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Abstract

This work investigates in details the reliability of the PCDTBT:PCsoBM-based organic
photodiodes (OPDs) under visible light and air exposure. The current-voltage (I-V)
characteristics of the state-of-the-art OPDs are measured both at room and low temperature,
before, during and after ageing. While electrodes are only slightly impacted by ageing, the
active layer is significantly damaged regardless the absence of UV light, leading to a major
decrease in the responsivity. The combination of the thermally stimulated current (TSC) and
the I-V characteristics versus temperature (I-V-T) techniques along with the extensive use of
the drift-diffusion simulations all reveal that the observed degradation is the consequence of
the generation of shallow traps (0.2 eV, Nr = 10%® cm) that significantly reduce the charge
carrier mobility. In contrast, deep traps (0.7 eV, Nr = 7 x 10*> cm3) are found to be present on

freshly prepared samples and their concentration remains unchanged after ageing.
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Introduction

Organic electronics is an attractive technology for large area, lightweight and flexible
optoelectronic devices.[!I?l Organic photodetectors (OPDs) are among the most promising
families of this technology offering several advantages such as broadband spectral selectivity,
low cost and low temperature production and solution processability.”) These unique
properties lead to the development of a range of new products including portable fingerprint
sensors, motion or object detectors, human machine interfaces, e-skin or systems for medical
imaging.B3!4

In a recent article,®) we demonstrated that organic photodetectors based on poly(2,7-
carbazole-alt-4,7-dithienyl-2,1,3-benzothiadiazole) (PCDTBT) and phenyl-C61-butyric acid
methyl ester (PCsoBM) can reach excellent performances, both in terms of linear dynamic
range, external quantum efficiency (EQE > 65% at -2V) and detectivity
(D=3.2x 108 cm Hz2W™ at 566 nm and -2 V). These results are essentially the
consequence of the low dark current (0.3 nA cm™2 at =2 V) achieved thanks to the excellent
control of energetic barriers at the electrodes. The energetic barriers were controlled by the
introduction of PEIE and PEDOT:PSS organic materials, as reported in the work of Pierre et
al.l’l In the literature, other approaches were also implemented to reduce dark current in
organic photodiodes, one can cite the transfer-printing of the P3HT conjugated polymer,},
the introduction of p-doped layer by using a soft contact transfer lamination,!®! the use of a
double electron blocking layer,”® or the introduction of anionic polyelectrolyte as cathode
interlayer.[1%

It is important to note that the performances of organic photodiodes are comparable with

their inorganic counterparts in terms of dark current, responsivity and detectivity. The main
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limitation is a relatively low cut-off frequency (~ hundreds of kHz), being the consequence of
the low carrier mobility of organic semiconductors.?
Despite all these recent advances in the field of organic photodiodes, and in contrast to

(111 the reliability of this technology was not extensively investigated. In

organic solar cells,
addition, since OPDs operate under different conditions, depending on application, it is
difficult, if not meaningless, to extrapolate the conclusions valid for solar cells in the field of
organic photodiodes. Organic photovoltaic cells in real operating conditions are exposed to
both high temperature (> 80 °C) and powerful light intensity (100 mW cm™) including
ultraviolet (UV) radiation. These factors can rapidly become destructive (within a single day)
if appropriate encapsulation with suitable materials are not used.?1> To date, the lifetime
of organic solar cells, defined by Ts80,%® reached 10,000 hours (~417 days),[*” 18 and the
main limitation is currently attributed to a low power conversion efficiency of the organic cell.
In contrast, organic photodiodes are mostly used indoors and are not exposed to UV light,
total irradiance power being hundreds, if not thousands, times lower than that used for solar
cells. Moreover, their lifetimes are expected to be strongly dependent on their specific
operating conditions. Each particular application requires specific spectral range, irradiance
level, given light pulse frequency and operating voltage. To date, the OPDs stability over time
was investigated in a limited number of publications.Bl®I |n our previous study,?
photodetectors were tested under strong (1 mW cm™) monochromatic green light. With
proper encapsulation, lifetimes over 550 days under continuous illumination were reached.
However, an in-depth and systematic characterization is desired in order to achieve a
complete understanding of organic photodetector reliability.

The main goal of this work is to further investigate the reliability of organic photodiodes by

combining the experiments on the state-of-the-art devices that are validated by robust
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numerical simulations. To this aim, the performance of OPDs was monitored in the absence
of encapsulation and in the presence of both air and visible light. As expected, lifetimes were
drastically reduced and |-V characteristics strongly impacted. In order to understand these
failure mechanisms, we present full characterization of OPD devices, before and after ageing,
and propose a model to quantitatively describe the nature of defects induced by the

combination of air and light.

Experimental section

All details related to sample preparation and device fabrication are described by Kielar et al.?
Screen-printed poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was
used as organic top electrode for all OPDs, polyethylenimine ethoxylated (PEIE) was used to
adjust the indium tin oxide (ITO) bottom electrode work function. The final OPD structure
studied in this work was ITO/PEIE/PCDTBT:PCsoBM/PEDOT:PSS. The organic materials used in

this work along with the complete device structure are presented in Figure 1.

/s\ / \
PCDTBT N N g 0 PEDOT:PSS PEDOT:PSS
PCDTBT:PCsBM
PEIE

= ITO
\\| Glass substrate

50,

Figure 1: Chemical structures of the organic materials used for OPDs fabrication: PCDTBT (electron donor), PCsoBM (electron
acceptor), PEIE (ITO-modifier) and PEDOT:PSS (top electrode). The complete device structure is also presented.

For reliability evaluation, a test protocol was developed to continuously measure dark current

and photocurrent of the OPD biased at -2V. Photodiodes were under constant green

Kielar et al. 4



illumination (528 nm) and light was turned off shortly (3 seconds) to perform a dark current
measurement (more details can be found in Figure S1). The OPDs stability was carried out in
both air and nitrogen environments (the last one being considered to be a perfect
encapsulation). Freshly fabricated and aged samples (8 hours of continuous illumination at
1 mW cm2 in air) were placed under vacuum in the cryostat chamber for TSC and current-
voltage characteristics as a function of temperature (I-V-T) studies.

The electrode work function was measured with a Besocke Delta Phi Kelvin probe 07 control
unit calibrated with highly ordered pyrolytic graphic (HOPG) that was freshly cleaved. Sheet
resistance measurements were carried out with Lucas Labs four-point probe and with a source
measure meter (Keithley 2400). UV-Vis absorption spectra were recorded with SAFAS UVmc2
spectrometer. TSC experiments were carried out using a liquid nitrogen cryostat. A high-
power green (528 nm) LED supplied by Intelligent LED Solutions was used as light source. An
OPD was attached using silver paste to the copper cold-finger of the cryostat and a Pt100
temperature sensor was placed on the back face of the cold-finger in order to accurately
measure the OPD temperature. Current measurements were recorded with a picoammeter
(Keithley 6487), temperature data with a multimeter (Keithley 2700). A custom-built script
written in LabVIEW environment was developed to record simultaneously both temperature
and current as function of time. The linear temperature rise was monitored by a temperature
controller. A dual channel source measure unit (Keithley 2604B) was used to record the I-V-T.

The same cryostat and high-power LED were used for both I-V-T and TSC experiments.
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Results and discussion

1/ Evolution of dark current and photocurrent versus time under nitrogen and air

The ageing test has been first carried out for 125 days (1.8 x 10°> min) under nitrogen
atmosphere. Results are presented in Figure 2a. Both dark and light currents remain almost
unchanged during the test period reflecting an excellent stability over time. However, we

observed a small decrease in responsivity of the OPD, from 0.30 to 0.27 A W™,
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Figure 2: Ageing of an OPD under (a) nitrogen flow and (b) in air. Continuous green illumination of 528 nm was set at
1 mW cm2. Illlumination was switched off during 3s for each dark current point measurement.

The results of the ageing test in air are somehow very different (see Figure 2b) and one can

notice a rapid degradation of the responsivity and a fast increase of the dark current. The OPD

lifetime is shorter than an hour.

2/ Evidence on the presence of shallow traps by thermally stimulated current technique

Failure mechanisms are usually the consequence of defect and trap formations during ageing.
In order to characterize electronic defects in the active layer, TSC and steady state I-V-T were
carried out. TSC is a powerful technique to determine the trap density and energy distribution
in insulators and semiconductors. Details on the theory of TSC can be found in the seminal

papers of Randall et al.,?% Haering and Adams,?Yand Grossweiner.l?2l The goal of this
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technique is to fill the traps by an external stimulus that can be either an illumination, a
current, a bias, etc. During this stimulation, the sample in frozen at low temperature. Then the
stimulus is switched off and the sample is short-circuited. Current is measured while the
temperature of the sample is rising. This methodology is summarized in Figure S4, the basic
equations are given in Supplementary Information (SI). Simmons et al.[?3124 have extended
the theory developed by Haering and Adams,!?!and proposed to apply a high electric field
during the rising of temperature in order to avoid recombination and re-trapping. For OPDs,
an internal electric field in the 10% - 10° V cm™ range is present at the short circuit conditions
due to the difference of electrode work functions. This electric field fits with the requirements
of Haering and Adams.?!

Freshly prepared and aged (8 hours in air) OPDs were characterized using the TSC technique
(Figure 3). Results obtained from TSC are used for modeling that is described in the following

section. This is desired in order to reduce the number of free parameters for the simulation.

a) Heating rate: b) __ Reference
S ; 24 K min”! before ageing
20%10-12 Detection limit \ -+ Model fit 20% 10”124 — Model fit
‘ — 37 K min"!
-— Model fit
< — 50 K min™! < 151
£ -=- Model fit £
g g Detection limit: 0.5 pA
6 Deep trap at 0.7 eV 6 101 Codrresiondf'gg ;[8'6 3 o]
for different heating Y a density of 5x mm-e
rates Py
/;/‘—_'\.\\\ 57
,} ..... N\, \\
/ NN
— 0-
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Figure 3: a) Experimental and theoretical Thermally stimulated current (TSC) experiments for different heating rates (24, 37
and 50 K min-) for sample aged in air under 1 mW cm2 at 528 nm. b) experimental TSC recorded on a freshly prepared sample,
compared with the minimum detectable theoretical signal corresponding to 3 x 10 cm3eV-! (equivalent to a total trap
concentration of 1.3 x 10*> cm-3).

It is worth emphasizing here that OPDs had to be stressed in air for 8 hours because a rapid

OPD degradation observed in Figure 2-b is partially healed once the OPD has been placed
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under vacuum in the cryostat. As demonstrated, no traps were detected by the TSC technique
on freshly prepared samples, as shown in Figure 3b. Note that the detection limit of our
experimental setup is about 0.5 pA. This current corresponds to a minimum detectable trap
concentration of 3 x 10'® cm3eV! (equivalent to a total trap concentration of 1.3x10% cm3).
Finally, the range of temperature investigated (80-300 K) only allows to probe a limited trap
energy range, up to 0.4 eV from the band edge as higher temperature would induce device
degradation due to morphological changes in the photoactive layer. In particular, traps
located around the middle of the gap, known to induce significant electrons and holes

recombination, cannot be detected by the TSC experiments, as shown in Figure 3a.

Table 1: Trap parameters calculated from the experimental TSC study.

Figure 3a Figure 3b
‘ 1%t shallow trap 2" shallow trap Deep trap ‘ Detection limit
Er(eV) | 0.16 0.2 0.7 | 0.16
W, (eV) | 0.05 0.04 0.04 | 0.05
Nr(cm?3eV?) | 2.6 x 10V 8 x 10% 9 x 10% \ 3x 10%
Nr(em?) |  1.13x10% 2.8 x 10% 32x10% | 1.3x10%

Regarding aged samples, shallow traps located at 0.16 - 0.2 eV were detected, with a
concentration of 10'® cm™. In principle, TSC experiments do not allow to determine if these
traps are located close to the HOMO or LUMO band edge of the acceptor/donor active blend.
However, our measurements are consistent with the previous reports on the impact of oxygen

[261-128] known to induce an acceptor trap close to the LUMO level. In the

on organic materials,
next section, these traps are thus introduced in the simulation as acceptor traps located at
0.16-0.2 eV below the LUMO band edge. Only a single level trap was considered for simplicity,

even if the TSC experiments have revealed a slightly more complex double Gaussian trap

profile see Table 1).
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3/ Modeling approach

Experimental fresh and aged |-V curves as function of temperature were compared with
simulations in order to identify the possible ageing mechanism for organic photodiodes. To
this aim, 1D drift-diffusion coupled with Maxwell equations were performed using the Fluxim
software.’?®) The model particularly includes temperature and field dependent mobility
models and donor or acceptor traps within the gap. Following the reference®, due to the
limited amount of photo-generated charges in organic solar cell and photodiode, the mobility
dependency versus photo-generated charges has been neglected. Importantly, the classical
Schottky boundary conditions were used,?% which consists in keeping the electron and hole
concentrations at electrode contacts constant under field and lighting, and equal to their
equilibrium values. These concentrations depend on the temperature and on the value of the
contact work functions.

To model illuminated current, the optical indexes of the blend were extracted from

31 and were used in the simulation. As explained

reflectance and transmittance experiments,
in the experimental section, the source is a green LED with a Gaussian spectrum at 530 =+ 5
nm, leading to the irradiance of 0.7 mW cm.

The model has several variable parameters, namely: the contact work functions, the

parameters of the mobility model and the traps characteristics. In the following part, the

procedure used to identify all these parameters on fresh and aged OPD is discussed.

4/ Simulation of the |-V characteristics of virgin devices.

I-V-T plots are presented in Figure 4 for an OPD under illumination before and after 8 hours
of ageing in air. Freshly prepared samples are considered at first. The Arrhenius plot of Figure

5, performed on |-V curves biased in direct allows extracting an activation energy of
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approximately 0.1 eV. There are two potential origins of this activation energy: activation of
the carrier injection at the contact, and activation of the carrier mobility. Note that deep traps
do not contribute to the thermal activation of dark and illuminated I-V curves. This is because
in the limited temperature range investigated (150 — 300 K), deep traps have only a slight
impact on the temperature dependency of |-V due to their high activation energy. To illustrate
this point, (see Figure S6), |-V curves have been simulated with only deep traps (without
shallow traps, indeed TSC experiments have not revealed any significant shallow traps in virgin
devices) and constant mobility. They clearly indicate that deep traps are not responsible of

the temperature dependency of experimental IVT curves.

a) 10 b) 07
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Figure 4: llluminated I-V curves for virgin and aged devices versus temperature (155 — 290 K), dots are experimental data,
solid lines are simulations. a) fresh sample, temperature and field mobility dependent without deep trap were used for
simulation. b) fresh sample, temperature, field mobility and deep traps (Er=0.7 eV; N1=7x10*> cm3) were used for simulation.
c) aged sample, simulations were performed with, temperature, field mobility, deep traps (Er=0.7 eV; N1=7x10*> cm3) and
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without any shallow traps. d) aged sample, simulations include temperature, field mobility both deep (E+=0.7 eV; Nr=7x10%
cm3) and shallow traps (Etshaiiow=0.2 €V; Nzshaiiow=1.2x10%6 cm3) according TSC experiments and mobility degradation.

The work functions of the two electrodes were measured by Kelvin probe in air. We
found -5eV for the PEDOT:PSS and -4.17 eV for the ITO/PEIE. These values were used for the

numerical simulation (see Table 2).

1072
2=0.1eV

_4 n
g [0
I
o
5
@) |O*6 _

— FIT
= Current at 3V
_8 .
0.003 0.006 0.009

|/ Temperature (K™

Figure 5: Arrhenius plot performed on virgin dark I-V curves in direct (forward) regime (3V).

A detailed comparison between experimental dark I-V-T curves and simulations have revealed
that the mobility was indeed temperature dependent. In particular, as expected from previous
works,32I33] the extracted activation energy was found to be dependent on the applied
electric field, which is a signature of mobility dependence with temperature. The ratio of
PCDTBT electrons and holes mobilities has been found to be between 0.1 and 10,134
depending on process conditions. Moreover, Abbas and Tekin have shown that optimized
solar cells have balanced charge carrier mobilities.®® For these reasons, both electron and
hole mobilities have been assumed equal (o = pn = Wp) in a first-order approximation.

Therefore, the following mobility model were used:

W(E,T) = 1o exp(—2) exp(y(T)VE) (1)

Kielar et al. 11



1 1

y(1) =B (-—) (2)

KT kT,

Where E is the local electric field. An order of magnitude of the B and Ty parameters can be
extracted from the slope of In / versus E%? versus temperature (where / is the direct dark
current at high electric field i.e. V> 1V).

The extraction of all parameters was performed by fitting both the dark and illuminated
current. All the above-mentioned experiments were used to reduce the number of free

parameters. Table 2 summarizes the parameters used in simulation (Figure 4).

Table 2: Parameters used in simulation presented in Figure 5.

Fresh photodiodes

Work function (eV) -5 (PEDOT:PSS) -4.17 (ITO/PEIE)
Mo cm?z/V.s Mn=Hp=0.03
B eV. (m/V)°> 1.5x10°
To (K) 1000
E. (eV) 0.08
Active layer thickness (nm) 400
Active area (m?) 2.5x10°

Trap parameters: for a single trap
Er(eV) 0.7
Nr(ecm3) 7x10%°
Co/Cn (cm?/s) 10

Aged photodiodes

Work function (eV) -5 (PEDOT:PSS) -4.27 (ITO/PEIE)
Mocm?/V.s 1r=0.001 pp=3x10"
B eV. (m/V)°> 1.5x107°
To (K) 1000
E. (eV) 0.08
Active layer thickness (nm) 400
Active area (m?) 2.5x10°
Trap parameters Deep trap Acceptor like TSC Trap
Er(eV) 0.7 0.2 (below the LUMO)
Nr(ecm3) 7x10% 10%°
Co/Cn (cm?/s) 10 10

Even if the deep traps do not impact the temperature dependency of both dark and
illuminated I-V curves, they clearly impact the global shape of I-V-T curves, and in particular

the level of photocurrent. As example, the Figure 4a and Figure 4b present a comparison
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between experimental illuminated current and simulations performed with and without deep
traps. It clearly indicates the presence of deep traps even though they cannot be characterized

by TSC as due to the detection limit (see Figure 3a).

5/ Simulation of the I-V characteristics of aged devices.

Aged samples are presented in Figure 4c and d. In the reverse regime, the illuminated current
is lower in the aged device than in the virgin device, leading to a 20 % decrease of sensitivity
at 290 K (at -2V). This discrepancy increases at lower temperature. In the forward regime,
surprisingly, the difference between virgin and aged |-V curves appears even more significant,
but it is essentially the consequence of a strong reduction of the direct dark current.

The fittings of I-V curves were performed by the following procedure. Firstly, work functions
were kept approximately constant. Only a moderate ~0.1 eV modification of the ITO/PEIE was
introduced according to the experimental results obtained by Kelvin probe (see Table S1 in
SlI). As PEDOT:PSS electrodes did not show any significant modification (see Figure S2 in Sl), its
work function has been considered as constant. Secondly, the irradiance level was kept
identical before and after ageing, the traps by TSC experiments were detected (single energy
level at 0.2 eV below the LUMO level with a concentration of 10 cm?3), keeping the
concentration of deep traps unchanged.

In a first attempt to reproduce experiments (not shown here), mobility was also kept
unchanged, and in this latter case, it was not possible to achieve a decent fit of experimental
results, (except if the concentration of shallow traps at 0.2 eV was highly increased to the
unrealistic level of 10'°cm= instead of 10'® cm™3 according to TSC experiments). It was also not
possible to fit data by only tuning the deep trap concentrations. Therefore, in order to

highlight the critical impact of the shallow traps measured by the TSC experiments in the
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temperature dependence in the reverse regime the effect of shallow traps we have plotted
the modeling with only deep traps in Figure 4c.

Consequently, using the same procedure for fresh devices, the parameters of the mobility
model were also adjusted, suggesting that the ageing of devices was also responsible for a
degradation of the mobility. The best fits on illuminated |-V curves versus temperature
obtained using this approach are shown in Figure 4d. All parameters used in the simulation
are reported in Table 2. Even though such degradation of the mobility due to ageing is
plausible, it can also be due to either the impact of the negative charges trapped (coulomb

centers) or a degradation of the polymer itself, penalizing charge transport.

Conclusion

In this work, the ageing study of the state-of-the-art PCDTBT:PCsoBM organic photodiodes
under visible light and in air was conducted by the use of three different techniques: thermally
stimulated current, I-V experiments versus temperature and drift-diffusion simulations.

From a qualitative point of view, it was shown that appropriate encapsulation protects the
devices from the failure mechanisms even after four months of continuous and powerful
illumination. The combined presence of light and air induces a rapid degradation of OPDs that
can partially be healed once the OPD is placed under vacuum. Electrodes were found stable
even after several days of exposure to air and light. On the opposite, the active layer was
found significantly damaged, regardless the absence of UV light, causing a decrease of the
device responsivity at room temperature.

The drift-diffusion simulations were carried out to quantify the traps induced by the
combination of light and air. We have shown that the OPD degradation was the consequence

of the generation of shallow traps that can be fully characterize by thermally stimulated
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current. That being said, our experiments establish that even though ageing is causing both
formation of shallow traps and charge carrier mobility degradation by two orders of
magnitude, the OPD responsivity is only 20% reduced at high applied voltage -2V.

Clearly, the nature and extent of degradation to OPDs are very different to OPVs. Finally, deep
traps are present in freshly prepared samples and their concentration is not affected by the

ageing in air.
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