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FULL PAPER

Infrared Photodiodes

The Role of Dielectric Screening in Organic Shortwave
Infrared Photodiodes for Spectroscopic Image Sensing

Zhenghui Wu, Yichen Zhai, Weichuan Yao, Naresh Eedugurala, Song Zhang,
Lifeng Huang, Xiaodan Gu, Jason D. Azoulay, and Tse Nga Ng*

This work examines an additive approach that increases dielectric screening
to overcome performance challenges in organic shortwave infrared

(SWIR) photodiodes. The role of the high-permittivity additive, camphoric
anhydride, in the exciton dissociation and charge collection processes

is revealed through measurements of transient photoconductivity and
electrochemical impedance. Dielectric screening reduces the exciton binding
energy to increase exciton dissociation efficiency and lowers trap-assisted
recombination loss, in the absence of any morphological changes for two
polymer variants. In the best devices, the peak internal quantum efficiency

transport and collection. To address these
critical challenges, this paper demon-
strates a general additive approach that
enhances dielectric screening and can
double the device EQE in two different
SWIR BHJs. Through measurements of
transient photocurrent and electrochem-
ical impedance, we delineate the effect of
high dielectric constant on exciton disso-
ciation and charge collection processes, to
pinpoint the key mechanisms essential to

at 1100 nm is increased up to 66%, and the photoresponse extends to
1400 nm. The SWIR photodiodes are integrated into a 4 X 4 pixel imager
to demonstrate tissue differentiation and estimate the fat-to-muscle ratio

through noninvasive spectroscopic analysis.

1. Introduction

Photodetection in the shortwave infrared (SWIR, wavelength
A =1-3 um) forms the foundation for many spectroscopic sys-
tems and medical applications.l'3] For the next generation of
SWIR detectors, solution-processed semiconductorst*?®l offer
the potential to achieve scalable integrated arrays while signifi-
cantly lowering processing costs. Recent progress in tuning the
properties of solution-processed polymers®12 has extended the
spectral response of organic bulk heterojunction (BHJ) photo-
diodes out to 2 um. However, the device external quantum
efficiency (EQE) remains low when operating without photo-
conductive gain, with EQE < 15% in state-of-the-art organic
SWIR photodiodes.1®13] As the BHJ/polymer bandgap is
reduced, it is increasingly difficult for charge transfer (CT) exci-
tons to dissociate due to the low internal electric field,' and
there is a higher rate of recombination!>®! impeding charge
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raise detectivity in organic SWIR devices.

The role of high dielectric constant
materials in organic photodiodes remains
under debate.'”"] The dielectric constant
or permittivity &, represents the polariz-
ability of a material. Increasing polariza-
bility!!") offers a path to screen Coulombic
interactions between electron-hole pairs and stabilize free car-
riers, thus dielectric screening may be particularly important
for SWIR devices which suffer from poor exciton dissociation.
Prior studiesl?22l have shown a reduction in exciton binding
energy with higher & in BH]J solar cells. On the other hand,
there are mixed results!'®!% where high-g, materials did not
improve the device performance. It is unclear why some BH]
systems only marginally benefit from tuning & while others
are greatly enhanced. Thus, this work clarifies conditions when
increasing & would be useful, in the context of two photore-
sponsive SWIR donor polymers incorporated into BHJs. The
BH]J permittivity is increased by adding camphoric anhydride,
which is an insulating molecule with one of the highest permit-
tivities among organic solids (g, is up to 24).2123 The high-¢,
additive leads to different mechanisms of efficiency improve-
ment in the polymer variants. These results provide insight into
the relationship between dielectric properties and device perfor-
mance. By tuning & we exceed the state-of-the-art, achieving
a peak EQE = 26% at A = 1100 nm and zero bias in organic
photodiodes, with the peak detectivity comparable to commer-
cial germanium photodiodes.

As the detectivity of our SWIR devices approaches the level
of conventional germanium photodiodes, the organic photodi-
odes become practical for system integration. For a feasibility
demonstration, the photodiodes are integrated with switching
diodes into an active matrix 4 X 4 pixel array. The array enables
imaging of sample structures and interrogation of the composi-
tion through spectral analysis. For example, when imaging in
the range of 4 = 1150-1250 nm, the array shows the capability
to map the percentage of fat tissues underneath muscles, which
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Figure 1. a) Chemical structures of the bulk heterojunction materials. b) External quantum efficiency of the photodiodes at zero applied voltage versus
incident wavelength. c) Photocurrent density versus applied voltage under incident light with A =1100 nm and an intensity of 3.2 mW cm~2 The data

are fitted to Equation (3) as depicted by the solid lines.

is applicable for atherosclerosis diagnosis and other biomedical
spectroscopic imaging applications.

2. Results and Discussions

The BH]J blends are comprised of a polymeric donor and a
fullerene-derivative acceptor in 1:2 weight ratio, with either
0 or 15% by weight of the high-¢, additive camphoric anhydride
(CA). The chemical structures of the materials are shown in
Figure 1a. The two SWIR polymers differ by the thiophene or
selenophene spacer and side-chain lengths, and the P2 polymer
shows a slightly narrower bandgap than P1. The device struc-
ture, energy levels of the materials, and dark current—voltage
characteristics are shown in Figure S1 (Supporting Infor-
mation). For the BH]Js in this work, the optimal percentage
of CA is around 15%, and the CA additive raises the permit-
tivity €, as listed in Table 1 (with supporting measurements
in Figure S2, Supporting Information). The device current
within the displayed voltage range was stable and did not show
hysteresis. This paper will focus on the four BHJ compositions
in Figure 1b to study the influence of CA on the photocurrent
generation steps, namely, (i) the exciton dissociation process
followed by (ii) charge transport and collection.

Before delving into efficiencies of individual steps, we note
that the overall EQE is up to two times higher in devices with

Table 1. Device parameters for photodiodes with different bulk heterojunction compositions.
The values for Ngissociater Meollecty EQE, and IQE are obtained with incident light A = 1100 nm
and at an applied bias of 0 V. The effective carrier lifetimes (7,) are measured in the dark at an

applied bias of O V.

15% CA than without the additive. In Figure 1c, the electric-
field dependence is reduced in photocurrent of devices with
CA. The photodiode with P1 and CA shows a peak EQE of 26%
at 0 V bias and 35% at —1 V for A = 1100 nm. To the best of our
knowledge, this EQE is the highest achieved for SWIR organic
devices without resorting to photoconductive gain which limits
the bandwidth.

2.1. Study of Film Morphologies

Since the origin for performance improvements in devices
with CA may be due to changes in morphology, the BH]Js were
measured by grazing-incidence X-ray diffraction (GIXD) and
resonant soft X-ray scattering (R-SoXS) to study film nano-
and microstructures. Both measurements show there is no
discernible morphological change from adding CA at 15%
weight ratio, with respect to the crystalline domain for donor
polymers and the phase separation scale between the donor
and the acceptor. In Figure 2a, all four BHJ thin films show
broad diffraction peaks at g = 1.26 A~' which can be attrib-
uted to the scattering from amorphous PC,BM and disor-
dered polymer regions. The structures of the P1 and P2 BH]J
samples are different on the nanometer scale; for instance,
in Figure 2b, broad shoulders in the scattering profile are
observed around g = 0.02 A" for the P1 BHJ and at 0.01 A~!
for the P2 BHJ. These shoulders indicate
the domain size of donor/acceptor phase
segregation, which is 30 nm for films with
P1 and 60 nm with P2. Nonetheless, the
phase segregation is the same Dbetween

Measured values

Obtained by fitting to Equation (3)

films with or without CA. Thus, we rule out
morphological changes in our films with

& EQE [%] (H) (1 0~ cm? V! S;I) T [mS] TNdissociate [%] Neollect [%] IQE [%] CA and concentrate on understanding the
P1,0% CA 3.5 17 34 1.48 =100 43+4  43%4 effects of CA on electronic properties in the
P115%CA 47 26 6.5 1.83 ~100 66+ 6 6646 following sections. These measurements do
P2, 0% CA . 38 s 0.24 1543 5549 643 however point to addltlonél gains in per-
formance upon further optimization of the

P2,15%CA 46 78 9.8 0.46 50413 55+6  27+6

morphology.

Adv. Funct. Mater. 2018, 1805738

1805738 (2 of9)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) ()
P1,0% CA — P2,0% CA
= — P1, 15% CA — P2, 15% CA
3‘ o
o =
e (=)
e
g o
2 IS
=
o
2
S
(b)
o
o
— (=]
b= | —_
. -
L << ©
z 2%
.G o‘ -
S S
= =)

2 3 456789 2 3 456
0.01

q (A

| P2,0%CA

0.06

P1, 15% CA

P2, 15% CA

004 002 00 006
-1
q, (A7)

0.04 0.02 0.0
q, (A7)

Figure 2. Line profiles of the scattering intensity versus scattering vector in a) GIXD and b) R-SoXS of bulk heterojunction films. c) 2D R-SoXS patterns

of BHJ films with different donor polymers and percentages of CA.
2.2. Effect of Increasing ¢, on Photocurrent Generation Steps

Measuring transient photocurrent!'*2+25] allows us to probe the
CT exciton dissociation efficiency and the kinetics of charge
transport and recombination. By using nanosecond laser pulses
to photogenerate charge carriers, the transient photoconduc-
tivity (TPC) in Figure 3 is shown to originate from the mobile
carriers at short times before significant bimolecular recombi-
nation or charge collection occurs. We first compare the initial
carrier densities to see if adding CA would increase CT exciton
dissociation and minimize nonradiative recombination. Nonra-
diative recombination is a loss mechanism by thermal decay,
in which the energy is lost to electron—phonon coupling. Next,

the carrier transit time and recombination time are extracted to
understand how charge transport is affected by CA increasing
g in SWIR photodiodes. The EQE is a product of the efficien-
cies of photon absorption, exciton dissociation, and charge
collection: EQE = MNabsorbdissociatecollect  We will quantify the
efficiency of each photocurrent generation step by fitting to cur-
rent density-voltage characteristics, which provide independent
checks on the TPC results.

2.2.1. Examination of Charge-Transfer Exciton Dissociation Efficiency

The initial carrier density N(V, t,,) is proportional to the transient
photocurrent density,** expressed as Jou(V, to,) = GUN(V, t,)
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Figure 3. a) Normalized transient photocurrent versus time, as a bias of 0.1 V was applied to the photodiodes. The inset shows the same data in
logarithmic scale. b) Adjusted photoconductivity density versus time. The applied bias was varied from 0.1 to —1.5 V as indicated by the arrow direction.
c) Initial carrier concentration versus applied voltage. The error bars originated from the uncertainties in the transit time Ty, Which is the intersection
point where the TPC signal switches its slopel?®l as shown in the inset of (a).
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Veg/d, where ty, denotes the time just after the illumination
pulse, g is the elementary charge, (i) is the average mobility,
d is the BHJ layer thickness, and Vg = Vi; — V is the effective
voltage from subtracting the applied voltage V from the built-in
voltage Vj,;. However, due to a RC delay tzc in the measure-
ment circuit, the TPC signals rise to peak photocurrent only
at Tpc. The ratio between values at Tz and at t, is estimated
to be a factor of f{ty,) = (1 — Tre/Tiransit)” as explained in detail
in Figure S4 (Supporting Information). The transit time Ty,
is the intersection point where the TPC signal switches its
slopel?®! as shown in the inset of Figure 3a. Taking this factor of
flto,) into account, the adjusted TPC densities are displayed in
Figure 3b, from which the peak values are converted into initial
carrier densities in Figure 3¢

No (V)= Jou (V. Tre) d/q () Veg f (£, (1)

All the parameters used in the Ny(V) calculations are directly
measured quantities or material constants.

In P1 BHJs, applying a bias voltage did not affect the initial
carrier densities which remain constant regardless of a change
in the external bias or material €. There was 30% difference
in the initial carrier densities between the P1 devices with or
without CA. However, this difference was small and might
be affected by incident light intensity and BH]J thickness dif-
ference. While cross-sample comparisons might be affected
by optical effects, the Ny(V) trends within individual samples
were highly reproducible. The constant Ny(V) for P1 BH]Js indi-
cates a maximally efficient exciton dissociation process, that all
the electron-hole pairs are already separated into free carriers
without the need of an external electric field.

On the other hand, in P2 BHJs the Ny(V) increases as the
bias voltage is varied from 0.1 to —1.5 V, and the addition of
CA further doubles the initial carrier densities. The dissocia-
tion efficiency in P2 BHJs is not topped out and needs improve-
ments. The applied voltage provides an additional electric field
to assist in exciton separation in P2 BH]Js, and hence initial
charge densities become higher with an increasing reverse bias.
Alternatively, adding CA to the P2 BH]J significantly increases
initial carrier densities, therefore indicating better CT exciton
dissociation efficiency over the whole voltage range.

The incorporation of CA in BH]Js leads to higher & (meas-
ured values in Table 1), which in turn lowers the exciton
binding energy. The exciton binding energy is Eg = ¢*/(471&y€,4),
dependent on the internal electron-hole pair delocalization
distance a and the surrounding permittivity &, while g, is the
permittivity of vacuum. Higher permittivity indicates a greater
ability to screen and stabilize charge and reduce the energy
cost for an exciton to dissociate into free carriers. There is
reduced field dependence in the P2 device after adding CA. In
Figure 3c, for the P2 device without CA, the initial carrier den-
sity N, increased from 4 x 102 m~ to 7 x 10%° m~3, which is
a 75% change in Nj due to the applied electric field. For the
P2 device with CA, N, increased by only 22% from 9 x 10%° to
11 x 10?° m~3 under the same electric field.

Figures 3c and 1c show consistent results that the P2 devices
were limited by field-dependent generation of carriers: the
P2 photocurrent—voltage curves did not plateau in Figure 1c,
whereas the P1 devices reached saturation with reverse bias.

Adv. Funct. Mater. 2018, 1805738
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Figure 3 indicates that the addition of CA influences the CT
exciton dissociation process greatly in P2 but not in P1 blends,
since P1 BHJs are not limited by dissociation in the first place.

2.2.2. Examination of Charge Collection Efficiency

Although adding CA does not change Npsor, and Mgigsociate 111
P1 devices, it does lead to an increase in EQE in Figure 1b and
must be due to more effective charge collection. Thus, we ana-
lyze the improved Npec Dy €xamining transport parameters
and the density of states (DOS). The transport parameters,
including the average mobility (u) and the effective carrier
recombination lifetime 7, are measured to be higher in both P1
and P2 BHJs with CA as listed in Table 1. The average mobility
is determined from the TPC transit time using the relationship
(W) = d?/(VegrTiransit)- In the inset of Figure 3a, the transit time
Tuansit 1S the intersection point where the TPC signal switches
its slope,? and the devices with CA and higher &, show faster
transit. Beyond the transit time the TPC signal is no longer
dominated by collection of photogenerated carriers, and the
measured current then originates from release of trapped
charges at recombination centers. The current beyond 2 us is
lower in devices with CA, which suggests a lower density of
traps than the ones without CA.

The recombination lifetime 7, is estimated from electro-
chemical impedance spectroscopy in Figure 4. These imped-
ance measurements are taken in the dark, in order to put an
upper boundary on 7, The 7, values in Table 1 would decrease
under irradiation when there is a greater number of carriers
increasing the likelihood of recombination. Figure 4a is known
as the Nyquist plot in which the real and the imaginary com-
ponents of impedance are recorded as the measurement fre-
quency is varied. The same data are displayed as imaginary
impedance Im(Z) versus frequency in Figure 4b. The frequency
corresponding to the peak Im(Z) is the inverse of the carrier
lifetimel?’] by f; = 1/1,. The effective carrier lifetime is extended
in the BHJs with CA, because of better screening which reduces
charge interaction and trap-assisted recombination.

To understand the dispersive transport in our devices, the
sub-bandgap DOS distribution is inferred from the capacitance
versus frequency measurements in Figure 4c. The DOS con-
nects the materials composition and electronic properties, par-
ticularly to count localized trap states.??® In Figure 4c, only
the carriers in states shallower than the trap energy E, can
be released quickly enough to contribute to the capacitance at
each measurement frequency . The trap energy is related to
the measurement frequency by E, = kT In(m,/®), where k is
the Boltzman constant, T is the temperature, and @, is the rate
prefactor for thermal excitation from the trap and assumed to
be 102 s7! in typical organic photodiodes.l?®! Based on analysis
in refs. [28,29], the trap DOS distribution is

Vi dC(w)
gAtkT dln(w)

DOS(E, )= 2

where C(w) is the capacitance measured with an ac perturba-
tion of angular frequency o. Here, the built-in potential Vj; =
0.25 V (Figure 1c), and temperature is =300 K. The device area

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure4. a)Realversusimaginarycomponentsofimpedance.b) Imaginary
impedance versus frequency. c) Capacitance versus frequency, in which
the solid lines were best fits to Equation (S1) (Supporting Information).
d) The density of states as extracted from (c) versus energy from the band
edge. All the measurements are done in the dark with a dc bias at 0 V and
an ac excitation of 20 mV.

is A = 9 mm?, and the BH]J thickness d is listed in Table S1
(Supporting Information). Note that the capacitance measure-
ment cannot distinguish between electron and hole traps and
reports the sum. A rapid change in slope dC/dIn(w) indicates
an increase of the trap DOS at the corresponding energy by
Equation (2).

In Figure 4c, there is one transition in slope around 0.1 MHz
for the devices without CA, while the ones with CA show dif-
ferent characteristics with an additional transition around

(b) T T T
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S, S, iz A P2,15%CA
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1 kHz. This latter trend means there are separated groups of
shallow and deep traps centered at different energy levels, as
displayed in Figure 4d and further illustrated in Figure 5 and
modeled in details in Table S2 (Supporting Information). The
energy level of deep traps is not significantly changed and may
have a small additional contribution from CA, and the built-in
potential increases only slightly by <50 meV in devices with
CA. However, the addition of CA into BH]Js shifts the exponen-
tial bandtails to lower energy levels, which reduces the energy
barrier for localized charges to hop back into the mobile trans-
port band. Charge transport is improved because the shallow
trap distributions are shifted to lower energy, and less energy
is required to pull charge carriers out from trap states. Thus,
charge collection rises because of a decrease in the bandtail trap
density and improved carrier transport in devices with CA.

2.2.3. Comparison of Contributions to IQE by Fitting to
Photocurrent—Voltage Characteristics

The effect of CA on each photocurrent generation step is quan-
tified further by fitting to the photocurrent—voltage characteris-
tics to determine Ngissociate aNd Neollect- Based on a model in our
previous work,[l the steady-state photocurrent density Jyugs is a
function of the effective electric field E.g= V.g/d

Jphss = Jsat nco]lect (Eeff) ndissociate (Eeff ) (3)

with

2UTE d
collect Ee =—|1- - 4
Moottt (Eesr ) ] [ exp( 2utEy “4)

H (parta)

ko x*exp(—x’/a’)dx (part b)

ko +kr

4 o
ndissociate (Eeff ) = m J‘() (5)

The parameter J,, is the saturation current density dependent
on incident light intensity, and Jjnes/Jsat = IQE is the internal

Separation distance

Separation distance

>

Wavelength (nm)

Figure 5. a) Schematic diagrams illustrating the effects of dielectric screening on charge-transfer (CT) dissociation and separated charge (SC) collection.
represents a dipole. As the permittivity is increased in a bulk heterojunction, the exciton binding energy E,, is reduced. The CA additive contributes a
small amount of deep traps (green), but the density of shallow bandtail states (black) is shifted to a lower energy level. Hopping transport is more
efficient with lower hopping barriers and less loss from trap-assisted recombination. b) Specific detectivity at zero bias voltage versus incident light

wavelength.
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quantum efficiency that excludes the light absorption efficiency.
For Negliec: the fit variable ut is the mobility-lifetime product that
characterizes the capture cross section and density of recom-
bination centers. The Ngissociae €Xpression®? is dependent on
the rates of exciton dissociation kp and recombination ky. We
assume a typical exciton delocalization length*°1 g =1.3 nm. The

dissociation rate is kD(Eeﬂc)zL’u)}exp(—EB/kT)[l+b+...],
3 4me €0
with b= & Since the parameters in kp are all meas-
8me&, (kT

urable as discussed in TPC results, the variable we changed
during data fitting is the recombination rate kp. While the
above equations look complicated, actually only two variables,
ut and kg, are adjusted to obtain great fits to the data as shown
in Figure 1c. The fit values are reported in Table S1 (Supporting
Information). Moreover, the fitting process is also simplified by
the prior results from TPC measurements. For example in the
case of P1 BHJs, the initial carrier density is shown to be inde-
pendent of electric field, indicating the dissociation efficiency is
near 100%. As such, the fits to P1 devices do not require part b
of Equation (3) and are reverted to a simple adjustment of a
single variable ut to determine Ncqpe-

The efficiency percentages are listed in Table 1. For SWIR
photodiodes based on P1, incorporating CA mainly enhances
the charge collection efficiency, raising Neq from 43 + 4 to
66 £ 6%. For the devices based on P2, the addition of CA sig-
nificantly improves Ngissociate from 15 £ 3 to 50 = 13%; Neottect 1S
not noticeably changed but the accuracy is limited by uncer-
tainties in the fits. At the very least, putting CA into P2 BH]Js
does not degrade N gecy and it is likely beneficial to the charge
collection step, because TPC and DOS measurements show
increased carrier lifetime and reduced bandtail states. As the
EQE = IQE*N,ps0r,, the BHJs show Nypeor, = 40%, which can
be increased by light scattering or other light management
optics to further optimize EQE in the future. The results
here highlight the multiple mechanisms that are impacted by
increasing €, in organic photodiodes. Tuning dielectric permit-
tivity is often credited for optimizing exciton dissociation(20-22
to reduce electronic-vibrational couplingl®!l between excited
charge transfer and ground states. However as shown in this
study, dielectric screening extends beyond promoting exciton
dissociation and plays a role in improving charge collection.
Particularly for polymers like P1 and materials for solar cells,
many of which are not limited by dissociation,?? the benefit
of dielectric screening on transport should be emphasized
as it leads to an unprecedented IQE of 66% in organic SWIR
photodiodes.

In comparing the device performance of P1 and P2 BHJs
without CA, we see that the films of P1 and P2 systems show
different extents of phase segragation that influences limiting
factors to efficiency. According to R-SoXS in Figure 2, the P1
BH]J shows higher intermixing with 30 nm phase segregation
compared to the P2 BH]J with 60 nm phases. This small domain
size offers many interfaces to help the dissociation efficiency
but constrains charge transport in P1 BHJs, and vice versa for
P2 BHJs. In addition to energy level differences, these morpho-
logical properties explain why the two BH] systems have dif-
ferent bottlenecks, with P1 limited by 7¢opect While P2 is low in
TNdissociate (Table 1)'

Adv. Funct. Mater. 2018, 1805738

1805738 (6 of 9)

www.afm-journal.de

However, the R-SoXS and GIXD diffraction patterns were
the same before and after CA was added in the two systems.
A small amount of CA, below 15% by weight, did not cause
significant changes in morphology because of the weak molec-
ular interaction between CA molecules and the BH]J molecules.
CA is highly polar, while SWIR polymers and fullerenes are
nonpolar molecules. The film morphology is undistributed
probably due to the weak interaction between polar molecules
and nonpolar molecules, and in disordered BH]Js there is free
volume space to accommodate the additives. When the per-
centage of CA additive is increased beyond 27%, the BHJ mor-
phology is affected by the additive, manifested by an increase in
dark current as shown in Figure S2 (Supporting Information).

The CA additive is expected to improve the performance of
organic SWIR devices if the devices are limited by: (1) poor
CT exciton dissociation, as manifested by strong electric-
field dependence in the photocurrent—voltage characteristics;
(2) poor charge collection due to recombination loss through
the localized states in the bandtail. The P1 and P2 devices with
15% CA showed better stability compared to their counterparts
without CA. Encapsulated P1 devices with CA retained 85% of
their initial photocurrent after one month of dark storage in air,
while the devices without CA retained only 60%. Encapsulated
P2 devices with CA showed 70% of their initial photocurrent
after 15 d of dark storage in air, while the devices without CA
retained only 10%. When choosing high-permittivity additives,
the additive should be able to easily blend into the BH]J without
interfering with the film morphology, and the additive should
show a high dielectric constant so that a small amount can
increase the overall polarizability of the BHJ.['71% Additives that
satisfy these requirements will have similar effects as CA.

Here, we return to the question of why earlier works demon-
strate a discrepancy in results employing high-¢, materials. In
prior work, as materials structures are changed to increase per-
mittivity,['#33] there are morphological changes that may coun-
teract the electronic effects from high permittivity. For example,
CA has been used in organic solar cells,?! but the performance
reaches a plateau when the CA forms crystals and alters BH]J
phase segregation. In our materials sets, the addition of 15%
CA does not noticeably affect morphology and therefore allows
us to distinguish the specific electronic mechanisms that
improve Ngigsociate a1d Neollect @S Summarized in Figure 5a. More-
over, prior work has focused on materials with wider bandgaps
for devices which operate in the visible spectrum,!'#-22 but the
CA additive is more effective in SWIR materials, for which the
higher recombination probability at narrow bandgaps is a con-
sequence of the energy gap law.3* Thus, increasing dielectric
screening is particularly relevant for SWIR devices, and the
CA additive is promising for raising &, without affecting BHJ
morphologies.

Figure 5b displays the detectivity metric of our photodi-
odes. Detectivity is the signal-to-noise ratio and expressed as
D* = (AAf)*>R/i,, where R = EQE(Aq/hc) is the responsivity, h is
Planck’s constant, ¢ is the speed of light, A is the effective pho-
todetector area, Afis the detection bandwidth, and i, is the noise
current measured in the dark. The measured noise current in
photodiodes with CA is lower than the devices without CA as
seen in Figure S5 (Supporting Information), because longer
carrier lifetime reduces thermal generation-recombination
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Figure 6. a) Normalized transmittance spectra of muscle (black) and fatty tissues (red). The inset schematic illustrates the scenario of fatty deposits
clogging an artery. b) Measurement setup using the organic array for SWIR spectral imaging. c) Percentage of fatty tissue at each pixel location. The

inset photograph shows the sample as seen in the visible.

events. Lower noise also correlates to the higher shunt resist-
ance, indicated by the right x-intercepts in Figure 4a. The
detectivity is higher at 0 V than at reverse bias, because in our
devices with an applied bias, the device noise increases faster
than the EQE."*3] The detectivity at zero bias D* reaches up
to 1.2 x 10'! Jones or cm Hz'/? W' at the peak A = 1100 nm.
At this peak D* level, the P1 BHJs with CA are comparable to
commercial Ge photodiodes.!

2.3. Spectroscopic Imaging via an Organic SWIR
Photodiode Array

SWIR imaging benefits from enhanced penetration depthsl!
and accuracy??® with regard to minimally invasive tissue
analyses. For example, since blood and fat tissues have strong
absorption features in the SWIR, ischemial®’! (inadequate blood
flow) or atherosclerosisi*® (fatty deposits clogging arteries) can
be readily diagnosed by SWIR spectroscopy. Figure 6a shows
clear differences in transmittance between muscle and fat,
especially at A = 1210 nm. The ability to distinguish fat and
muscle tissues may assist laparoscopic procedures to enhance
contrast between crucial organs and surrounding tissues. As
such, SWIR imaging is highly desirable, but current technolo-
gies are costly and not affordable for wide deployment. Here,
we demonstrate the feasibility to easily incorporate the organic
photodiodes into a low-cost, scalable active matrix array that
enables spatial mapping and compositional analysis of biolog-
ical tissue.

Figure 6b illustrates our measurement setup for spectral
imaging. To enable spatial mapping, a 4 X 4 active matrix array
is integrated where each pixel is comprised of an organic pho-
todiode connected to a silicon switching diode which reduces
signal cross talk between neighboring pixels. The circuit dia-
gram and pixel characterization are shown in Figure S6 (Sup-
porting Information). To enable compositional analysis, the
incident light is tuned to a narrow spectral range (10 nm of full
width at half maximum) by using bandpass filters. To differen-
tiate fatty tissues from muscle, we acquire measurements with
two wavelengths, centered at A = 1152 or 1200 nm. Fatty tissues
display much stronger absorption at A = 1200 nm compared
to lean muscle. Meanwhile, both types of tissues show similar
absorption at A = 1152 nm, and thus signals will be normalized
to this baseline at A = 1152 nm, by calculating the transmittance
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ratio TR = %T1200 nm/% T1152 nm- This normalization also adjusts
for the background due to water, because the transmittance
of water is nearly constant in the A range of 1150-1250 nm
(Figure S7, Supporting Information).

For the sample in Figure 6¢ inset, we stack three =1 mm
thick beef slices together, to image the fat distribution under
a lean muscle layer. Faint outlines of the region with high fat
content on the top quarter section are observable in the visible
spectrum; the fat buried in the bottom quarter region is harder
to see in the visible but can be distinguished by the SWIR TR
values in Figure 6c. We convert the TR values to estimate the
fat percentage at each pixel location by fat% = (TRgmpe —
TRumusce)/(TRar — TRinusce), Where the values of TRusqe and
TRg, are measured with 3 mm thick calibration standards that
are visibly only lean muscle or only fat, respectively. The meas-
urement uncertainty is =30% due to light scattering artifacts
and variations in calibration tissues. Nonetheless, the organic
array is capable of providing contrast between fat and muscle
tissues and shows promise for biomedical spectral imaging
applications.

3. Conclusions

This study pinpoints the key mechanisms essential to raise
EQE and detectivity in organic SWIR photodiodes. The CA
additive increases dielectric permittivity without affecting the
morphologies of two BH] variants, and its role in the exciton
dissociation and charge collection processes is revealed through
measurements of film structures, transient photoconductivity,
and electrochemical impedance. Dielectric screening reduces
the exciton binding energy to increase exciton dissociation
efficiency. The CA additive also redistributes the density of
trap states and extends carrier lifetime, to lower trap-assisted
recombination loss and improve charge transport and collec-
tion. The high-permittivity additive is general and particularly
effective for SWIR BHJs, as the device performance is signifi-
cantly improved and achieves a peak IQE of 66%, EQE = 30%,
and D* = 10! Jones at A = 1100 nm in the P1 BHJ with CA.
The SWIR photodiodes are integrated into an active matrix to
demonstrate tissue differentiation of muscle and fat by spectro-
scopic analysis, and this feasibility study presents a promising
path to economical, scalable, high-performance organic detec-
tors for the SWIR spectral region.
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4. Experimental Section

Materials and Device Fabrication: The synthesis and characterization of
P1 and P2 are described in the Supporting Information. Other chemicals
were used as purchased. Glass substrates with indium tin oxide
(resistivity = 15 Q sq7') were sequentially cleaned by ultrasonication
in detergent, deionized water, and isopropanol for 15 min. Poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (Heraeus 4083) was
mixed with isopropanol in 1:4 volume ratio. The solution was spin-
cast onto the clean substrates and annealed at 130 °C for 10 min, to
form 30 nm films that serve as an interfacial layer for hole extraction.
The donor P1 or P2, acceptor PC;;BM, and CA additive were dissolved
in dichlorobenzene with 3% 1,8-diiodooctane, and the blend solutions
were spin-cast to form BHJ films with thicknesses =110-175 nm,
as measured by a stylus profilometer (Dektak). A ZnO nanoparticle
solution was cast to form an =10 nm film for electron extraction. Then
100 nm Al was deposited through thermal evaporation to complete the
photodiode structure. The devices were encapsulated with cover glass
slides and glued onto the substrates with epoxy to allow characterization
in ambient conditions.

Device Characterization: In the EQE measurements, the
monochromatic light source was modulated at 400 Hz by an optical
chopper, and the device photocurrent was amplified through a low-noise
amplifier and measured with a lock-in amplifier (SRS 510). Optical filters
with a cutoff wavelength at 455, 645, or 1025 nm were used to reduce
the scattered light from higher order diffraction. The EQE is calculated
with the expression EQE = R(hc/Aq) = (Jon/Piiumin) (hc/Aq), where h is
Planck’s constant, ¢ is the speed of light, A is the wavelength of the
incident light, g is the electron charge, J,, is the photocurrent density,
Pilumin is the intensity of the incident light, and R is the responsivity. The
noise spectral densities were obtained by measuring the device through
a preamplifier (SRS 570) connected to a power spectrum analyzer (HP
89410A).

The GIXD of polymeric thin films on silicon substrate was performed
on a laboratory beamline system (Xenocs Inc., Xeuss 2.0) with an X-ray
wavelength of 1.54 A and sample-to-detector distance of 17.1 cm. An
incidence angle of 0.2° was used. Samples were kept under vacuum to
minimize air scattering. Diffraction images were recorded on a Pilatus
1M detector (Dectris Inc.) with an exposure time of 1 h and processed
using the Nika software package, in combination with WAXSTools.

The R-SoXS measurements were performed in transmission mode
in beamline 11.0.1.2 at Advanced Light Source. The film was floated in
deionized water and transferred onto a 1.5 mm x 1.5 mm silicon nitride
window, then dried in air before being transferred into the vacuum
chamber for R-SoXS. The photon energy was calibrated by measuring
absorption spectra at the beamline and by comparison with near-
edge absorption features of known spectra. Scattering was performed
at 284.2 eV for P1, 284.0 eV for P2. These photon energies provide
maximum scattering intensity for the particular samples. The scattered
intensity was recorded by a back illuminated Princeton PI-MTE CCD
thermoelectrically cooled to —45 °C. A modified version of the NIKA
software package was used to process the scattering data. The samples
were measured at two sample-to-detector distances, 50 and 150 mm
separately for 10 s. These two regions were then stitched together to
form the I—g line profile plots.

For transient photoconductivity measurements, a 520 nm pulsed
laser with <10 ns pulse width was used as the light source. The intensity
of the pulsed laser was <20 mW c¢cm=2 to avoid space-charge effects. A
1.5 V battery connected in series to a potentiometer was used to apply a
variable external bias on the photodiode. The photodiode was in series
with the load resistor of 50 Q, and the photocurrent was converted from
the voltage drop across the load resistor. Each curve in Figure 3 is an
average of 64 measurements as recorded by an oscilloscope, and it is
also averaged over five trials for each applied bias.

Electrochemical impedance spectroscopy was performed with a Bio-
Logic SP200 potentiostat in the dark and in the frequency range 3 Hz
to 3 MHz. A small ac voltage of 20 mV was used, and this amplitude
was low enough to maintain linearity of the response and high enough
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to minimize measurement noise. The dc bias was at 0 V, except for the
capacitance—voltage sweep from —3 to 0.5 V, in which the ac excitation
was set at 5 kHz.

The transient photoconductivity measurements and electrochemical
impedance spectroscopy are applicable to probe transport-
recombination dynamics at a time scale of 0.1 us or longer.

Pixel Array Integration and Spectroscopic Measurements: The
photodiodes comprised of P1 BHJ with CA were integrated with silicon
rectifiers (1IN4007 Chanzon) as back-to-back diodes. For each pixel the
photodiode area is 9 mm?, and the silicon rectifiers were soldered onto
a prototype board and then connected to photodiode electrodes by
conductive epoxy (CW2460 Circuit Works). The active matrix’s column
and row traces were addressed with multiplexer chips (CD4053BE Texas
Instruments) that interface with the voltage source and current readout
pico-ammeter (Keithley 6487). During the reading of each pixel, the
voltage source supplies 1.2 V, in which depending on the photocurrent
~0.3 V forward bias was applied on the silicon rectifier to turn on the
diode switch and the remaining =0.9 V was applied on the photodiode
to reverse bias the device. The time interval used to read each pixel
is 100 ms. The light intensity used in the measurement of Figure 6¢
is 0.3 mW cm2 at 1152 nm and 0.81 mW cm™2 at 1200 nm. The
transmittance percentage %T of a sample is calculated by the relation
%T = (lsample = ldar)/ (Iblank — ldark), Where lgoy is the dark current of
the pixel, lsample is the photocurrent measured when there is a sample
between the light source and the photosensing pixel, and Iy, is the
photocurrent with no sample.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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