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Charge-integrating organic heterojunction
phototransistors for wide-dynamic-range

image sensors

Adrien Pierre*, Abhinav Gaikwad and Ana Claudia Arias

Solution-processed phototransistors can substantially advance the performance of image sensors. Phototransistors exhibit
large photoconductive gain and a sublinear responsivity to irradiance, which enables a logarithmic sensing of irradiance
that is akin to the human eye and has a wider dynamic range than photodiode-based image sensors. Here, we present a
novel solution-processed phototransistor composed of a heterostructure between a high-mobility organic semiconductor
and an organic bulk heterojunction. The device efficiently integrates photogenerated charge during the period of a video
frame then quickly discharges it, which significantly increases the signal-to-noise ratio compared with sampling photocurrent
during readout. Phototransistor-based image sensors processed without photolithography on plastic substrates integrate
charge with external quantum efficiencies above 100% at 100 frames per second. In addition, the sublinear responsivity to
irradiance of these devices enables a wide dynamic range of 103 dB at 30 frames per second, which is competitive with

state-of-the-art image sensors.

area and distributed optoelectronics for health monitoring'?

and energy harvesting®. Printable photodetectors, including
phototransistors and photodiodes, have potential for the creation
of low-cost but high-performance image sensors on flexible
substrates*!2, and could open new methods of imaging not possible
with rigid substrates'>!4. Phototransistors produce photoconductive
gain, which is not seen in photodiodes, and results in external
quantum efficiencies (EQEs) well over 100% (refs 15-20). These
devices also have a sublinear responsivity (decreasing EQE) to
irradiance®?!, as opposed to the linearity (constant EQE) of photo-
diodes®. Figure la compares the charge output, as a function of
irradiance, from an image sensor pixel for a photodiode and a
phototransistor. In low lighting, photoconductive gain in the photo-
transistor enables higher EQEs than the photodiode-based pixel.
The sublinear responsivity of phototransistors to irradiance prevents
photogenerated charge from saturating the charge capacity of the
photodetector in the pixel (well capacity) or readout circuitry at
high irradiances. The combination of photoconductive gain and
sublinear responsivity of a phototransistor-based pixel leads to a
wider dynamic range than a photodiode-based pixel.

Intra-pixel integration of photogenerated charge is necessary to
achieve a high signal-to-noise ratio (SNR) at video frame rates.
Figure 1D illustrates the rolling shutter addressing scheme used in
most consumer image sensors’>?®, in which charge is integrated
in the pixel starting at the beginning of the frame. The integrated
charge from each pixel in a row of the array is simultaneously
read out from the column lines as each row is scanned. The SNR
of the integrated charge is substantially larger than the instan-
taneous photocurrent when scanning each row. Up to now, only
monolithically integrated solution-processed organic photodiodes
(OPDs) and thin-film transistors (TFTs) have been shown to
operate at video frame rates, which are on the order of 30 frames
per second (f.p.s.)****. Monolithic integration of OPDs and TFTs
is complicated by differences in geometries, electrodes and active

Printed electronics allow the fabrication of inexpensive, large-

layers, and requires heterogeneous assembly. On the other hand, a
phototransistor capable of charge integration'®?¢ and a fast response
time!”?”2% can operate at higher efficiencies, have a wider dynamic
range, and simplify pixel fabrication. Previous developments in
high-detectivity solution-processed phototransistors for image
sensing show high EQEs using direct photocurrent sampling!>1%%°
or integration on the order of seconds!®?%. However, none has
been shown to integrate photogenerated charge at video frame rates.

An array of pixels that is addressable and readable from external
components is required for image sensors. Using the same depos-
ited source-drain and gate electrodes as read and address lines,
respectively, and a gate dielectric layer between these lines, simplifies
the fabrication process and is commonplace for both lithographi-
cally processed!®1>19262930  and printed device arrays’!-3.
However, highly resistive read lines may result from source-drain
electrodes typically not being optimized for conductivity but
rather for charge injection and extraction from the semiconductor.
Additionally, the gate dielectric is optimized for high areal capaci-
tance to increase the transconductance of the pixel, resulting in
high parasitic capacitances where address and read lines overlap.
The high resistance and capacitance of these lines slows scan rates
and causes parasitic charge injection, which raises the noise floor
of a pixel’s signal?.

Here, we demonstrate solution-processed image sensors on
plastic substrates processed without photolithography, using a
novel phototransistor architecture based on an organic heterostruc-
ture of a high-mobility semiconductor deposited on a mixed donor—
acceptor bulk heterojunction (BHJ). These devices show a mean
mobility of 1.47 cm®* V™' 57!, an on-off ratio of over 1 x 10°, and
EQEs above 1,200% in the on state. Image sensors are formed by
screen-printing address and read lines on top of an array of discrete
devices to reduce the resistance and parasitic capacitance of the read
and address lines. The fast readout time and photoconductive gain
of the phototransistors enables charge integration at frame rates up
to 100 f.p.s. with EQEs over 100% at irradiances below 1 yW cm™>
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Figure 1| Image sensing and phototransistor device architecture. a, Dynamic range of integrated charge for a pixel using a photodiode (linear responsivity)
and a phototransistor (sublinear responsivity with photoconductive gain). b, Rolling shutter row-addressing scheme used in commercial image sensors for
integration and readout of photogenerated charge during a frame period. ¢, Band diagram of the phototransistor device showing the migration of a
photogenerated hole from the PCDTBT:PC#BM donor-acceptor BHJ to the high-mobility semiconductor DNTT. d, Schematic and cross-sectional view of the
phototransistor device and a chronological list of all deposited layers.
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Figure 2 | Phototransistor quasi-static device performance. a, X-ray diffraction peaks of DNTT film on PCDTBT:PC5,BM. b, Dark transfer characteristic of a
phototransistor for forward and backward sweeps at a rate of 5V s™. ¢, Statistical variability of mobility and on-off ratio for 40 devices. d, Output
characteristics and EQE of a phototransistor in the dark and under an irradiance of 40 pW cm2 at 532 nm.
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Figure 3 | Phototransistor-based pixel architecture and operation. a, Schematic and cross-sectional view of phototransistor-based pixel. b, Drive (V) and
readout (Q;y) scheme of pixel operation. The first phase and vast majority of the frame period is charge integration of electrons (blue) followed by a fast
discharge of the electrons through recombination with injected holes (red) to quickly read out the signal.

at 532 nm. A dynamic range of 103 dB at 30 f.p.s. is achieved as a
result of the sublinear responsivity of these devices. This perform-
ance is competitive with consumer image sensors, which show
EQEs below 100% and dynamic ranges of ~70 dB (ref. 22).

Results and discussion

Phototransistor device architecture and characterization. The
channel architecture of the phototransistor is essential for maximizing
photodetector performance. Phototransistors using only a BHJ
channel have been shown to exhibit broad absorption spectra®, but
the disordered nature of BHJs makes it difficult to approach mobilities
of 1 cm® V' s7" (ref. 27). Conventional high-mobility semiconductors
such as dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT)!%*
and various metal oxides®*® operate as phototransistors, but their
photonic performance is limited by low absorption outside the
ultraviolet region due to their wide bandgaps. On the other hand, the
properties of these devices can be combined by forming a
heterojunction between a good absorber that efficiently generates
electron-hole pairs and high-mobility semiconductor to rapidly
transport the carriers out of the device!**36%. Organic BHJs and
high-mobility organic heterostructures have been demonstrated for
light-emitting transistors***, but no studies have been carried out on
photodetectors such as phototransistors, to the best of our knowledge.
The channel of our device (Fig. 1c) is composed of DNTT
thermally evaporated on top of printed poly(N-9'-heptadecanyl-
2,7-carbazole-alt-5,5-(4’,7'-di-2-thienyl-2’,1',3’-benzothiadiazole)):
[6,6]-phenyl-C;,-butyric acid methyl ester (PCDTBT:PC;,BM), a
broad-absorption BHJ with high internal quantum efficiency®.
Thermal evaporation also circumvents the lack of organic

semiconductor solvents orthogonal to PC;;BM (ref. 41). It is
energetically favourable for photogenerated holes in the highest
occupied molecular orbital (HOMO) of PCDTBT to enter DNTT,
while electrons are trapped in PC;BM due to the high lowest
unoccupied molecular orbital (LUMO) of DNTT. This charge
carrier selectivity ensures high photoconductive gain, which is
dependent on the ratio of minority carrier lifetime (electron, 7,) to
the transit time of the majority carrier (hole, 7). The
heterojunction channel is deposited on top of PEDOT:PSS source-
drain electrodes printed on a flexible plastic substrate using surface-
energy-patterned doctor blade coating, previously developed for
organic TFTs (ref. 42). A fluoropolymer gate dielectric is blanket-
coated over the whole substrate with aluminium forming the gate
electrode. Figure 1d shows the final schematic of the device with a
defined channel width and length of 650 pm and 80 um, respectively.

The phototransistor channel film quality and quasi-static perform-
ance are assessed before implementation as an image-sensing pixel.
Figure 2a shows the out-of-plane X-ray diffraction (XRD) intensity
profile of the DNTT film on top of the BHJ. The peaks at 5.9°
10.95° and 16.4° are well matched to the (001), (002) and (003)
peaks, respectively, as previously reported for high-mobility DNTT
films®®. A transfer characteristic for a typical device in the dark
shown in Fig. 2b exhibits a saturation mobility of 1.38 cm”> V™'s7/,
an on-off ratio of 1 x 10°, and very little hysteresis. These devices
also have a close fit to the ideal square-law behaviour
(Supplementary Fig. 1), validating the use of the square-law model
to extrapolate mobility. Multiple TFTs were characterized in the
same fashion to examine uniformity across an area of 1.2 cm? (as sum-
marized in Fig. 2¢), with a transistor yield of 40 out of 41. The mean
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Figure 4 | Phototransistor-based pixel characterization. a, Dynamic
response of integrating charge and EQE of the rate of integrating charge
(labelled ‘instantaneous EQE") for the phototransistor-based pixel at
irradiances of 40 and 323 pW cm™2 at 532 nm. b, Dynamic response of the
discharge to readout light signals after an integration period of 32 ms for
irradiances of 1.4, 40 and 323 pW cm™2 at 532 nm. ¢, EQE of integrated
charge, labelled ‘EQE;,; measured at readout from 416 to 784 nm at
irradiances varying between 5 and 10 pW cm™2 at 30 f.p.s., with error bars
signifying the standard deviation of the signal. Also shown are the
absorption coefficients of the DNTT and PCDTBT:PC+BM layers of

the phototransistor.

and standard deviation saturation mobility, log (I,,/I¢) and threshold
voltage are 1.47 +0.16 cm* V™' 57", 525+ 0.192 and —2.48 + 0.438 V,
respectively (see Supplementary Fig. 2 for the threshold voltage histo-
gram). The saturation mobility of these devices is comparable to the
value of 2.1 cm® V™' s™' measured in long-channel (40-50 um) con-
ventional DNTT TFTs deposited on an n-tetradecylphosphonic acid
self-assembled monolayer (SAM) with gold top-contact electrodes®**.
This comparable performance and the proper diffraction peaks suggest
this BHJ induces crystallization in DNTT, similar to alkyl SAMs
(ref. 46), despite an intermediate water contact angle of 81+7°
(Supplementary Fig. 3). The output characteristic of a typical device

in the dark and under an irradiance of 40 yW cm™ at 532 nm, as
well as the EQE, are shown in Fig. 2d. Contact resistance results
from a hole barrier of at least 300 meV between the PEDOT:PSS
and DNTT imposed by PCDTBT, as seen in Fig. lc, because this
effect is not observed for high-mobility materials deposited directly
on PEDOT:PSS (ref. 42). The contact barrier is probably higher than
300 meV, because fullerene-based acceptors have been shown to segre-
gate to the bottom interface?”. Despite the contact resistance, EQE
increases linearly with Vgp in the triode region, as described for an
ideal photoconductor in equation (1)

T
Ip sight = Lsp.dark = Alsp jighe = qG A <?“)

t

uv.
() m

where g, G,, y, A and L are the electron charge (in C), the areal photo-
generation rate of electrons in the channel (in cm™s™'), mobility
(in cm® V7', photoactive area (in cm?), and channel length
(in cm), respectively. These devices have high output saturation resist-
ance and an EQE, defined according to equation (2)

T,)

Al SD,light

EQE =
Q qPA

2)

where @ is photon flux (in cm 2 s7Y), above 1,200% at Vgg=—-15V.
Given the EQE of 63% for an OPD using the same BHJ layer as the
phototransistor (Supplementary Fig. 4), these devices amplify the
photocurrent by up to a factor of 19, and the electron lifetime in
the channel is ~80 ps in the on state, according to equation (1). The
EQE saturates when the device enters the saturation region, because
the accumulated carriers at the drain pinch off, fixing the channel
voltage drop at higher Vp.

Phototransistor pixel operation and performance. Reading out
the integrated photogenerated charge after a frame period, as
illustrated in Fig. 1b, has a significantly higher SNR than
sampling the instantaneous photocurrent during each row scan. It
is optimal for a device to integrate charge in the regime of
maximal SNR, which increases for higher light-to-dark current
ratio. This ratio is 1.02 and 20 for the phototransistor in the on
(Vo< Vr) and off (Vg> Vy) state, respectively, at 40 pW cm™>
(Supplementary Fig. 5), making it optimal to integrate charge in
the off state. A pixel is created by connecting a biasing capacitor
in series with the source of the phototransistor (Fig. 3a) to
minimize dark current through the channel and manage parasitic
charge injection from overlapping source-gate electrodes.
Figure 3b illustrates the mechanisms occurring in the pixel during
integration (off state) and discharge (on state) for a rolling shutter
addressing scheme. An external charge amplifier is connected to
the drain of the phototransistor to monitor charge output and
place the drain at virtual ground. The biasing capacitor
compensates for the change of charge in the source electrode
when the device is switched to the integration mode, which biases
Vsp=5V at the start of integration (for calculations see
Supplementary Fig. 6). Holes are extracted at the drain upon
illumination because Vgp > 0, causing a drop in the output voltage
of the charge amplifier and leaving behind trapped electrons in
the channel. Switching the pixel to the on state discharges the
device by injecting holes, which recombine with the trapped
electrons in the channel. When the charge retention during
integration is high, the amount of integrated charge is equivalent
to the discharge during readout.

Examining the photocurrent at the drain electrode during inte-
gration provides insights into carrier dynamics not described by
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Figure 5 | Phototransistor-based image sensor. a, Schematic view of phototransistor-based image sensor with the top and bottom insets showing
screen-printed address-readout line overlap and a via interconnect to an underlying drain electrode, respectively. b, Optical micrograph of the partially

printed image sensor and the associated circuit schematic below.

steady-state phototransistor behaviour>*3. Figure 4a shows the inte-
grated photogenerated charge and the EQE of the rate of integrating
charge, labelled ‘instantaneous EQE’, during light exposure for irra-
diances of 40 yW cm™ and 323 uW cm™>. The instantaneous EQE
initially increases at the same rate for both irradiances, which is
attributed to the slow transit time of holes to reach the drain due
to the lower mobility in the off state. This transit time phenomenon
is supported by the continuing collection of charge for several milli-
seconds after the light source is turned off, as shown in Fig. 4a.
Persistence of photocurrent from photoconductive gain is negligible
at this timescale because the minority carrier lifetime in the channel
is calculated to be 80 ys under an irradiance of 40 yW cm™. Durin%
illumination, the instantaneous EQE peaks at 12 and 7% at 40 yW cm™
and 323 uW cm™>, respectively, before decreasing. The decrease in
efficiency with integration time is attributed to the accumulation of
electrons in the channel, which increases the probability of recombi-
nation with holes. Additionally, instantaneous EQE peaks at higher
values at lower irradiances, because the slower rate of electron trap-
ping lowers the probability of recombination. The EQE of the pixel
is lower than the peak EQE of the discrete phototransistor because
the capacitor blocks direct current flow, thus reducing Vsp and in
turn photoconductive gain.

Discharge, the phase after integration, is used to read out the
amount of integrated charge during a frame period. The discharge
dynamics are shown in Fig. 4b for irradiances of 1.4, 40 and
323 uW cm? after an integration time of 32 ms, which corresponds
to 30 f.p.s. with a 95% integration duty cycle over the frame period.
Over 90% of the integrated charge is discharged in 60 ps for all irra-
diances before settling to a steady output. The similarity of the dis-
charge time to the minority carrier lifetime of 80 ps suggests that the
injected holes travel quickly through the high-mobility DNTT
before recombining with trapped electrons in the channel, as illus-
trated in Fig. 3b. In addition to fast readout times, high charge reten-
tion is desirable during integration to minimize the loss of trapped
electrons before discharging. Modulating the readout delay (the
time between the end of light exposure and discharge) is a
method that can be used to assess the charge retention of a
device?®®. It is found that the pixel retains over 99% of the original
stored charge for readout delays of 20 ms and 93% for delays of
60 ms (Supplementary Fig. 7). This charge retention enables the
total amount of photogenerated charge integrated at video frame
rates, with integration periods on the order of 10 to 30 ms, to be
accurately determined by reading out the discharge.

Using the rolling shutter scheme in Fig. 3b and reading out the
amount of integrated charge through the discharge, the spectral

response of the pixel is measured by the EQE of integrated
charge, EQE;y, over a period of 30 fp.s. (32 ms integration time),
as shown in Fig. 4c. EQE;,,, is defined in equation (3)

_ Photocharge  Quisjight ~ Quis dark

qot, A 3)

EQE,
Q int q®tintA

int —

where photocharge is the difference in pixel discharge under illumi-
nation (Qujslighe) and in the dark (Qgjs dari)- Integration time (in s) is
denoted by f;,,; (see Supplementary Fig. 8 for an analysis on photo-
sensitive regions of the phototransistor pixel). The similarity
between the spectrum of EQE;,, and the absorption spectrum of
the BHJ below the absorption cutoff of DNTT shows that the BHJ
layer is responsible for photogeneration. A sharp increase in
EQE;,; in the blue-ultraviolet spectrum is attributed to the onset
of absorption in DNTT.

Printed imager fabrication and performance

An array of pixels are connected to form an image sensor that is
addressable by the gate electrodes in each column to control charge
integration and discharge with charge readout through the drain elec-
trodes in each row. The issues of high-resistance source—drain electro-
des and large overlap capacitance from the gate dielectric are
circumvented by screen-printing separate metal and dielectric layers
on top of a discrete array of pixels (Fig. 5a). The sheet resistance of
the screen-printed lines (0.1 Q(0™") and address-read line overlap
capacitance (0.2 nF cm™) are far lower than those of the printed
source—drain electrodes and gate dielectric (1 k) 0! and 10.6 nF cm ™2,
respectively). Read lines are connected to the drain electrodes buried
under the gate dielectric via inkjet-printed silver bumps that pro-
trude above the surface of the gate dielectric, as shown in the
inset of Fig. 5a. A micrograph of the fully assembled array and
circuit diagram depicting addressing (column) and readout (row)
are shown in Fig. 5b.

The dynamic range and EQE;, at various frame rates are used as
figures of merit to quantify pixel performance. The integrated charge,
as determined by the pixel’s charge readout 150 ps after discharge as
a function of irradiance at 532 nm is shown in Fig. 6a for 5, 30 and
100 f.p.s. with a 95% integration time duty cycle. The noise floor is
taken as the standard deviation of the readout dark charge and is
independent of frame rate. Lower frame rates integrate more charge
at a given irradiance, because the integration time is longer, giving
a higher SNR and decreasing the irradiance at which the integrated
signal equals the noise floor (noise-equivalent power). For low light-
ing, ranging from 10 nW cm™> to several uW cm™, the integrated
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Figure 6 | Phototransistor-based image sensor characterization.

a, Dynamic range of the readout signal from a phototransistor pixel in the
image sensor measured at 5, 30 and 100 f.p.s. with a 95% integration time
duty cycle for light at 532 nm. Error bars represent standard deviation of the
signal. b, EQE of integrated charge measured at readout for dynamic range
measurements in a from a phototransistor pixel (PT) and a photodiode pixel
(PD). ¢, Images taken of the letters ‘C’, ‘A" and ‘L' through a shadow mask at
various background irradiances across separate 4 x 4 pixel image sensors at
30 f.p.s. A 95% integration time duty cycle is used and charge is readout
150 ps after discharge. The blue pixel is a defective pixel.

charge increases with irradiance by the power of 0.655 for all
measured frame rates. This power law decreases to 0.203 at higher
irradiances, which is indicative of the onset of an additional recombi-
nation mechanism at high carrier densities. The sublinear response of
the pixel enables a wide dynamic range because it prevents saturation
of the pixel or readout circuitry at high irradiances, as explained in

Fig. la. As a result of this response characteristic, the dynamic range
of irradiance measured by the pixel is at least five orders of magnitude,
or 103 dB, calculated according to equation (4), at 30 f.p.s.:

I
Dynamic range = 201log,, (I::ma"> dB (4)

In comparison, a conventional charge-integrating photodiode pixel
architecture composed of a photodiode in series with a transistor®*?>
made of the same material set as the phototransistor has a dynamic
range of 64 dB at 30 f.p.s., which is similar to the 70 dB of consu-
mer-grade CMOS sensors* (see Supplementary Fig. 9 for photo-
diode-based pixel architecture and performance). Figure 6b shows
EQE;,, of the phototransistor pixel (PT) measurements in Fig. 6a
and a photodiode pixel (PD) at 30 f.p.s. for comparison. The efficiency
decreases with longer integration times (lower fp.s.) and higher irra-
diances, because the build-up of electron density in the channel
increases the probability of recombination with holes, as previously
discussed with regards to Fig. 4a. Photoconductive gain is enabled
by stored charge in the biasing capacitor of the phototransistor pixel
that is injected into the channel and results in EQE;,, values above
100% at low irradiances. In comparison, the photodiode pixel is
limited to the EQE of the photodiode at low irradiances, which is
63% (Supplementary Fig. 4). The phototransistor pixel is also more
efficient than the photodiode pixel across its dynamic range, which
ends at the saturation of the photodiode’s well capacity (see
Supplementary Fig. 9 for the dynamic range plot). The decrease in
the phototransistor pixel's EQE,,, with increasing irradiance creates
the sublinear responsivity of these pixels, resulting in wide
dynamic range.

Image quality was characterized by reading out the integrated
charge from pixels driven through address lines for projection-
based images of three letters imaged on separate arrays. Figure 6¢
shows the images taken at various background lighting intensities
at 30 f.p.s. calibrated according to the response in Fig. 6a. The
photoresponse non-uniformity, which is the ratio of the standard
deviation to mean integrated charge for illuminated pixels in
the array, is 19% at 198 n\W cm™ and 15% at higher irradiances.
This low variability results in good uniformity within both illumi-
nated and dark regions. Image lag, the persistence of a light signal
from a pixel in frames after the light source is turned off, was
measured at 30 f.p.s., as shown in Supplementary Fig. 10. The
measured irradiance decreases to 10% of the original value one
frame (33 ms) after the light source is extinguished and to 1%
after six frames (200 ms).

Conclusion

Image sensors using a novel phototransistor architecture composed of
an organic BHJ-high-mobility semiconductor heterojunction are
demonstrated in this work. The proven synergy of these two material
systems can open new avenues of devices and systems research.
Efficient intra-pixel integration of photogenerated charge and fast dis-
charging enables imaging arrays of these devices to be operated
between 5 and 100 f.p.s. with EQE;,,; above 100% at low irradiances.
In addition, the dynamic range of at least 103 dB measured at 30 f.p.s.
exceeds that of the control photodiode pixel??. Finally, these devices
were fabricated without photolithography using scalable mass pro-
duction techniques, opening the possibility of ubiquitous, inexpensive
and high-performance imaging systems.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Phototransistor device fabrication. A 90 x 105 mm” polyethylene naphthalate
(DuPont Teijin, PQA1) substrate was rinsed in isopropanol and blow-dried. The
substrate was then exposed to air plasma (Tegal, Plasmod) for 10 s before being
exposed to (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane (Gelest,
SIH5841.0) for 20 min under a vacuum of ~0.1-1 torr to render the substrate
hydrophobic. A stainless-steel stencil (fabricated at Photo Etch Technology) with
openings was placed on the substrate then exposed to oxygen plasma for 1.2 min at
20% power at 0.2 mbar (Diener, Nano) to create hydrophilic regions for the source
and drain. A channel length of 80 pm gave excellent process yield*2. A 35 pl volume
of PEDOT:PSS (Sigma Aldrich, 739316-25G) diluted 50 vol% in Milli Q water was
dispensed in a hydrophilic reservoir at the top of the array. The ink was coated over
the substrate by a motor-controlled blade coater (Zehntner, ZUA 2000.60) to a
height of 100 um and with a speed of 1 cm 5™, selectively wicking into the defined
hydrophilic patterns from the previous oxygen plasma. After annealing the substrate
in air for 10 min at 120 °C, silver nanoparticles (Sun Chemical, EMD 5730, ~100 nm
diameter) were inkjet-printed to form contact bumps to the drain (for a pixel) or
both source and drain (for a discrete phototransistor), then annealed again in air for
10 min at 120 °C. After rendering the substrate hydrophilic by exposure to air
plasma for 10 s, PCDTBT (St-Jean PhotoChimie, M, = 6 kDa):PC;;BM
(concentration of 5 mg ml™*:15 mg ml™") in chlorobenzene was blanket-coated over
the substrate by the motor-driven blade coater in a nitrogen glove box at a blade
height of 200 um, speed of 3 cm s™* and platform temperature of 40 °C. The
substrate was left to dry on the hotplate at 40 °C for an hour before thermally
evaporating 20 nm of DNTT through a stencil at a base pressure of 2 x 107° torr and
deposition rate of 1.5 A s™". This layer defined an effective channel width of 650 pm,
or 325 um in each of the two interdigitated channels. The phototransistor and
capacitor dielectric was formed by blade-coating (Zehntner 2040.6050) 100 pl of
amorphous fluoropolymer (DuPont, AF) diluted to 20 vol% in FC770 (Sigma
Aldrich) over the substrate at a speed of 1.5 cm s~! and blade height of 100 pm,
yielding a thickness of 160 nm. The gate and top capacitor electrodes were formed by
thermally evaporating 60 nm of aluminium through a stencil at a base pressure of
2 x 107 torr and deposition rate of 3 A s™'. This completed the array of discrete
phototransistors and phototransistor-based pixels. A pictorial description of the
process flow is provided in Supplementary Fig. 11.

Array fabrication. An array of discrete devices was connected together by printing
conductive (Creative Materials, 118-09A/B) and dielectric material (Creative
Materials, 118-08) layers using an industrial-grade screen printer (ASYS, ASP 01M).
Read and capacitor bias conductive lines were first screen-printed on the substrate
after exposing the substrate to air plasma for 5 s (Tegal, Plasmod). The capacitor bias
line connected to the top electrode of the capacitor and the read line connected to
the drain electrode via the protruding inkjet-printed contact bump. A dielectric layer
was then printed over portions of the first conductive layer before printing the
address lines, which connected to the gate of the phototransistors. Each printing step
was performed at speed of 10 cm s, a snap-off distance of 2 mm and a pressure of
20 N with a substrate post-anneal at 120 °C for 5 min in a glove box.

Pixel testing. A custom-made input-output board was designed, as shown in
Supplementary Fig. 13, to address and read a pixel. The drive signal and bias
capacitor voltage were outputted from a USB-powered function generator
(Digilent, Analog Discovery) then amplified by a factor of —4 using an inverting
amplifier configuration (Analog Devices, AD 822). During imaging, the capacitor
bias was held at a constant 10 V and the address lines were driven at a 95%
integration duty cycle with an off- and on-state voltage of 6 and —14 V, respectively.
The pixel’s charge output was integrated using a resettable charge amplifier
(Burr Brown, IVC 102) controlled by the Analog Discovery. Photogenerated
charge was extracted by subtracting the charge output of the pixel in the dark
from the output under constant illumination. This amplifier also placed the
drain of the phototransistor at virtual ground. The outputs of the
instrumentation and charge amplifiers were read out by the digital oscilloscope
of the Analog Discovery.

The dynamic charge integration response (Fig. 4a) of the pixel was measured by
pulsing light for 13 ms during integration. The current from the pixel was used to
determine the instantaneous EQE during integration. The spectral response (Fig. 4c)
was measured by using the monochromator of an EQE system (PV Measurements,
QEXL) as a light source.

Data availability. The data that support the plots within this Article and other

findings of this study are available from the corresponding author upon
reasonable request.
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