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High Detectivity All-Printed Organic Photodiodes

Adrien Pierre, Igal Deckman, Pierre Balthazar Lechéne, and Ana Claudia Arias*

The recent increase in utilization of image sensors!'3l and sig-
nificant development in the field of wearable and disposable
sensors!l not only demands a decrease in photodiode fabrica-
tion costs, but also requires new functional abilities such as
operating at extremely low light intensities,>® narrowband and
broadband spectral selectivity,”# lightweight, and mechanical
flexibility.1% Today, most of these demands cannot be ful-
filled by conventional workhorse silicon photodetectors without
a significant amount of processing steps to achieve hetero-
geneous integration.'!! The chemical tunability, mechanical
properties, and printable processing of organic materials make
them promising candidates for fabrication of low-cost, highly
scalable, and flexible organic photodiodes (OPDs).l'4l In addi-
tion, the large-area scalability of printing techniques is benefi-
cial for photodiodes since the signal-to-noise ratio (SNR), at a
given light intensity, increases with detector size.l'>¥ Since the
SNR depends on systems level parameters, such as the sam-
pling bandwidth, light intensity, and photoactive area, it signifi-
cantly complicates the comparison of photodetectors. For this
reason, a useful figure of merit to consider is specific detectivity
D", which is dependent on external quantum efficiency (EQE)
7, the dark current density Jy, and the power spectral density
(units of A2 Hz™! cm™) of other noise sources such as flicker
or thermal noise, Nyper noises @8 shown in Equation 1. Azzellino
et al’sP’! mostly inkjet-printed OPDs with specific detectivity
over 10" cm Hz%5 W' and Tedde et al.’s!" low variability
partially spray-coated OPDs are a few examples of high-per-
formance partially printed OPDs. However all OPDs reported
to date rely on thermal evaporation of oxygen-sensitive metal
cathodes, spin-coating, or inkjet printing on rigid substrates,
all of which are not scalable deposition methods in achieving
large-area coverage or high fill factor (photosensitive area/total
area).l'®l Here, we show that by controlling of charge selectivity
of printed organic electrodes printed using industrially scalable
techniques (i.e., blade coating and screen printing), we fabri-
cated state of the art all-printed, flexible OPDs with average
specific detectivities as high as 3.45 x 10" cm Hz®® WL In
addition to the high specific detectivity needed to resolve low
light intensity, these OPDs are able to sustain high reverse
biases. High reverse biases are used to maximize the capacity
of the photodiode to capacitively store photogenerated charge,
which is essential for increasing the dynamic range of image
sensors.'¥1 Through optimization and characterization of the
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properties of each printed layer, device yield is maximized with
minimal variability over large areas. The performance of all-
printed photodiodes achieved here becomes comparable to sil-
icon photodiodes used in image sensors, which have a specific
detectivity of approximately 6-7 x 10'3 cm Hz% W11l These
results show that along with such important advantages as inex-
pensive fabrication and mechanical flexibility all-printed OPDs
can have performance competitive with their Si-counterparts.

-12 cm~/Hz

W (1)

« qA
D = %(Zfﬂd + Nothernoise)

There are materials and fabrication limitations to consider
when maximizing device performance and reliability that dic-
tate the device architecture. The lack of printable low-work func-
tion conductors for a cathode demands the use of interlayers.
The interlayers not only decrease cathode work function but
also have hole-blocking properties, which is essential for mini-
mization of reverse bias dark current density.'l The interlayers
are typically cast by spin coating!®!’! from solvents that are
orthogonal to underlying layers. Doctor blade coating is a pref-
erable alternative to spin coating as it is scalable to large areas
and can produce large films with well-controlled uniformity.!®!
Additionally, this printing technique has been shown to be a
suitable deposition method for the active layer as bulk hetero-
junction (BHJ) morphology can be well controlled.'”) However,
printing the low viscosity solutions optimized for doctor blade
and spin coating on top of the hydrophobic BHJ-active layer
leads to dewetting.?% Screen printing mediates this issue as it
is highly scalable and the high viscosity of the pastes minimizes
dewetting.*2% While films deposited through screen printing
are too thick to be suitable for the poor conductivity of low-work
function interlayers, conventional high-work function conduc-
tors can be readily printed. Consequently, an inverted structure
offers a better route to achieve printed devices since the cathode
interlayer may be deposited on the bottom electrode while the
top electrode uses commonplace printable high-work function
materials.

Here, we have developed and characterized a printing pro-
cess, shown in Figure 1a, that allows the fabrication of high
yield, high-performance flexible OPD arrays. The cathode is
formed by a blade-coated layer of poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) on a polyethylene
naphthalate (PEN) substrate, resulting in a sheet resistance
of approximately 700 Q/(]. A low-work function cathode is
achieved with a blade-coated layer of ethoxylated polyethyl-
enimine (PEIE) on top of the PEDOT:PSS. The active layer
blade coated on top of the cathode is a BHJ blend of poly[N-
9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2",1",3’-
benzothiadiazole)] (PCDTBT) and [6,6]-phenyl C,;-butyric acid
methyl ester (PC;;BM). This blend material was chosen because
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Figure 1. a) Fabrication process of all-printed organic photodiodes (OPDs). b) Band diagram of all-printed OPD structure (inverted geometry with

PEDOT:PSS top anode) and other partially printed devices.

it is known to be very efficient at generating free-carriers?"?2

and have good environmental stability.?3] Additionally, low- and
high-molecular-weight PCDTBT show comparable device per-
formance in these blends.?* This insensitivity allows the use
of low-molecular-weight PCDTBT (M, 5.99 kDa, PDI 2.24) to
enable high solution concentrations, increasing the range of
active layer thicknesses. Device fabrication is finished by screen
printing an array of anodes of PEDOT:PSS, a well-known hole
selective electrode, into the desired shape. The optimal all-
printed OPD device structure with the corresponding band dia-
gram is shown in Figure 1b with an anode and cathode work
function of 5 and 4.3 eV, respectively. It is also possible to fabri-
cate mostly printed inverted and standard geometry OPDs with
evaporated gold or aluminum top electrodes, respectively, which
will be compared to the all-printed devices later on. The role of
the interlayer work function, active layer thickness, and choice
of electrodes on device performance is investigated in order to
fabricate OPDs with high specific detectivity at high reverse bias.

Poor printing reliability has been a limiting factor for
improving device yield (the percentage of properly functioning
devices) and variability, with few reports of partially printed
OPDs demonstrating consistent performance over centimetric
areas.> The main challenge in printing is the uniform depo-
sition of thin interlayers®>! and patterned electrodes without
shorting through underlying layers.?% It has been shown that
spin coating PEIE on top of PEDOT:PSS decreases its work
function by 1.3 eV."”] However, very few accounts of variable
work function tunability without modification of the interlayer
molecule have been demonstrated through any deposition pro-
cess.l?l The work function of blade-coated PEDOT:PSS/PEIE
cathode, which is significantly more scalable than spin coating,
may be fine-tuned by changing the weight concentration of
PEIE in the blade-coated solution as summarized by Kelvin
probe measurements in Figure 2a. By changing the PEIE solu-
tion concentration between 0.05% and 1 wt%, we were able to
lower the work function of PEDOT:PSS from 5.15 eV to any-
where between 4.6 and 4.1 eV. Kelvin probe force microscopy
shows uniform work function modification for all measured
PEIE coatings on PEDOT:PSS. Figure 2b shows blade-coated
films of 0.4 wt% PEIE on PEDOT:PSS with 4.7 nm RMS
roughness and 29 meV variability in work function. Figure 2c is

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a map of work function measurements conducted on different
areas of 0.4 wt% PEIE coated on PEDOT:PSS cathode. From
this map, good uniformity of work function over centimetric
scales can be seen. This high homogeneity in work function
seen on both the macro- and microscale indicates the absence
of pinholes and other non-uniformities that lead to variability
in device characteristics. While the work function of the screen-
printed PEDOT:PSS paste on top of the active layer is not
tuned, it is still important to ensure good printing reliability as
shown by the uniform array in Figure 2d. The high viscosity
(see Figure S1, Supporting Information) of the paste results in
only 10-15 pm dewetting from the defined edge of the pattern,
which is insignificant compared to the 450 pm defined width
of each pixel. The homogeneity and work function tunability
of the electrodes established by printing allow a high degree of
control through which device performance may be optimized.
The reliability of our printing process allows us to examine
the effect of cathode work function on device performance for
the all-printed OPDs (see band diagram with PEDOT:PSS anode
in Figure 1b). The dependence of EQE and dark current density
on the PEDOT:PSS/PEIE cathode work function of these devices
are summarized in Figure 3a (see Figure S2, Supporting Infor-
mation for current-voltage characteristics). The PEDOT:PSS
cathode work function without PEIE, 5.15 eV, creates a unipolar
hole-transporting photoconductor that results in high dark cur-
rent density and low EQE at -5 V bias. Lowering the work func-
tion to 4.6 eV by printing 0.05 wt% PEIE in solution significantly
improves EQE to 67% but still has approximately the same high
dark current density. Decreasing the cathode work function to
4.3 eV by printing 0.4 wt% PEIE in solution retains about the
same EQE as the device with a 4.6 eV work function electrode,
but drastically reduces the dark current density to values below
1 nA cm™. Further decreasing the cathode work function to 4.1
eV by increasing the concentration to 1 wt% PEIE in solution
results in approximately the same dark current density but sig-
nificantly lower EQE. Initially decreasing the work function of
PEDOT:PSS results in an increase in EQE as an ohmic contact
is established between the cathode and electron acceptor. How-
ever, approximately the same high dark current density as the
device without PEIE is retained because the cathode lacks carrier
selectivity, permitting hole transport. The abrupt decrease in
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Figure 2. a) Work function of PEDOT:PSS measured using Kelvin probe force microscopy (KFM) as a function of PEIE solution concentration in
2-methoxyethanol. b) AFM (upper panel) and KFM (lower panel) measurements on PEDOT:PSS coated with a 0.4 wt% solution of PEIE in Figure 2a.
c) Photograph of printed cathode in Figure 2b with KFM results measured at several locations. d) Optical microphotographs showing an array of pat-
terned anode electrodes of an all-printed OPD array.

dark current density with decreasing the work function is attrib-
uted to the thickness-dependent hole-blocking properties of
PEIE,? leading to the OPD with the 4.3 eV cathode showing
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optimal detectivity (high EQE and low dark current density).
However, using a higher weight concentration of 1 wt% PEIE in
solution to further decrease work function leads to a significant

Figure 3. a) All-printed OPD (Figure 1b) mean external quantum efficiency (EQE) and dark current dependence on PEDOT:PSS/PEIE cathode work
function deposited in Figure 2a. b) All-printed OPD device yield at an applied reverse bias field of 88 kV cm™ and the corresponding dark current for
functional devices. c) Current—voltage characteristics of devices illustrated in Figure 1b with 570 nm thick active layers under dark and light conditions
at 532 nm and 1.03 yW cm™2. d) Dynamic response of all-printed OPD at 532 nm biased at =5 V.
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Table 1. Organic photodetector characteristics of the various structures illustrated in Figure 3b. Measurements were performed under 1.03 pW cm=2
at 532 nm at an applied reverse bias field of 88 kV cm™ in air without encapsulation.

Device Cathode/Work function Anode/Work function Active layer thickness EQE [%]/Bias  Jguu [PA cm™?]/Bias  D* (cm Hz%° W-")/Bias
geometry [eV] [eV] [nm] M M M

Inverted PEDOT:PSS + PEIE/4.3 Screen-printed PEDOT:PSS/5 235 61/-2.06 440/-2.06 2.2x10'%/-2.06
Inverted PEDOT:PSS + PEIE/4.3 Screen-printed PEDOT:PSS/5 380 69/-3.33 350/-3.33 2.83x10'%/-3.33
Inverted PEDOT:PSS + PEIE/4.3 Screen-printed PEDOT:PSS/5 570 55/-5 150/-5 3.4x103/-5
Inverted PEDOT:PSS + PEIE/4.3 Au/5.3 570 75/-5 740/-5 2.1x10%/-5
Standard Alj41 PEDOT:PSS/5.15 570 76/-5 280/-5 3.4x1013/-5

drop in EQE as a result of the insulating nature of PEIE, which
causes accumulated charges to recombine at the PEIE/active
layer interface and making it a poor electron extractor.””! Conse-
quently, it is important to focus on optimizing charge selectivity
for both carriers at the cathode. This is especially important
when depositing interlayers as decreasing the cathode’s work
function to the maximum extent does not necessarily lead to the
best OPD detectivity.

The thickness of the BH] layer has been shown to influence
device yield and dark current,1%2] making it an important
parameter to control. Table 1 shows all-printed OPD perfor-
mance for several film thicknesses at a constant applied field
of 88 kV cm™ (corresponding to 5 V across 570 nm). Figure 3b
shows the yield (the percentage of devices, which are not shorted
and exhibit photodiode behavior) and dark current density for
the all-printed OPDs for various BH]J layer thicknesses. A BHJ-
active layer thickness of 570 nm, the maximum thickness as
limited by the solubility of the donor and acceptor in solution,
exhibits perfect yield for 23 measured devices. Thinner active
layers resulted in lower yields with the common failure being
soft breakdown past a certain reverse bias (see Figure S3, Sup-
porting Information). For functional devices under the applied
field, dark current density decreases for increasing thickness.
Film imperfections have a more significant effect for thinner
BHJ layers, resulting in more leakage paths that increase dark
current density under reverse bias and the likelihood of break-
down. Additionally, the built-in field resulting from the asym-
metry in work function between the electrodes increases with
thinner BH]J layers. This renders devices more susceptible to
increased dark current density and breakdown even when the
applied reverse bias is scaled to BH]J layer thickness. It should
be noted the effect of BH]J layer thickness on dark current den-
sity is orders of magnitude less significant than the work func-
tion of the cathode as seen in Figure 3a, which underpins the
importance of carrier selectivity at interfaces. While the dark
current levels were too low for direct noise measurements, the
noise spectral density from the photocurrent is found to be flat
(no flicker noise behavior) and in close agreement with the
theoretical shot noise (see Figure S4, Supporting Information).
This observation suggests minimal noise generation from
other sources such as trap states, validating the assumptions in
Equation 1. Using this equation, the thickest devices offer the
highest average specific detectivity of 3.4 X 10'* cm Hz%> W' as
a result of their low dark current density.

The top electrodes in OPDs have traditionally been thermally
evaporated[>#0-81628] and therefore constitute a benchmark for

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

printed electrodes. Thermally evaporated top metal electrodes
in both inverted and standard device geometries are compared
to the all-printed OPD for 570 nm thick active layers. The
gold electrode (5.3 eV) has a lower hole barrier than printed
PEDOT:PSS (5 eV) while the aluminum electrode (4.1 eV) has
a lower electron barrier than the printed cathode (4.3 eV) as
seen in the band diagrams of Figure 1b. The inverted geom-
etry devices with gold electrodes exhibit on average an EQE of
75% at =5V, greater than the 55% seen in the all-printed OPD
as summarized in Table 1. However, the gold electrode OPD’s
dark current density of 740 pA cm™ is much larger compared
to the all-printed devices of 150 pA cm™. A standard geometry
device with an evaporated aluminum electrode has an EQE of
76% at =5 V, similar to the inverted gold anode device, and a
dark current density of 280 pA cm™2, which is still higher than
that of the all-printed OPD. The EQE and dark current values
of our standard devices are similar to other OPDs fabricated
from spin coating using the same materials, layer thicknesses,
and device architecture.?”l Looking at the J-V curves shown
in Figure 3c, the differential shunt resistance of the dark cur-
rent at =5 V of the all-printed OPD, 1 x 10! Q cm?, is sig-
nificantly higher than that of the OPDs with aluminum or gold
top electrodes, 1.2 x 10'° and 8.7 x 10° Q cm?, respectively. The
high shunt resistance of the all-printed OPD indicates that the
device’s lower dark current density is the result of a low density
of defect-induced traps at the active layer-electrode interface,
which minimizes parasitic leakage paths.?”) Consequently,
the higher dark current density of the OPDs with metal elec-
trodes is believed to be the result of the diffusion of evaporated
metal into the active layer, which is especially pronounced for
gold.BYU Additionally, the hydrophobicity of the active layer
could prevent the aqueous screen-printed PEDOT:PSS solu-
tion from diffusing into small imperfections in the active layer.
The lower EQE of the all-printed OPD compared to either
OPD with low charge injection barrier metal electrodes is in
accordance to the finding that higher anode and lower cathode
work function electrodes in organic diodes are more efficient
at charge collection.??l Despite the inferior charge collection
abilities of all-printed OPDs, they show a linear dynamic range
over five orders of magnitude, with an average EQE of 55% as
shown in Figure 3d. Devices fabricated from a thinner active
layer (235 nm) show 3-dB cutoff frequencies of 5 and 50 kHz
when biased at —2.06 and —5 V, respectively (see Figure S5
and Table S1, Supporting Information). This jump in cutoff
frequency by an order of magnitude with applied bias, which
normally varies linearly with bias,>*] and the higher frequency
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response for similar devices with an aluminum cathodel?’!
also suggest that carrier extraction at the electrodes could be
a limiting factor for the all-printed devices. Albeit the lower
aluminum cathode and higher gold anode work functions that
improve carrier extraction, devices with a thermally evaporated
top electrode exhibit marginally lower detectivities at higher
reverse biases than all-printed OPDs as a result of their high
dark current.

Operational bias, stability, and device variability are as
important as standard photodiode performance metrics when
designing devices for systems level applications. The dynamic
range of image sensors is determined by the well capacity of
the photodiode to store photogenerated charge Q. according
to Equation (2), where Cpp, Vg, € topp, E;pplica Tepresent OPD
capacitance, reverse bias, dielectric permittivity, active layer
film thickness, and applied electric field, respectively.!*14 In
order to augment the well capacity, E,ypieq can be increased
by either increasing Vyp or thinning topp. Figure 4a shows
that our all-printed OPD offers higher specific detectivity
at higher applied fields, maximizing well capacity, and thus
dynamic range, in comparison to other OPDs in the literature
(assuming dielectric constant to be similar between the var-
ious BHJ-active layers).[l:+6-10202834 T quantify the stability
of the device’s specific detectivity, it is important to examine
the effect of bias stress since photodiodes are continuously
biased in most light-sensing systems.[*1314 The all-printed
OPDs tested in air, which were initially left in the dark for 24 h,
were stable for 3—4 h when continuously biased at -5 V with
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simultaneous periodic light-dark exposure (50% duty cycle)
as shown in Figure 4b. However, Figure 4c shows a lengthy
periodic light exposure of 20 h led to a significant increase in
both mean EQE, from 55% to 70%, and mean dark current
density, from 150 to 720 pA cm~2, for 23 OPD pixels (each
with 0.16 mm? photoactive area) measured over an area of
4.5 cm? regardless of whether the OPDs were electrically
biased. This corresponds to a mean drop in specific detectivity
from 3.45 x 103 to 2.01 x 10'3 cm Hz" W' while the coef-
ficient of variation (standard deviation/mean) decreases from
15% to 9%. It is believed that the simultaneous increase in
EQE and dark current density is the result of photo-oxidation
mechanisms, which dope the active layer and have been shown
to increase both on and off current in organic thin film tran-
sistors.l*®l This is supported by the observation that devices left
in nitrogen exposed to light continuously for several months
exhibit negligible change in EQE and dark current density
(see Figure S6, Supporting Information). The EQE spectrum
of the post-light biased all-printed OPD in Figure 4d shows
more than 50% EQE through most of the visible spectrum.
The significant increase in EQE from 0 to —1 V is a result of
the inherent low charge mobility of PCDTBT:PC,;BM BH]
blends, which is further exacerbated by thermal annealingl®®
during the printing process. While the high optical den-
sity of thick active layers typically show flat EQE spectra,’?”!
the gradual decrease in EQE between 500 and 600 nm is a
result of increased absorption in our PEDOT:PSS cathode for
wavelengths above 500 nm.[>’] Despite the decrease of specific

b —
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= . o ® o0 --.ou..-—/
8 10-10
0.3 1 3 10
Time (hours)
d
100
— -5V

500
Wavelength (nm)

600 700 800

Figure 4. a) Comparison of specific detectivity at various applied fields (reverse bias voltage/film thickness) for all-printed OPDs and other OPDs
published in the literature calculated according to Equation (1). b) An all-printed OPD (Figure 1b) biased continuously at =5 V for 20 h in air alternating
between light (532 nm) and dark with a 50% duty cycle. c) Scatter plot of EQE, dark current and detectivity of all-printed OPDs that were left for 24 h
in the dark in air prior to measurement and exposed to the same conditions in Figure 4b. d) EQE spectral response of post-biased OPD under various

applied reverse biases under 3-6 yW cm.
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detectivity over the course of several hours, the stability of our
devices when kept long term in the glovebox and short term
in air suggests that even rudimentary encapsulation could
preserve as-fabricated device performance for a significantly
longer amount of time as has been shown for organic photo-
voltaic cells.?]

Quetl = CppVrgp o< Vg [ torp = EEapplied (2)

In summary, highly scalable and inexpensive manufacturing
techniques such as doctor blade coating and screen printing
can be used to deposit each layer of an OPD in order to create
high-performance devices on plastic substrates. These scal-
able printing techniques are precise enough to tailor the per-
formance of the OPDs over large areas with good uniformity.
Specifically, the PEIE interlayer’s hole-blocking properties has a
profound impact on dark current and is well controlled through
doctor blade coating. Controlling active layer thickness ensures
good reliability and minimized dark current even under large
applied fields needed to maximize well capacity. Finally, all-
printed OPDs display high detectivity as a result of their low
dark current density in comparison to OPDs with thermally
evaporated metal electrodes. Through these considerations we
demonstrate high yield low variability all-printed OPD arrays
that achieve average specific detectivities as high as 3.45 X
10" cm Hz% W' under a bias of =5 V. The detectivity of these
all-printed OPDs is competitive with conventional inorganic
photodiodes and can pave the way to inexpensive, ubiquitous
and large area optical systems.

Experimental Section

Device Fabrication: Teijin films provided the PEN substrates used for
the OPDs. A 50 W plasma was applied through a stencil to define a
central hydrophilic strip onto which PEDOT:PSS (Sigma—Aldrich 739316)
was doctor bladed at 1.6 cm s™! with a 200 pm gap, using a Zehntner
ZUA 2000 blade coater, then annealed for 10 min at 120 °C. The samples
were then transferred to a nitrogen glove box where PEIE was coated
onto PEDOT:PSS at 1.6 cm s™' with a 100 ym gap then annealed for
10 min at 100 °C. A 1:3 PCDTBT(St-Jean Photochimie):PC;;BM(Solaris
Chem) solution dissolved to 80 mg mL™" in chlorobenzene was blade
coated on a 40 °C platform at 2.8 cm s™' with a 200 ym gap and
maintained at that temperature for 2 h. The sample was pre-annealed
at 120 °C for 10 min before transferring back to air to have 0.16 mm?
PEDOT:PSS (4:1 mixture of Agfa Gevaert EL-P5015: Clevios P VP Al
4083) pixels screen printed at 10 cm s™' using an ASYS ASP 0TM screen
printer. Devices were dried out under vacuum for 10 min before being
annealed in a glove box at 120 °C for 5 min. Devices with aluminum
or gold electrodes were deposited by thermal evaporation at a base
pressure of 5 x 107 Torr at 0.5 nm s

Device Characterization: A Veeco 6M Dektak profiler measured film
thickness while an NT-MDT NTEGRA Prima AFM measured topography
and work function. An Agilent B1500a semiconductor parameter analyzer
measured current—voltage characteristics except for EQE measurements
during which a Keithley 2400 was used. A shielded probe station was
used to ensure a dark and low-noise environment. Open measurements
and a Hamamatsu S2387-66R calibrated silicon photodiode were used
to ensure faithful dark and light current readings. An Agilent 3567A
power spectrum analyzer, Electro Optical Components DHPCA-100
transimpedance amplifier and Tektronix TDS3014 oscilloscope were
used for noise and frequency measurements.
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Figure S1: Viscosity of screen printed PEDOT:PSS undiluted (Courtesy of Agfa Gevaert)
and diluted in CLEVIOS PVP Al 4083.
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Figure S2: a) Light (1 yW/cm? @ 532 nm) and dark current-voltage characteristics of
all-printed OPDs with no PEIE and 0.05 wt. % PEIE solution deposited for the
cathode. b) Light (1 pyW/cm? @ 532 nm) and dark current-voltage characteristics of
all-printed OPDs with 0.4 wt. % and 1 wt. % PEIE solution deposited for the cathode.
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Figure S3: a) Current-voltage characteristics of all-printed OPDs with 235 nm active layer
thickness under reverse bias for multiple devices. b) Current-voltage characteristics of
all-printed OPDs with 380 nm active layer thickness under reverse bias for multiple
devices. Device yield was taken according to whether the device broke down prior to
reaching the applied field of 88 kV/cm as indicated by the red dashed line at the
corresponding bias.
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Figure S4: a) Setup for photocurrent noise measurement. b) Spectral noise density of
photocurrent (33 and 56 nA) under different light intensities, for all-printed OPDs (solid
lines) measured at short circuit with the corresponding theoretical value of the shot
noise (dashed lines). The noise floor of the instrumentation is approximately 10™*
A/Hzl/z. No different was observed when measuring photocurrent noise under reverse
bias as the noise from the dark current is well below the detectable range of the
instrumentation.
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Figure S5: a) Frequency response of an all-printed OPD with a 570 nm active layer and

0.16 mm? active area under sine-modulated light at various biases. b) Same as a) but for
a 235 nm active layer.

Table S1: All-printed OPD frequency response for various BHJ active layer thicknesses

and biases.
BHJ Thickness Bias Applied Field Internal Field f ;
3dB
570 nm oV 0 kvicm 12 kV/icm 500 Hz
570 nm -3V 53 kV/cm 65 kV/cm 1 kHz
570 nm 5V 88 kV/cm 100 kv/icm 2 kHz
235 nm -2.06 V 88 kV/cm 117 kvicm 5 kHz
235 nm -5V 213 kvicm 243 kV/icm 50 kHz
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Figure S6: EQE and dark current of a batch of all-printed OPDs measured the day of
fabrication and 211 days after being stored in nitrogen while exposed to ambient light.
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Figure S7: EQE at various light intensities (532 nm) for small (0.29 mm?) and large (3.8

mm?) standard geometry partially-printed devices with an evaporated aluminum top
electrode.



