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Organic ph tors (OPDs) are promising candidates for next-generation light sensors as they

U

combine uniqu terial properties with high-level performance in converting photons into current.

Howev vel light detection is often limited by device dark current. Here, we show that the
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open-circuit voltage (V,.) regime of OPDs is efficient for detecting low light signals (<100 pW cm™).
We show that the light-dependence of V,. exhibits two distinct regimes as function of irradiance:
linear and logarithmic. Whereas the observed logarithmic regime is well understood in organic
photovoHPVs), we show experimentally and theoretically that the linear regime is due to

the non-infj nt resistance of the device. Overall, OPDs composed of rubrene and fullerene

show phot¢ g@light sensitivity across 9 orders of magnitude with a detection limit as low as 400
pW cm2 A photovoltage responsivity of 1.75 V m? W™ demonstrates the highly efficient
perform-ans WI!HOUt the necessity to correct high dark current. This approach opens up new

possibilitie Iving low light signals and provides simplified design rules for OPDs.

O

The extens rch on m-conjugated materials over the last two decades has provided a better
understandi e light-harvesting mechanisms in optoelectronic devices.*™ Consequently,
o

organic ph tors (OPDs) show not only excellent quantum efficiency,'*® and tunable spectral
selectivity,® ™" but can also take advantage of photon up-conversion,™***! and photomultiplication
mechanisnis! st importantly, organic semiconductor-based sensors have closely approached
the perfor conventional inorganic photodetectors demonstrating remarkable levels of

responsivity, d rrent and even long-term stability.”*® It is thus no surprise that OPDs are
widely thought to underpin the next generation of digital imaging technology, garnering strong
interes oth academia and industry. As a matter of fact, research on OPDs and related

development e s have been growing exponentially (Figure S1, Supporting Information).

To achieves eal performance, OPDs usually operate in the photoconductive mode, where an
external re s is applied to improve the charge carrier collection efficiency.”” The resulting

photocurreg linearly with the light intensity across several orders of magnitude.® A major

disadvanta reverse bias mode is the rising dark current, i.e., the leakage current that flows

across the deVice in the absence of light. Suppressing dark current, as desired for resolving low light
intensitiesgsua!!y requires highly engineered device architectures. This is frequently achieved by

introdugi ii@nal interlayers into the device structure."®**®% Fyrthermore, detection of
photocw picoampere range or below involves the use of shielded, high precision
detection Methods involving source-measure units, lock-in amplifiers or spectrum analyzers.?*??

Here we pr alternative, easy-to-handle approach for low-light detection with OPDs. We
demon t using basic-structure OPDs, it is possible to accurately sense light intensity through
changes in op iscuit voltage (V,.). For illustration, we investigate the performance of a

rubrene/fullerene bilayer photodiode in both photoconductive and photovoltage modes. We first
consider the photocurrent response of our example OPD to various irradiance levels and voltage
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biases including short-circuit condition. Then, we turn towards V,. regime as our new figure of
interest. We present the photovoltage response to increasing irradiance and demonstrate that it can
be separated into a linear regime at low, and a logarithmic regime at high intensity levels. We
charact ar regime in terms of linear dynamic range and responsivity of 1.75 V m* W™.
Thanks to higf™@lage responsivity, we find that V,. signal remains strong even at very low light
intensities @ be measured using a simple multimeter. The association of the linear regime in
photovoltage mode with shunt resistance of OPD is then discussed. Finally, we examine the behavior
of our &D%pen—circuit conditions to pulsed illumination at various frequencies. We
demonstrahPDs operating in V,. mode are able to sense irradiance as low as 400 pW cm™.
We conclu uljmvestigation with a discussion on strategies for performance improvements and
possible apglicatioffs.

SG

2. Results an@&Discussion

U

2.1. Rubr d fullerene for high performance OPDs

For low-lightt signal detection using V,., we used well-known and extensively studied materials in the
field of org ronics. Indium tin oxide (ITO) is used as transparent electrode, PEDOT:PSS

port interlayer, rubrene as electron donor, fullerene (Cs) as electron acceptor,
barium (Bajan er (Ag) as top electrode. The choice of the active layer composed of rubrene and
Ceo is driven by its universality. One can use rubrene and Cg, in organic photovoltaic cells that

elop a large V,. of about 940 mV at 1 sun.”® These two materials can also be used in
organic light-egiiitthg diodes (with yellow electroluminescence at sub-band gap turn-on voltage),?*!
orinm ioRal diodes, as described in our recent study.[25] The device structure is shown in
Figure 1a. Chemical structures of the materials, the energy level diagram and the working principle
of the OPD!an be found in Figure S2 and S3.
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cture and experimental set-up for low-level light detection. a) Cross-sectional device structure of
studied in this work. The classic photodetection mode (where a negative bias is applied and a
resulting photocUtgent is recorded) and the proposed photodetection mode via changes in open-circuit voltage (V,.) are
shown. Undulating arrows represent incident photons (here 536 nm). b) Cartoon showing the main experimental set-up:
a high-power green LED light source capable of delivering irradiance levels over 6 orders of magnitude is inserted into
the optical assembly containing a neutral density (ND) filter. The reduced light intensity strikes the organic
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photodetector placed at the other end of the optical assembly. The ensemble is placed inside a double-shielded Faraday
cage.

To sense optoelectronic performance of OPD devices, an optical assembly featuring a green LED and
a set of Hsity (ND) filters was designed and built from scratch. A schematic illustration of
the experim@Atalget-up is shown in Figure 1b. The high-power 536 nm LED (emission spectrum
shown in FIi 4) was calibrated to deliver light intensities from 1 nW cm™ to 25 mW cm
(calibra'gon curve in Figure S5). These irradiance levels are further reduced by inserting a ND filter
into the optical assembly. Two filters featuring the optical densities (OD) of 2.0 and 5.0 were used to
reduce inLdiance approximately by a factor of 10? and 10°, respectively (Figure S$6 and S7).
The lowest le irradiance was 10 fW cm™ and is near the limit of detection of the human
eye.[zsl We
together (OD
(Figure S8
50 mm fro for all measurements. To eliminate human and environmental electromagnetic

e
noise, the m set-up was placed inside a custom built, double-shielded Faraday cage (Figure
1

e than weaker light intensities can be achieved by combining both ND filters
and the resulting light can be visualized through a commercial CMOS sensor
inally, the OPD was placed at the other end of the optical assembly and kept at

S10and S measurements were performed remotely.
2.2. Con:ven ional light sensing with OPDs
Figure 2a current density-voltage (J-V) characteristics of the fabricated organic

photodetecter e dark and under monochromatic (536 nm) irradiance levels of 0.01, 0.1,
land 1 2
bias, i.e.,

s expected, the photocurrent is proportional to the light intensity under reverse

es by a factor of 10 for each consecutive irradiance. One can also note that for all
light intensiti d with regards to increasing applied bias, a rise in the photocurrent response can
. At 1 mW cm?, we observe a photocurrent increase of 220% between 0 and -2
V. The external quantum efficiency (EQE) measurements, shown in Figure 2b, confirm high
dependendg of the device performance on the applied voltage. The highest EQE values are
measured h, which corresponds to one of three well-resolved vibronic peaks in the

of rubrene (the other two peaks, 462 and 528 nm, can also be seen).”” The
photocurreh sivity (R;) at 0 V (calculated using EQE at 536 nm) is 63 mA W and scales to 99
mA W' at -1 V. The highest value of 136 mA W™ is reached at -2 V. These responsivities are in good

agreemengltE tEe J-V characteristics, shown in Figure 2a, and reflect the general need for OPDs to
operat se bias.

absorption

Aut

This article is protected by copyright. All rights reserved.

4



WILEY-VCH

a) e o T S b)
La—kl—Aﬂs_ﬁa_‘i_**_k‘_‘_‘“‘ ¢ T *2V
T - -V
<0t
£ —-— 0V
<
Z W
G Q
o
|5 + 10 MW cm™?
- | mW cm™
6 IO_87 - 100 pW cmz’2
— IlDO “kW cme V. levels
—=— Dar
T T T T T ¢“¢ O T T T
-20 —-15 —-10 -05 O 0.5 1.0 400 500 600 700
Voltage (V) Wavelength (nm)
€) 10’ d) 4
2V — -001V Vo — 46 dB ——
£ 10*4 —~ 01V T Noise fﬁ <
< @ = 0
~—r 1 ¥ g N
%\ |O,6_ Sgltlﬁents ;:;;{’ %
5 R £ 9]
© <
- :
% -8 1v ..X ......... 6 :
5% 107 'TD' —4 +OVOSC)
O L B %TD
0 — —6- +—unity-slope line
107"
I i T T T T T T T T ) T " T T T T T
10-% 10 10 10t 107 -6 -4 -2 0 2
Irradiance (W cm™) log|q [Irradiance (a.u.)]

characteristic§jof the fabricated device in dark and under different irradiances up to 10 mW cm> A calibrated, green LED
(536 nm)isu
density as a f
various nega

Figure 2. Perfgrmance of OPDs in the conventional photocurrent mode. a) Extended current density-voltage (J-V)

source. b) External quantum efficiency of the fabricated device at 0, -1 and -2 V. c) Photocurrent
incident irradiance for the photodetector under short-circuit condition (J,., 0 V) and under
ps. The corresponding dark current levels are shown. d) Linear dynamic range of the OPD

operating in siie it condition and under irradiance levels between 10 pW ecm?and 25 mW ecm™
Unfortunatéh, asing reverse bias to enhance the OPD responsivity comes at a significant cost.
From the J- rement in the dark (black curve in Figure 2a), one can note that dark current

becomes hi her w! h increasing reverse bias. We measured -23, -259 and -623 nA cm?at-0.1,-1and
-2V, respeétively. High dark currents likely reflect a lack of hole/electron blocking interlayers in the

device stru ~Sihce the photodetector dark current adds up to the signal under illumination, it
can satura tocurrent at low light intensities. In our case, dark current dominates the
photogenerateddight current at 2.6 uW cm™ under -1 V. At -2 V, dark current overshadows light

signals ance levels below 4.6 pW cm™. One could still try to resolve the sub-dark current
btracting the dark current contribution from the photocurrent. However, in most
cases frequency-dependent lock-in amplifiers or spectrum analyzers are required. Alternative and

simple ways of low-light detection are therefore highly desired.
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Keeping in mind that dark current becomes dominant at low light intensities, we investigated its

influencege est detection limit. For clarity, the lowest detection limit in our experiments is

defined as the kest light intensity that gives a significant (95% of confidence) difference in
photocurré espect to the measurement in the dark. Figure 2c shows the linearity
measurem he photocurrent density of the OPD was measured as a function of incident

irradian@e. WSITGaA be seen, an increase in negative bias applied to the photodetector results in a

reduction alinear detection range. This establishes the direct influence of dark current in
oversaturati OPD signal at low light intensities. According to Figure S12, a light intensity of 2.4
nW cm™ isfEhe limiflof detection at -0.01 V. This value rises up to 12.6 nW cm™ for the same device

biased at -2 note here that the lowest irradiance detectable at 0 V, 1.4 nW cm™, is

underestime it is limited by the resolution of the experimental set-up. Using lock-in
r

amplifier, rs have claimed light intensity detection as weak as 7.6 pW cm™ under short-

circuit curr, of OPD operation.m]

As discuss!anve, the dark current not only restricts the detection limit but it also affects the

linear dynagii e (LDR), i.e., the range of linear responsivity. Figure 2d shows the double
logarithmicale photocurrent versus irradiance where the slope is unity, for the device operating
in short-ci ition (highest linear range). The LDR of 146 dB is observed. This value decreases

-0.01 and -1V, respectively. These values demonstrate that the higher the
, the lower the LDR. Since the responsivity increases with reverse bias, our
indicate that a large range of linear responsivity can only come at the sacrifice of

2d the limitations of photoconductive mode in OPDs, we now turn to another
observable,
basic-stm deprived of electron and hole blocking interlayers. To the best of our

knowle rch study has investigated the use of V.. for light detection in organic
photodetegtors, egpecially under low-light conditions. More generally, the use of V,. and its
depend(mic intensity are largely neglected in research studies on OPDs. The open-circuit
voltage is howjme of the key parameters of organic photovoltaic cells (OPVs), its origin and role

in OPV per
light intensitie

gopen-circuit voltage, and investigate its potential in photosensing with a

have been extensively investigated.!”?®! That being said, OPVs operate at high

0 mW cm™) whereas OPDs tend to function under low irradiance to minimize

overall nsumption and degradation mechanisms (such as photooxidation).m] It is worth

emphasizin e V,. mode could actually lead to a self-powered detector.
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To unveil the light dependent nature of the V,. and its role in low-level light detection, we monitored
the V,. response of the rubrene/fullerene OPD as a function of incident irradiance. The result can be
seen in Figure 3a. One can note that the V,. signal varies linearly with irradiance for light intensities

2 . . . . 2 e .
weaker cm’™ (coefficient of determination R = 0.998). Then, a transition from linear to
logarithmi occurs for light intensities between 25 and 100 uW cm™. And finally, a
logarithmi or the V,. signal is observed under higher irradiances (with R? = 0.966). Both
regimes are detailed in Figure S13.
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Figure 3. Light detection through changes in open-circuit voltage in organic photodetectors. a) V,signal as a function of
irradiance. Bgth linear and logarithmic regimes are highlighted. b) Comparison of the V.. and the photocurrent signals at
the same irriance and for the same photodetector. c) Voltage (V,) response of the fabricated device to the low
intensity pul

em™. d) V,, sigg
the detector

(536 nm) light. ND filters are used here to produce irradiance levels from 89 pW cm?t0 2.2 nW
unction of irradiance. Error bars show the standard deviation. e) Summary of the performance of
nd photocurrent modes under various biases. LDR and the lowest detection limit are shown.

The linear response of V,. with incident light suggests a definition of a new figure of merit analogous

to the resxsm:y In the photocurrent mode ( R;) that is expressed in A w
I

= gl

However, sout yet fundamental difference between / and V,. must be taken into
considerati Photocurrent, on the one hand, results from the total area-integrated light
imito free charge carriers. Photovoltage, on the other hand, reflects the charge
ifference in electrochemical potential, and is, hence, associated with the incident
e light power per area, and not the total light power. To illustrate this, one may
think of two photodetectors that are different in size but otherwise identical. Under homogenous
illumination, the absolutely identical local kinetics of charge carrier generation, recombination, and

(1)
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extraction would yield exactly the same concentration profiles of charge carriers throughout the
active layers, and thus the same photovoltage responses in both devices. Nevertheless, the smaller-
in-size photodetector would evidently capture less light in total, and thus also generate less
photocu ts larger-in-size counterpart. For this reason, it is more convenient to define the

photovoltam/ity as follow:
Pho
_ (2)

R iggasladieee

with R, eXBressed in V m* W™, Following the definition of equation (2), the slope of the linear

portion of the cugyve from Figure 3a reveals a voltage responsivity of 1.75 V. m* W™,

Figure 3b |wme practical importance of a large voltage responsivity. An irradiance as low as
63 nW cm es a strong V,, signal of about 1.1 mV that can easily be detected with a simple

digital lab ultimeter. In contrast, the same irradiance would only raise the photocurrent to
around 136 pA (0B nA cm™), which would be beyond the range of the same multimeter. This high

voltage responsivity gives thus an advantage over the photocurrent, especially at low light

intensities ffhese results are particularly important in wake of the recent studies on

photomultj jom thin film photodetectors where current responsivities greater than 1000 A W™
have been M Another advantage of the photovoltage responsivity lies in its independence
from the dgte rface area, which is a direct implication of equation (2). This could, in principle,
proof very effe in case of detector arrays composed of elements in various sizes, or with respect

to mlm§

To determine the detection limit in V,. mode for the OPD, we performed ultra-low light pulse
measurements. The pulse frequency was arbitrary set to 3.2 mHz and the ND filters were used to
produce rehdiance levels down to 89 pW cm™. From Figure 3c, one can note that the voltage
output is stzgmgmenen at low irradiances. For example, a V. signal of 27 £ 3 pV is observed at 1.4 nW
@ her decreases with decreasing irradiance until reaching a point at which it
guishable from the noise signal. The overall V,. dependence on ultra-low light is

cm? Thes
becomes ind

summariz e 3d. A strong linear trend is observed (R = 0.997) and is consistent with the
linear regi in Figure 3a. Therefore, the steady-state linearity measurement can be further

extended with thegpulsed measurements (see Figure S13). We found that the detection limit is as
Bﬂ\!w cm !

low as 4 , as detailed in Figure S14. The fact that Vo mode of photodetection described
here is abI d extremely low light signals, that too with using an OPD device of R; =0.06A/W
with no lo Ilflers shows the complementary nature and robustness of Vo mode for OPDs.
In addition t tection limit in the pW range, the V,. mode is also found to provide a high LDR

of 87 dB (Figure S15). The LDR is limited, from one side, by the lowest detection limit, and, from the
other side, by the linear-to-logarithmic transition seen in Fig 3a. Interestingly, since photoconductive

This article is protected by copyright. All rights reserved.
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mode shows a linear response at high irradiances where the V, signal saturates into the logarithmic
regime, one could selectively use the V,. or photocurrent modes of the same device to create dual-

mode, high-LDR orianic photodetectors.
2.4. Lin&f the V,. dependence on irradiance

Given the faetsthatss number of studies have shown, theoretically and experimentally, that the V.
varies loga hmlcaIIy with illumination intensity,?**®>* the physics behind the linear regime is yet to
be underst transition between logarithmic and linear regimes has been observed in OPVs
but it had @descrlbed nor used for low-level light detection. B3 Most V,. models are based on

the work p in 2005 by Koster et al. that expresses the open-circuit voltage in terms of

bimolecula ination.®* In this model:

Egap (1 P)VNC (3)
where Egap nd gap, g is the elementary charge, k; is Boltzmann’s constant, T is temperature,
P is the dis probability of a bound electron—hole pair into free charge carriers, yis the

Langevin r&combination constant, N, is the effective density of states, and G is the generation rate of
bound ele pairs. Since G is the only parameter assumed to be proportional to the

intensity, i t from equation (3) that V, varies logarithmically with irradiance. It would be

8

thus impo t our data from Figure 3a with equation (3).

A signific Ibution to the model expressed in equation (3) has been made in 2015 by Proctor

etal.w ated that the leakage current (i.e., low shunt resistance) was not negligible in
solar cells and should thus be taken into account in order to successfully match the experimental

data.P® Th!equation (3) gains thus one additional term:

E B (1-P)yN¢
V. = -2 oo (4)
q PG— OC/qLRsh

where L is layer thickness, and Ry, the shunt resistance. Since this model was developed to

gain insight§ into the recombination processes in OPVs, the light intensities used by Proctor were
close to wr simulator can produce (i.e., between 1 and 100 mW cm™). At these irradiance
levels, erve a logarithmic dependence (see Figure 3a) with a slope S of 1.35 indicating
contributi ono- and bimolecular recombination terms."*”8 At first sight, the equation (4)
cannot explain thellinearity observed in Figure 3a (and Figure 3d) and it cannot be easily solved for

the open-circuit vgltage either unless using numerical methods (variable V,. appearing on both

sides). T s this issue, instead of solving V,.=f(G), we express the inverse equation G=f(V,) as

follow:

G = [(1—P)VNCZ exp (q Voc_Egap)] + [ Voc ] (5)
P kT exp.term 4LPRspl 1in term

This article is protected by copyright. All rights reserved.
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Two terms, exponential (G < eVoc/kBT), and linear (G < V,.), are distinguishable. From this, one can
note that the first term drops exponentially with decreasing G and practically vanishes for low V,,

values (V. K Egaa!q where Egq,,/q > 1V). If so, G (and thus light intensity) varies linearity with
V,. acco second term. In other words, equation (4) predicts indeed the linear regime of

the V,.on me for low light intensities.

a) b)
7 < 100kQ cm? === 100 GQ cm?
= [OMQ em? — Ryy—> ®
2 Rsp-limited 2 1004 = 1GQ cm? Experim. data
& &
8 107 3
o S 0754
= =
o o
E » 5 0.50 1
c 1074 I
& Fit (Rgy —> o) 3
- sh i
O — Fit (Rgy = 1.15 MQ cm?) O 025
Experimental data i B
— o
0 10 08 106 104 |02 0 L\oné T8 o6 o 02
10 [0 10 10 10 10 10 10 10 10
Irradiance (W cm™) Irradiance (W cm™)
Figure 4. Mod e light intensity dependence of the V. a) Fits to the experimental data using equation (3)
where leaka hrough Ry, is neglected (ideal device) and equation (4) that considers parasitic leakage currents
(and thus lo stance). b) Semi-log plot illustrating the relation between the device’s shunt resistance and the

1.15 MQ ideal device (no leakage current) would show a logarithmic dependence (purple straight line)
across all irradia Is in the considered range.

Toillus tion between the shunt resistance and the linear regime, we described our
experimental data with the above model. Two fits, one based on equation (3) (zero leakage, purple

line) and the second based on equation (4) (non-zero leakage, rose line) are shown in Figure 4a. The
applied pag are: E;=1.35eV,P=0.55,L=65nm, N, = 1.2x10% m?3, R, =1.15 MQY cm?, Y=

Figure 516). an note that both regimes, linear and logarithmic, as seen in Figure 3a, can be
explained odified model from Proctor et al. Interestingly, the shunt resistance significantly
shapes mat low light intensities (see the arrows in Figure 4a). Its effect on V, is further
explored ingFigure db. One prediction of this model suggests that the higher the shunt resistance is,
the larger the logarithmic regime would be (see Supplementary Video 1). At the limit (Rg;, = 0, no

leakage cu ,Qnly a logarithmic regime is observed. In this case, equation (4) reduces to
equation (

For the ﬁrality, it is worth noting that even in the case of infinite shunt resistance, a

relationship between V,. and light intensity could not be logarithmic across the entire range of
irradiance, nor could V,. tend to minus infinity in the dark. This artefact simply results from the

This article is protected by copyright. All rights reserved.
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oversight of thermal charge carrier concentration in Koster’s model. This irrelevant - in our case —
scenario is already reflected in the basic, ideal photodiode model which does describe a transition
from logarithmic to linear regime but at irradiance and voltage levels much lower than observed

here in W

ok Vt ' ]ph/]s: ]ph « ]s And Voc < Vt
V:)c = Vt ' ~

Vi - m(pn/Js) s Jon ®Js © Voe >V
H I

where V, & kT /e denotes the thermal voltage, J the saturation current density, and
Jpon = €P e flux of photo-generated charge carriers.

The non-infinit@ sNlint resistance originates from various current losses in the photodetector
including c akages from the edge of the device and/or due to the existence of pinholes and
trapsin th 9 As these parameters are yet to be controlled in organic devices, a small

device-to-device variation in Ry, is observed (Figure S16). Within the linear regime, each device will
thus exhibit a slightly different voltage reading for a given value of the illumination (see Figure S17),
as predict!Ey equation (4). Nevertheless, once the device is calibrated, and given the linear

response, ach can lead to an easy light detection in V,. mode by using a basic OPD device
structure a i instrumentation. The model in equation (4) also predicts that the higher the
Egop is, the [@ar, range of linear responsivity is observed. This relation is illustrated in Figure S18.

Organic pho ctors (or photovoltaic cells) featuring large V. levels at 1 sun are thus more

ection in V,. mode. According to equations (3) and (4), the open-circuit voltage
also strongly s on temperature. The effect is greatly observed in organic solar cells where
strong Ij ensity (100 mW cm™) can significantly raise device temperature.”” This high

temperature could influence the stability of voltage signals in OPDs. Nevertheless, as photodetectors

operate mostly at low irradiance, we did not observe any heating of the photodiode and the OPD

measuremits are thus highly reproducible.

2.5. TrarQoltage response characteristics

To further he OPD performance in V,. mode, we measured rise and fall times of the
photov i . Figure 5a displays the V,. response to a 50 ms light pulse with an incident
power density of 28.1 uw cm? at 536 nm. The photodetector exhibits a V,, of 296 mV with a rise
timet, owd a V, fall time t;of 2.2 ms. For comparison, the photocurrent response times are
typically in the ~uSyrange for organic and perovskite photodetectors operating in current mode,**%
and in the e for photomultiplication type organic photodetectors.[42’43] One must note here

dnd photocurrent responses differ in their nature. Nevertheless, even though only

e times in V,. mode can be achieved (see Figure 5), this bandwidth is sufficient for
[25]
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Figure 5. Tra nt ge (V,.) performance of organic photodetectors. a) V.. response (rise and fall times) of the
fabricated dellice to a 20 ms light pulse at 536 nm with an incident power density equal to 25.1 pW cm™ b) Transient V,,
response at a quency of 1 kHz (above the cut-off frequency). c) Voltage (V,.) gain expressed in dB as a function

of increasing%uency. The -3 dB threshold corresponds to the frequency at which the V, signal is attenuated by
1.414.

The response time in voltage mode is further found to be influenced by light intensity (the brighter
the light, the fastithe signal) as shown in Figure S19. This finding is consistent with the notion of
charge-dersi ndent recombination rates.***® More details can be found in Figure S20. As the

pulse freq eases, it is expected that the voltage signal will be attenuated. Detailed voltage
measurements at low frequencies, from 1 Hz to 200 Hz, and at high frequencies, from 500 Hz to 10
kHz, can be seen in Figure S21 and S22, one particular case of 1 kHz is shown in Figure 5b. One can
note that t nal is detectable despite the fact it does not reach its maximum (~0.3 V) nor
minimum ) consider this metastable mode as an exciting opportunity for OPDs to be used in
high-fr ications. The voltage gain as a function of frequency is shown in Figure 5c. The
cut-off fre at -3 dB, i.e., at which the voltage signal is reduced by V2, is measured at 270 Hz.
The corres cut-off frequencies in the conventional photocurrent mode are 2 to 3 orders of
magnit > Nevertheless, this is still significantly higher than the human flicker fusion
threshold (~60 Hz),"””" and one could find multiple commercial applications for such mode of

operation i@cluding human-machine interfaces, motion detectors, scanners or camera sensors. One
example o ctical applications is described in our recent study on optical pressure sensors

where voltangs are performed at 50 Hz.”**
3. C(&

Traditional -circuit voltage is the key element of photovoltaic cells. Here we have shown that
one can operate afjorganic photodetector in V,. mode to accurately sense low light intensities. The

proposed offers a number of advantages including high responsivity and large linear range.
In particular ic-structure OPDs, the V,. mode presents an exciting workaround to avoid high
dark cu d their role in reducing the OPD performance. As demonstrated in this work, a

device stron ted by dark currents in photocurrent mode is a highly sensitive sensor capable

of detecting light intensities as low as 400 pW cm™ while operating in V,. mode. The photovoltage
detection can be achieved using simple laboratory instrumentation.
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Our work gives guidelines to further improve the performance of the OPD in photovoltage mode.
EnlargeWtance, for example, would enhance the responsivity of OPD at low light

intensities. Atle same time, it would yet impede the overall linear range of the detector in

photovolta as seen by comparing the magnitudes of the exponential (responsible for the
logarithmid @Ad linear (responsible for the linear regime) terms in equation (6). On the
other h&hdJJEERISIEEIN parison reveals that the LDR can be increased by strategies that would likewise
increase t

probability

in the logarithmic regime, i.e. by improving the charge carrier dissociation

and Cg that e large V,. of 940 mV under solar simulator. One clear impact of this work would
be to desi detector with even higher V,. levels to further improve the LDR. To achieve this,
the photoMevice structure could be greatly simplified since the influence of dark current is
eliminated iaterestingly, a high-V,. organic photovoltaic cell could be used here for

photosensing.

AItogetherCnode provides new options for simple detection of low irradiance. It can be seen

as a compligg extension of the conventional photocurrent mode supplying a robust
photosensifig x@ pr potential commercial applications.

4. E | Section

Materials. PEDOT:PSS aqueous dispersion (1.3-1.7%) was purchased from Heraeus and used without
any furthe ification. Rubrene (purity 99.99%, sublimed grade), fullerene (Cqp, purity 99.5%),
barium (puri 9%) and silver (purity 99.9%) were purchased from Sigma Aldrich and used as
received.

Device fabri The indium tin oxide (ITO) coated glass substrates (10 Q per square, squares of

re first cleaned in deionized water with a detergent (Alconox from Sigma Aldrich), then
in an ultrasonic bath with deionized water, acetone, ethanol and isopropanol
(10 min“ried first under oxygen flow, then at 110 °C for 5 min. For the deposition process,
PEDOT:PS iei (30 nm) was spin-coated at 5,000 rpm for 60 s on the ITO substrates. Samples
were then dried atl 20 °C for 10 min in air and moved into a nitrogen-filled glovebox for the thermal
evaporatio er. Rubrene (35 nm), fullerene (25 nm), barium (10 nm) and silver (60 nm) were
then evapo

3t slow rate (< 0.02 nm s™) and under high vacuum (10 mbar). The devices were
the glovebox for 30 min at 80 °C prior to testing. The device active area was 2.25

This article is protected by copyright. All rights reserved.
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Device characterization. Current density-voltage (J-V) characteristics, open-circuit voltage (V,.) and
linearity (LDR) measurements were recorded by using a high power, green (528 nm) LED (/LH-ON0O4-
TRGR-5C201) supplied by Intelligent LED Solutions (ILS) and calibrated with a silicon diode (Osram
BPX 61)“D (ILH-ONO1-TRGR-SC201-WIR200 from ILS) was used for transient

measureme o ND filters (Thorlabs) were used: NE520B-A (OD: 2) and NE550B-A (OD:5).
USB4000 sf @ ater from Ocean Optics was used to acquire electroluminescence spectrum of the
LED. A Kelt ey 2604B dual channel source measure unit was used to power the LED and record data

from orga Wdlodes A Keysight oscilloscope (InfiniiVision DSOX2004a) and an Agilent function
generatorh were both used for transient measurements. An Agilent digital multimeter
(34450A) to record low voltage measurements. A Newport quantum efficiency
measurement soI on (QUANTX-300) was used to measure the external quantum efficiency and

resulting resEong:Wty Optoelectrical characterization of diodes was carried out in a double shielded

box (Farad eMAll measurements were performed in air with the device being exposed to
nitrogen fl JEW scripts were written to acquire and interpret different input signals
remotely. :

Supporti gmation

Supportm nf ion is available from the Wiley Online Library or from the author.
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