending on the operational conditions.

An accurate determination of the photodiode detectivity
(D*, the signal-to-noise ratio defined in Table 1) requires
proper noise values. However, some publications assume that
only shot noise exists and incorrectly substitute /2ql,,, for the
total noise. We caution against this assumption, since we have
shown in Figure 3e that shot noise is not necessarily the
dominant source, especially in low-band-gap devices. As can be
seen in Figure 3f, the detectivity may be overestimated by
more than an order of magnitude using the shot noise
assumption. Moreover, the detectivity should be experimen-
tally confirmed by showing that the device can detect light on
the same order of magnitude as the noise-equivalent power.

For our SWIR photodiodes in Figure 3f, the detectivity is
better at zero external bias than under reverse bias. Upon the
application of a reverse bias, there is a sharp rise in noise and
only a minor improvement in EQE. This characteristic is
different from visible photodiodes, where reverse bias does not
significantly increase the noise in wider-band-gap materials.
The strategies used to raise the detectivity in visible
photodiodes, such as increasing the BHJ thickness to reduce
the shot noise and applying a high reverse bias to increase
EQE, are not applicable to the low-band-gap SWIR devices
discussed here”® because of severe recombination in thick films
and substantial noise contributions from band-tail states.

4.2. Trapped Charges Affect the Temporal Responses

Organic SWIR photodiodes typically allow bandwidths of
hundreds of kilohertz and stable photocurrent when operated
without an external bias. However, there are scenarios where
we observe frequency-dependent photocurrent due to a charge
extraction barrier at the electrode, as shown in Figure 4a.
When there is a mismatched energy level at the interface, the
transfer of holes from the BHJ to the anode is slow at this
interface bottleneck. As holes gradually accumulate at the
interface, they shield and reduce the internal electric field
driving charge transport, resulting in a decrease in photo-
current, as shown in Figure 4b, until the charge transport and
hole transfer at the interface reach a steady state. Figure 4c
compares the EQEs for illumination pulses of different
durations, namely, 14 ms (35 Hz at 50% duty cycle) and
1.25 ms (400 Hz at 50% duty cycle). The longer pulse duration
allows charge to be trapped at the barrier, reducing the
photocurrent with time. Thus, the EQE decreases when the
illumination frequency is changed from 400 to 35 Hz. The
photocurrent stability is improved when a reverse bias is
applied to reduce the extraction barrier. With a reverse bias of
—4V, the photocurrent does not decay with time, and there is
no negative peak due to the release of accumulated charge
when the light is shut off. Photodiodes with an extraction
barrier need to operate at reverse bias to avoid ghosting
artifacts, namely, the interference from residual charge from a

DOI: 10.1021/acs.accounts.8b00446
Acc. Chem. Res. 2018, 51, 3144-3153



Accounts of Chemical Research

| Article |

donor acceptor
(a) :

(c) B 980 nm 01310 nm
100

50 b P
CT dissociation
N loss
(b) — b — ol
w
;?1020_ : tail states g
m%) || Eg \L
€ 1017} || g deep . IQE =
— . onor acceptor j
8 t | Y HOMO tr;‘a'P\S LUMO loss /7 Nissociate* oollect
o N L m?t S i i i
101—3.6 -0.8 0 0.01 1 100
Energy (eV) Eefr (VIpm)
(d) = P2 a 200¢% P i E
10} == P2-d1 g et g
[ e P2-d2 g 100} x “m,,& E
— P2-d3 c / thicker BHJ
> | hicker BHJ &
S P3-d1 - i
2 f=r [ L—]¢% 200 400
3 4L =P £ P2
< 1F > 20 P2 imemon, ]
[ M © o
T, ——— | £ 1ol & J
1 1 1 g O

0.6 0.9 1.2
CT gap or effective bandgap (eV)

e
(e) 107" Sp = \/Stzhermal + Sszhot + Slz/f
Y —-05V
= —0V
o 10"

£ v

()

% calculated Sspo¢ at -0.1 mV
< 10-14

100 200 300 400
Frequency (Hz)

0 20
Real impedance (kQ)

(f) P PP EEN '
1012§‘~.__:‘ Over- estimate E

108 L === Sshor assumption
600 1000 1400
Wavelength (nm)

Figure 3. (a) Energy level diagram in a heterojunction film. (b) Reduction of the charge-transfer state (Ecr) gap as the polymer band gap (E ) is
decreased. The energy of the acceptor LUMO level is assigned to 0 eV for making convenient comparisons. (c) Internal quantum efficiency (IQ_E)
vs electric field for an organic photodiode under illumination at different wavelengths. Dashed lines represent the theoretical dissociation
efficiencies assuming no loss during charge collection. Reproduced with permission from ref 28. Copyright 2018 Wiley. (d) Shunt resistance of
organic photodiodes as a function of the Ec for 2:1 blends of PCBM[70] and polymers from Figure 2e. P2-d1, -2, and -3 are derivatives of the P2
polymer, with side chains R’ = OC,,H,, for d1, C,,H,; for d2, and OC ¢H; for d3. P3-d1 is a derivative of P3 with X = C. (e) Photodiode noise
current vs frequency at different applied biases. The solid lines are measured values, while the dashed line was calculated from a shot noise
assumption. (f) Detectivity vs incident wavelength at different applied biases. Panels (e) and (f) show data taken on a device using a 2:1

PCBM[70]/P2 blend.

prior recording frame. The caveat is that applying an external
bias may trade off with the detectivity as previously discussed.

With a phototransistor, the EQE can exceed 100% through
photoconductive gain, which is defined by the ratio of the
trapped charge lifetime to the free carrier transit time."* The
photoconductive gain mechanism in Figure 4d is limited in
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response speed, as the free carriers need time to circulate.
Figure 4e,f shows the response time and frequency-dependent
EQE, respectively. As the illumination frequency increased
from 1 to 50 Hz, the photocurrent and EQE decreased because
the light source was turned off before the electrons reached the
maximum circulation, i.e., gain. There are several approaches
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Figure 4. (a) Illustration of a charge extraction barrier due to mismatched energy levels at the electrode interface. (b) Photodiode current vs time
with different biasing conditions under 1.3 mW/cm? illumination. The illumination time periods in this figure are labeled as frequencies at 50%
duty cycle. (c) External quantum efficiency vs wavelength for various illumination frequencies and applied voltages. (d) Schematic diagram of the
photoconductive gain mechanism. (e) Phototransistor source—drain current vs time for various illumination frequencies. (f) Phototransistor
external quantum efficiency vs wavelength, where the incident light is pulsed at different frequencies.

to increase the response speed: (1) improve the mobility of the
circulating carrier, (2) reduce the length of the transport
channel, and (3) apply a higher source—drain voltage at the
cost of increasing noise. We note that increasing the EQE by
photoconductive gain does not necessarily translate to a higher
detectivity if noise is not suppressed. To address the long
response time and noise issues, rectifying junction transistors
have been demonstrated to simultaneously raise the gain,
bandwidth, and detectivity for SWIR colloidal dots,** and
these structures may be applicable to organics in future
photodetector development.

5. BIOAPPLICATIONS BASED ON ORGANIC
INFRARED PHOTODETECTORS

Applications of organic infrared photodetectors, shown in
Figure S, encompass wearable physiological monitors to low-
cost spectroscopic imagers that enable compositional analysis
in food, water quality, and medical and biological studies.

5.1. Temporal Biosignals Measured by Organic
Photodetectors

As illustrated in Figure 5ab, a photoplethysmogram (PPG)*°
device can be fabricated to measure blood flow dynam-
ics'”***” and oxygenation."' While a body part is illuminated,
the photodetector records the change in light intensity
modulated by blood being pumped into and out of the body
part. Thus, the PPG photocurrent tracks the heartbeat rate and
variability over time, and the absorption differences at selective
wavelengths form the basis for calculating blood oxygenation.
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Figure Sc shows exemplar PPG signals obtained at a
fingertip using our polymeric photodiodes with a near-infrared
light source (4 = 980 nm). The detector resolved two peaks in
each PPG cycle. The first peak (P1) was due to the heart’s
pumping pressure, and the second shoulder peak (P2) was due
to the reflected pressure wave from the lower body.** As aging
blood vessels become rigid and less capable of dissipating the
reflected wave, the P2 peak increases and also shifts to an
earlier arrival time for the reflected wave. The P2/P1 ratio is
the augmentation index, which indicates arterial stiffness and is
correlated with risks for heart diseases and stroke.

The demonstration in Figure 5d shows a system to measure
muscle contraction and relaxation by detection of the
backscattered light reflected off a bicep.'” The backscattered
light from a muscle fiber is anisotropic, and hence, changes in
muscle condition can be revealed by detectors positioned
along and perpendicular to the muscle fibers. The differential
photosignals distinguish between shortening isotonic contrac-
tions and twisting isometric motion and complement electro-
physiological measurements.*”>°

5.2. Spectroscopic Analyses Using Organic SWIR
Photodetectors

Spectroscopic analysis allows the determination of a sample’s
composition and is relevant to food and drug quality control.
Materials common in biological tissues and drugs, such as
water, lipids, and alcohol, show different absorption signatures
in the SWIR. Figure Se shows the transmission spectra of
solutions with different ratios of water and ethanol, in which
the transmission around A4 = 1300 nm increases with a higher
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Figure 5. (a) Photograph of a conformal near-infrared photodiode on a finger. Reproduced with permission from ref 10. Copyright 2018 Wiley. (b)
Schematic of a photoplethysmogram. Reproduced with permission from ref 11. Copyright 2014 Nature Publishing Group. (c)
Photoplethysmogram signal detected by an organic SWIR photodiode. (d) Schematic of a muscle contraction sensor and the corresponding
measurements. Reproduced from ref 12, published by Wiley. (e) Transmission spectra of ethanol solutions at varying concentrations. Reproduced
with permission from ref 28. Copyright 2018 Wiley. (f) Demonstration of a noninvasive SWIR approach to analyze the fat percentage in biotissues.

Reproduced with permission from ref 34. Copyright 2018 Wiley.

concentration of ethanol.”® We can accurately identify the
ethanol content in a beer sample to within 1%, and such
spectroscopy is applicable to manufacturing process control of
water contaminants in petroleum or alcohol excipients in
medications.

Another example, in Figure 5f, utilizes the absorption
difference between lean and fatty tissues at A = 1200 nm. Here
our organic SWIR photodiodes are incorporated into an active

. 34,51,52
matrix array” "’

that enables spatial mapping and composi-
tional analysis to estimate fat content by noninvasive imaging.
The feasibility of imaging fatty tissue will aid in diagnosis of
atherosclerosis, a condition where arteries are clogged by fatty
deposits, or to assist laparoscopic procedures by improving the
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contrast between crucial organs and surrounding fatty tissues.
Organic SWIR photodiodes provide a thin, flexible form factor
that is ideal for meeting space constraints in such applications.

6. SUMMARY AND OUTLOOK

SWIR photodetectors are highly desirable for bioelectronics
because of the deep penetration depth of SWIR light for high-
resolution, noninvasive biological imaging. Organic materials
offer numerous advantages, including large-area conformal
coverage, temperature insensitivity, and low-cost integration,
enabling ubiquitous SWIR technologies. With the modular
donor—acceptor polymers shown in Figure 2e, the device
performance is rising, with detectivities exceeding 10" Jones,
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comparable to those of commercial germanium photodiodes.
The characterization efforts shown here enable us to
understand the key limitations and provide a fair comparison
of device performance. Novel low-band-gap organics will be
investigated to aim for polymers with reduced band-tail
disorder and to study blends with non-fullerene acceptors,
which are promising to maximize charge transfer at negligible
driving energy. Research in device structures, such as
incorporating optical microcavities to increase absorption or
using transistors to improve charge transport, may enhance
device performance and extend spectral response. Low-cost
organic SWIR technologies will be widely deployable,
empowering users to discover information in the SWIR
spectrum and inspire new use cases and applications.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper published ASAP on December 06, 2018 with an
error in Figure 3. The revised paper was reposted on
December 7, 2018.
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