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Abstract

Photodetectors (PDs) based on organic materials exhibit potential advantages such as low-
temperature processing, superior mechanical properties, and form factors. They have seen rapid
strides toward achieving performance metrics comparable to inorganic counterparts. Here, a
simplified device architecture is employed to realize stable and high-performance organic PDs
(OPDs) while further easing the device fabrication process. In contrast to the sequential deposition
of the hole blocking layer (HBL) and active layer (conventional ‘two-step’ processing), the
proposed strategy forms self-assembled HBL and active layer in a ‘single-step’ processing. A high-
performance UV-Vis-NIR OPD based on PM6:BTP-eC9 system is demonstrated using this cost-
effective processing strategy. The green solvent processed proof-of-concept device exhibits
remarkable responsivity of ~0.5 A W, lower noise current than conventional two-step OPD,
ultrafast rise/fall times of 1.4/1.6 s (comparable to commercial silicon diode), and a broad linear
dynamic range of 140 dB. Importantly, highly stable (light and heat) devices compared to those
processed by the conventional method are realized. The broad application potential of this elegant
strategy is proven by demonstrating the concept in three representative systems with broadband
sensing competence.

Introduction

Organic material-based photodetectors (PDs) are emerging as an exciting candidate for
applications in health monitoring, biomedical imaging, near-infrared sensing, and so on.'?3
Although silicon-based photodetectors are still the preferred photodetection technology for UV-
Vis-NIR light, organic photodetectors (OPDs) have advantages like low-temperature processing,
appealing mechanical properties, and form factors (size and shape) for a variety of emerging
applications.**° To match with silicon PD, prior efforts in OPD research were mainly focused on
performance metrics improvements.> *1* Recently, Fuentes-Hernandez and co-workers found
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that the performance metrics (except rise time) of an optimized OPD can rival that of low-noise
silicon diodes within the visible spectral range.® This rapid and impressive progress demands
advancements in other aspects that define the market potential of OPD.* These include a fair
balance between sensitivity and response speed, ease of fabrication, low cost, green solvent
processability, light/heat stability, etc.*>*" However, these factors were relatively underexplored
in comparison to the performance improvement.? While retaining the high-performance metrics
and stability, realizing architectural simplicity is imperative to keep up with the already matured
fabrication process of silicon PDs.?

Considering the NIR sensing into account, OPD performance is yet to match with the
inorganic counterparts. Due to its substantial success in state-of-the-art organic photovoltaic
(OPV) devices, non-fullerene acceptors (NFA) should be the ideal choice for NIR OPDs and have
drawn significant attention in recent years.'® ° Wide range of versatile NFAs offer potential
advantages including high light absorption coefficient, tunable absorption range and energy level,
favorable molecular packing, lower disorder, etc.?>?> However, in comparison to fullerene
acceptor-based OPDs, the NFA-based systems face a critical challenge in terms of the limited
availability of suitable hole-blocking-layer (HBL) materials. Most of the high performance
inverted OPDs reported so far are based on polyethylenimine ethoxylated (PEIE) or PEIE modified
zinc oxide (ZnO) as HBL/interface layer® 222 but were found not suitable for PDs using state-of-
the-art 1,1-dicyanomethylene-3-indanone end groups materials in the active layer, which was
shown to chemically react with PEIE.® ?* Thus, expanding the library of HBL materials suitable
for NFA based OPD systems is also crucial for the advancements in NIR sensing.

Herein, we present a simple self-assembly strategy to simultaneously achieve architectural

simplicity, competitive performance metrics (both sensitivity and speed), robust stability and green



solvent processability in NIR sensitive organic photodiodes. In the proposed architecture, instead
of depositing the HBL as a separate layer, the corresponding HBL material is doped into the active
layer solution and is deposited in a single step (‘self-assembly (SA)’ device). This processing
strategy can form a self-assembled HBL layer over the glass/ITO substrate and potentially shorten
the processing time window/constituent materials to reduce the overall cost of production. Phen-
NaDPO (DPO) is used as the HBL material to demonstrate the concept in the PM6:BTP-eC9
material system. DPO is demonstrated as a promising addition to the existing library of HBL
materials since it is easily dissolved in hydrocarbon solvents and enables green solvent
processability. Interestingly, the self-assembly strategy does not compromise the performance
metrics of photodiodes in comparison with the two-step processed ‘control’ device. Using the
simplified device architecture, a UV-Vis-NIR PD is realized with highly competitive performance
metrics: responsivity of ~0.5 A W, low electronic noise current ~2x10*3 A Hz'2, broad linear
dynamic range over 140 dB, fast rise/fall times (1.4/1.6 |5), and a -3dB frequency approaching
300 kHz. Moreover, responsivity and rise time are closely comparable to the datasheet
specifications of commercial silicon photodiode (Hamamatsu S1133-01). It is important to note
that a trade-off typically exists between specific detectivity and the speed of the detector. However,
the present work has simultaneously maintained competitive speed and detectivity while
employing a much simple device architecture. Along with competitive performance metrics, robust
heat stability is also observed in the ‘self-assembled’ device compared to the ‘control’ device. The
high performance of the SA device can be attributed to suppressed shunt pathways and lower trap
density. In addition, preliminary studies in two exemplary OPDs, fullerene (P3HT:PC7:BM) and
non-fullerene (PM6:1T-2F) acceptor-based systems, hint that the simplified device architecture can

be effective in a diverse array of material systems. This novel device processing strategy



synchronously results in stable, competitive-performance, and cost-effective organic PDs and
renders them one step closer to silicon PDs.
Experimental section

Materials: PM6, BTP-eC9 and IT-2F were obtained from Solarmer Material Inc. PC7:BM
was purchased from LumTec. Highly regioregular P3HT was obtained from Rieke Metals. Phen-
NaDPO was purchased from 1 Material Tech Inc. The solvents (o-xylene, chlorobenzene, 1,2-
dichlorobenzene, and isopropanol) and solvent additive (1,8-diiodooctane) were purchased from
Sigma-Aldrich.

Device fabrication and characterization: Patterned ITO-coated glass substrates (15 Q sq”
1) were cleaned by ultrasonic baths in deionized water, acetone, and isopropanol for 20 minutes
each. The cleaned substrates were dried using pressurized nitrogen and subsequently treated using
UV-Ozone.?® Substrates were then transferred to the glove box for HBL and active layer
depositions. For control devices, a thin layer of DPO (dissolved in isopropanol with 0.5 mg/ml
concentration) is coated over the substrate at 2500 RPM for 30 seconds. For PM6:BTP-eC9 active
layer, PM6:BTP-eC9 at 1:1.2 (w/w) donor (D):acceptor (A) ratio is dissolved in o-xylene with a
total concentration of 24 mg ml™. The solution was stirred overnight at 70 °C and 0.5% of DIO is
added to the active layer solution 30 minutes prior to the deposition. The active layer solution was
dynamically spin-coated at 800 RPM for 60 seconds and annealed at 100 °C for 10 minutes. For
the ‘SA’ devices, no separate HBL layer deposition is needed. The HBL solution is prepared with
a concentration of 0.5 mg ml? in the same type of solvent that is used for the active layer
preparation in ‘control’ devices (for example, DPO should be dissolved in o-xylene in the case of
PM6:BTP-eC9 system) and the DPO solution should be diluted to 0.1 mg ml™ for preparing the

active layer solution. The active layer solution for the ‘SA’ device is prepared by dissolving PM6



and BTP-eC9 in the as-prepared DPO containing o-xylene with a 1:1.2 D:A ratio (total
concentration: 24 mg ml™?). Deposition and annealing conditions of the ‘SA’ device active layer
are identical to the ‘control’ device. Following the active layer deposition, substrates were loaded
into the thermal evaporation chamber for the deposition of a thin layer of MoO3 and a 90 nm thick
Ag electrode. The active area of the as-prepared device is 0.05 cm?. The thickness of both control

and SA devices is ~240 nm.

Active layers processing for other representative systems used in this study are as follows.
For P3HT:PC71BM active layer, P3HT:PC7:BM were mixed at 1:1 (w:w) ratio to a total
concentration of 75 mg ml™* in 1,2-dichlorobenzene, stirred overnight at 70<C and filtered using a
PTFE filter (0.2 pm) prior to use. The deposition was done at 800 RPM with an acceleration of
2000 RPM and annealed at 150 °C for 10 minutes. For PM6:1T-2F active layer, materials were
mixed at 1:1 D:A ratio (total concentration of 30 mg mlt) in chlorobenzene and stirred overnight
at 40 °C. Dynamic spin coating at 1200 RPM for 60 seconds is employed and the film was
annealed at 100 °C for 10 minutes. For SA devices, active layer solutions were prepared in solvents
containing DPO at a concentration of 0.1 mg ml™.

The current density-voltage (J-V) measurements under dark/illumination were carried out
using a Keithley 2400 source meter. The AM 1.5G solar spectrum was simulated using an Enlitech
solar simulator. Biased EQE and responsivity were measured using an Enlitech spectral response
measurement system QE-R (Enlitech Co., Ltd.) at 180 Hz chopper frequency. Noise current was
measured under dark conditions using a lock-in amplifier (Stanford research systems SR830) and
the corresponding value at 180 Hz is used for further calculations to match with the equivalent

noise bandwidth of responsivity measurements.?® A custom-written LabVIEW program is used for



data acquisition. The contact angles of the films were measured using DSA-100 (KRUSS
Germany) contact angle meter.

The frequency response of the PD was measured by illuminating the device with a square
wave modulated 830 LED light at different frequencies. A low-noise pre-amplifier was used to
amplify the signal from the OPD and the amplified transient was then recorded by the oscilloscope
(Tektronics MDO 3024). The OPD was biased at -0.1V using the low-noise preamplifier.

Linear dynamic range measurement was carried out by illuminating the PD device using
830 nm monochromatic light with variable irradiance. The irradiance was varied by placing a set
of neutral-density filters (Thorlabs). A calibrated silicon detector (Thorlabs) was used for the input
power measurement and the photo response (at -0.1V) was measured using a lock-in amplifier

(Standard Research SR830). A custom-written LabVIEW program is used for data acquisition.

Highly sensitive EQE measurements were conducted with a home-built setup and are
described in previous works.?” 2 The setup is equipped with a light source (1000W Xenon Arc
Lamp, Newport), monochromator (Zolix), optical chopper (ThorLabs), lock-in amplifier (Standard
Research SR830), low noise current pre-amplifier (Standard Research SR570), and calibrated
silicon and germanium detectors (ThorLabs).?’

Results and discussions

Two types of devices fabricated in this study are designated as follows: Type-1: Indium tin
oxide (ITO)/HBL/Active layer/ molybdenum oxide (MoO3)/Ag (hereon referred to as control
device) and Type-2: ITO/HBL doped Active layer/MoOz/Ag (hereon referred to as self-assembled
(SA) device). The active layer comprises a polymer donor (PM6) and a non-fullerene acceptor
(BTP-eC9), both are state-of-the-art materials in organic photovoltaic (OPV) cells.?° Phen-NaDPO

(DPO) is used as the HBL and MoOs is serving as the hole transport layer/electron blocking layer.



It is to be noted that the HBL used in this study, DPO, is employed in high-performance OPV
devices as an electron transport layer, but rarely used in OPDs.3%%2 DPO is easily dissolved in
hydrocarbon solvents and makes it a potential alternative to the existing HBL materials for OPD.
The device architecture of the ‘SA” device and chemical structures of active layer materials and
HBL are given in Fig. 1a. The flat band energy level alignments of the corresponding materials
are depicted in Fig. 1b.333° The two types of devices are differed by the way HBL is deposited.
For the ‘control” device, DPO is deposited over the glass/ITO substrate as a stand-alone HBL and
is followed by the deposition of an active layer solution. For the ‘SA” device, DPO is doped into
the active layer solution and is deposited as a simple single-step deposition (HBL+active layer)
over glass/ITO substrate. For the SA device, the HBL and active layer are processed from the non-
toxic hydrocarbon solvent (0-Xylene). Subsequently, thermal evaporation is used to deposit MoO3
and Ag. The self-assembly method may considerably reduce the cost of processing by reducing
the preparation time window and constituent materials. From the absorption spectra given in Fig.
S1, a strong NIR absorption extending over 900 nm is observed for both BHJ blends (PM6:BTP-

eC9 (control) and DPO-doped PM6:BTP-eC9 (SA) blends).
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Fig. 1 (a) Chemical structures of the donor (PM6), acceptor (BTP-eC9), and HBL (Phen-NaDPO)

materials and the simplified scheme of ‘SA’ device architecture. Layer thickness is not drawn to

scale. (b) Flat band energy level diagram of the materials used in the PM6:BTP-eC9 PD device.

To understand the vertical distribution of DPO in the ‘SA’ device, the time-of-flight
secondary ion mass spectrometry (TOF-SIMS) is performed. Two elements were mainly tracked:
POz and InO". The emergence of InO™ indicates that the ITO substrate is approaching and the
presence of PO3z™ shows the distribution of DPO in the film. From Fig. 2a, it is seen that PO3" is
detected near the surface of 1TO and the peak is getting strengthened near the region where InO*!
is peaking. These observations indicate that the DPO is self-assembled near the ITO surface as a
DPO-rich domain. To further understand the driving force for the self-organization of DPO near
the surface of ITO, the surface free energy of the neat ITO, DPO and active layer (PM6:BTP-eC9)
substrates are calculated. Surface free energy is an important parameter to characterize the solid

surface and its interaction with other materials.® Solid surface free energy can be derived using



the contact angles and surface tension components of the standard probe liquids via the Owens—

Wendt approach using the following equation

necoso+ 1D =20 v8)"* + 2.08 . 18)"” D)

Where 1y, is the surface tension of the liquid, y; is the surface energy of the solid, ¢ is the contact
angle formed by the liquid on the solid.3° The surface free energy of a solid or liquid is
considered as the sum of contributions arising from the dispersive component (y¢) and polar
component (y?) of the free energy (y = y¢ + yP). The dispersive and polar components of free
energy of the many well-chosen standard probe liquids (here water and ethylene glycol (EG)) are
available in the literature. The surface tension components (in units of mN m™) of the standard
liquids are adopted from the literature (y¢ of 21.8 mN m™and yPof 51.0 mN m for water and
of y? of 29.0 mN m™*and y? of 19.0 mN m™ for EG).® Fig. 2b and Table S1 show the contact
angles right after the standard liquids are dropped over the substrate. In order to improve the
accuracy of the calculation, the average of 3 contact angles is used for the calculation of surface
free energy. The surface free energy estimated using the above-mentioned method is respectively
58.7 mJ m?2, 46.3 mJ m2and 19.1 mJ m?for ITO, DPO and active layer substrates. The surface
free energy of ITO and DPO are typically on the higher side and the surface energy of DPO is ~2.5
times higher than the surface energy of the active layer substrate. The high surface energy of DPO
can drive the migration of DPO towards the bottom of the film (near the surface of ITO) in the
‘SA”’ device to form self-assembled HBL and these results are in good agreement with TOF-SIMS
data. To further strengthen this hypothesis, contact angle at different time intervals is measured to
study the time dependence of contact angle.”® The initial contact angle, which is determined

immediately after the standard liquid is dropped, is followed by further measurements every
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minute for a total of two minutes. The change in contact angle is typically limited to 6% from the

initial value, ensuring the validity of the proposed self-assembly mechanism.

Next, current density (dark/illumination), external quantum efficiency (EQE) and spectral
responsivity (R) of the ‘control’ and ‘SA’ devices are compared. Fig. 2¢ shows the typical dark
and light current density-voltage (J-V) curves of ‘control”’ and ‘SA’ devices. The ‘SA’ device has,
in comparison, quite a lower mean dark current density (Jq) than that in ‘control” OPD: from the
statistical analysis (Fig. S3a), the mean Jq value for the ‘control’ device is ~100 nA cm™ and is
about 30 nA cm for the SA device. Nevertheless, both devices have comparable photocurrent
density (Jpn) in the reverse bias region. EQE (measured at -0.1V bias and 180 Hz chopping
frequency) of both types of devices are almost identical and the values are consistently above 70%
across a wide wavelength range (350-890 nm) (Fig. S3b). Maximum EQE stood above 80% in
both types of devices. Next, the R can be found from the EQE spectra using the following equation

R =EQEx 1/, @)
where q is the electronic charge, / is the wavelength, h is the plank’s constant and c is the velocity
of light. From the R spectra shown in Fig. 2d and the statistical analysis shown in Fig. S3c, ‘control’
and ‘SA’ devices exhibit peak value ~0.5 A W, which is typically among the highest values
reported so far.*> 4! It is worth noting that the R value of 0.5 A W is better than the commercially
available Hamamatsu S1133-14 silicon photodiode and is in close comparison with Hamamatsu
S1133-01. Considering the fundamental challenges associated with narrow bandgap materials to
simultaneously realize low noise current/dark current and high NIR photoresponse, the
performance metrics of these devices are quite impressive.™ 1242 Both types of devices exhibit
highly similar fundamental performance metrics, with Jq as an exception where the ‘SA’ device
performs better. This reduced Jq in the ‘SA’ device may positively impact the key detection
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parameter “specific detectivity”, as discussed in the later section.*™ ** To further confirm the
function of DPO as HBL in ‘control’ and ‘SA’ devices, a device without the DPO layer (‘No HBL’
device) is also fabricated with the following structure for a fair comparison: ITO/PM6:BTP-
eC9/Mo00O3/Ag. The Jg of ‘No HBL’ device is more than two orders larger than the ‘control’ and
‘SA” devices (Fig. S4a). The EQE and R of “No HBL’ device are also inferior to the other types
of devices fabricated in this study (Fig. S4(b-c)). These results solidify the important role of DPO

as HBL in the proposed device architecture.

(a) (b) _
ITO DPO PM6:BTP-eC9
| To o e e e o e
/ N N ™
1 1 1 1 1 1
~ 1 y \ 1 1 1 1 1
> H,0 1 R W ]
s 1 1 1 11 N / 1
28 1 1 1 1 1
7|8 1 1 1 o |1 1 _ ol
3 | 0=46.12° 1 | 6-=56.06 P 60=108.87 :
= I Pl [T 1
[=}
- EG 1 1 1 1 1 1
—a— 1IN0’ : 1 : 1 : { ] 1
1 1 ' ! 1
—e—PO3 1 1 1 I 1 _
. , ; . . \ @=4258°,  6=1764°,] \ 0=8484°)
50 100 150 200 250 | TS =LA - fo- g ’ Ve - N e e e -
Sputter time (s)
(c) (d) (e)
1 1
0 —O— control 054 10
1——sA
- o ~ — 10t
3 S 044 0 10
< < 5
> > 2 o)
= S 0.3 2‘10
: :
o
z 2 021 8 104
5 8 3
5 x —o— control
[s) 0.14 J—©—control ] ——sa
——SA 10° 5
@01V @-0.1v
10" T T T T 0.0 T T T r T T T T T T T T
-15 -1.0 -0.5 0.0 0.5 1.0 300 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Voltage (V) Wavelength (nm) Wavelength (nm)

Fig. 2 (a) TOF-SIMS ion yield of PO3™ and InO™ as a function of sputtering time for blend films
with self-assembly architecture. (b) The H.O and EG contact angles of ITO, DPO and PM6:BTP-
eC9 blend films. (c) J-V curve of the ‘control’ and ‘SA’ devices under dark (solid line with
symbols) and 1-sun illumination (dotted line). (d) Responsivity and (e) experimentally measured

specific detectivity of the ‘control’ and ‘SA’ devices at -0.1V bias.
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Specific detectivity (D*) is considered to be the key metric of photodetection and it denotes
the ability of the PD to detect faint optical signals.** D* is directly related to the R and noise
characteristics of the photodiode. It is crucial to note that there are various detectivity estimation
methods available, and the resulting values vary greatly depending on the approach used for
estimation.* This has caused various exaggerated and may be erroneous claims of record-high
performance metrics to appear in the literature and a reasonable comparison between the values is
increasingly getting difficult.** For a careful derivation of detectivity, a lock-in amplifier set-up is

used to accurately probe the electronic noise characteristics and the D* is found using equation

(3)
D* =2 3)

where A is the device area in cm? and NEP is the Noise Equivalent Power in units of W Hz 2.2
NEP denotes the minimum amount of light that can be detected at a signal-to-noise ratio of 1 for
a 1 Hz integration bandwidth.?

NEP—in 4
=2 (4)

where R is the responsivity in A W and i is the noise current in A Hz"Y2, For the ‘SA” device
biased at -0.1V, the lowest in at 180 Hz is around 2.0x10"* A HzY2 and the mean value is ~3.0
x<10 A Hz'Y2 (Fig. S5a and Fig. S5¢). The NEP value stands at 4.1x10"'* W Hz"'"2. For calculating
the NEP, the R at optical power >1nW is considered. D* derived from these experimentally
measured noise characteristics is shown in Fig. 2e. It is interesting to observe that the D* value
holds a maximum value of 7.1x10'! Jones at ~880 nm and is consistently over 3x10'! Jones (1

Jones= 1 cmHz'?W!) throughout the wavelength range (350 nm to 925 nm), demonstrating its
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application potential in broadband weak light sensing. The mean D* value stood at 4.5x10'! Jones
(Fig. S5d). For the ‘control’ device, the in is larger than the ‘SA’ device (Fig. S5b) and
consequently reduces the maximum D* to 7.0x<10° Jones (Fig. 2e and Fig. S5d). Alternatively,
D* can also be estimated from the shot noise and/or thermal noise characteristics, a simple
approach typically used in many reported works.? If D* is calculated from white noise (shot
noise+thermal noise),? the value comes around ~10 Jones for ‘SA’ devices (at -0.1V bias).
However, the reliable scientific practice is to estimate the D* from experimentally measured noise

characteristics as the D* estimated from white noise may be prone to overestimation.*

The linear dynamic range (LDR) represented in dB describes the range within which the

detector output scales linearly with the input irradiance.!? LDR is calculated using equation (5).'*

26,45

L
LDR = 2ozog]“”ﬂ = 20log 22 (5)

lower L lower

where J stands for photocurrent density in A cm™ and L denotes light intensity in W cm™. LDR is
determined by illuminating the OPD with an above bandgap 830 nm monochromatic light across
an intensity range from 3x10° W c¢cm? to 3x102 W cm™. For the ‘SA’ device, the photocurrent
density scales linearly across the varying input irradiance range, resulting in an LDR of >140 dB

(Fig. 3a). In comparison, the LDR of the ‘control’ device is around 126 dB (Fig. S6a).

Next, the response speed of the photodetector is evaluated. The transition time between
10% of the minimum current to 90% of the maximum current (rise time (Z.s)), and from 90%
down to 10% (fall time (#ux)) is obtained by illuminating the device with a time-varying square

wave light signal (830 nm LED).?° As detailed in Fig. 3b, ‘SA’ PD exhibits an ultrafast #.s of 1.4
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us and tzu of 1.6 us, outmatching the majority of the OPDs.> % These values are 1.8 us and 2.1 ps
respectively for ‘control’ device, marginally slower than the ‘SA’ devices (Fig. S6b). -3dB
frequency (f34s), another important performance metric of PD, is defined as the bandwidth at
which the amplitude of the signal is attenuated to -3dB from the original maximum amplitude.'?
The photoresponse was recorded at various light modulation frequencies to find the corresponding
normalized values. The f345 is found to be around ~290 kHz for the ‘SA’ device (Fig. 3¢) and 240
kHz for the control device (Fig. S6¢). trise, tan and f 343 values of the ‘SA’ device denote the
characteristics of an ultrafast PD and are largely similar to commercial Hamamatsu S1133-01
silicon photodiode. Overall, the performance metrics of SA devices are comparable to or at best

better than the control devices and is typically among the best reported values in the literature

(Table-S2).
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Fig. 3 (a) Photocurrent density linearity upon varying the 830 nm light input irradiance at -0.1V

bias, (b) rise time/fall time and (c) -3dB frequency of the ‘SA’ device.

Although promising advances have been achieved in terms of performance, device stability
is a major concern in organic materials-based optoelectronic devices.*”-*8 The degradation in OPDs
is attributed to the combined effects of multiple factors, mainly light and heat.?’ Detrimental

sensitivity of Jy to illumination history is considered as a hurdle to achieve consistent figures-of-
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merit.*’ In this regard, the stability of the PD devices to illumination history is studied in terms of
Ja. For a reasonable comparison of stability, along with ‘SA’ devices, ‘control’ devices and ‘ZnO
HBL’ based devices are studied. It is to be noted that all these devices are having identical device
structure, except the way HBL materials are employed. The photodiode's light stability in terms of
Ja 1s assessed every 30 minutes for a total of 2 hours of light stress, and the values of dark current
at -0.1V bias are statistically compared with that of before illumination. It is recently reported that
the Jy reliability before and after light illumination is an issue of concern for the ZnO HBL, one of
the most widely used HBL in OPD devices.!* 2% -0 It is evident from Fig. S7a that the ‘SA’
device has excellent J; reliability before/after white light illumination (1x10" W c¢m?, 120
minutes). The ‘control’ device also possesses good Js reliability (Fig. S7b). After the first 30
minutes of light stress, both the SA and the control device have a slight rise in dark current, but
the change gradually reaches saturation after that. On the other hand, in agreement with the
literature, J; of ZnO based PD is severely affected with ~1 order increase in Jqg after the illumination
(Fig. S7c). Another operational stressor for organic PD is “heat”. To endure module packaging,
the temperature stability of organic PDs must be taken with vital importance. However, related
investigations are concerningly scarce in the literature.> *° We have studied the J; stability at
100 °C (within the glove box) for a total exposure time of two hours, and the change is measured
at every 30 minutes. It is interesting to see from the Js curves that there is almost no discernible
degradation in the ‘SA’ device (Fig. S8a). In contrast, the dark J-V of the ‘control’ device is
relatively more sensitive to heating history (Fig. S8b). In the first 60 minutes, there is a noticeable
increase in dark current, and the change gradually reaches saturation. ZnO based PD, however,
possesses relatively good heat stability (Fig. S8c). In short, the ‘SA’ device has both robust light

and heat stability, and the other devices possess either light/heat stability but lack the other one.
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Since the ‘SA’ device exhibits overall better performance metrics and stability in
comparison to the ‘control’ device, it is imperative to substantiate the mechanism behind the
advancement. First, we discuss why ‘SA’ PD exhibits relatively lower J; in comparison with the
‘control’ device. The shunt resistance (R) and trap density, two factors that are known to affect
the Ju at reverse bias are investigated in detail.’ '> Ry, which is found in the vicinity of OV in the
area normalized differential resistance-voltage plot (Fig. 4a), is found to be around 1 order larger
for the ‘SA’ device in comparison to the ‘control’ device. High Ry indicates that the formation of
self-assembled HBL and the active layer is effectively suppressing the leakage pathways. Higher
Ry, directly translates to lower J; in ‘SA’ devices.!> We assume that the interface between HBL
and the active layer in ‘control’ devices may create possible shunt pathways in contrast to the “self-
assembly of HBL” in the ‘SA’ device. Better coverage of HBL as a “self-assembled DPO rich
domain” over ITO may also effectively block the injection of holes into the active layer and thus

reduce the reverse bias Jy.

Understanding of traps remains as a heavily debated and controversial topic in organic
optoelectronics.’! The separated charges moving through the percolating paths of BHJ may
interfere with defective/impurity sites called traps and are considered as either mid-gap states or
shallow tail states lying below the transport gap.’’* The presence of traps has important
consequences on the electrical response of OPDs.** Using the classical P3HT:PCBM organic
photodiode system, Fallahpour and co-workers reported that the trap density is a noticeable
contributor in controlling the current at lower light intensities or dark.>> Furthermore, Jonas et.al
reported the interplay between the trap state and CT state as a source of J;.' They found that the Ju
contains a major contribution from trap-assisted charge carriers and the dark current gets

systematically reduced with decreasing concentration of traps.! Thus, the trap-states in ‘control’
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and ‘SA’ devices were probed using ultra-sensitive EQE (s-EQE), a direct probing method that
can detect trap/defect states during the operation of the organic PD. Our s-EQE system is capable
to probe the sub-picoampere photocurrent generated in the photoexcited trap states.’® The lower
energy part of the sub-gap EQE spectrum belongs to the trap state contribution towards

photocurrent.>

From the normalized s-EQE spectra in the log scale (Fig. 4b), the ‘control’ device
is having a higher “low-energy (< 1 eV) sub-gap signal” compared to the ‘SA’ device, denoting
higher trap density. In addition to s-EQE measurement, the energetic distribution of trap density
(Ny) in ‘control” and ‘SA’ devices was estimated using admittance spectroscopy. Details of the
experiment and fitting model can be found in the reference.®”> 8 From Fig. S9, the trap density of
the ‘SA’ device is found to be lower than the ‘control’ device and thus accords well with the
observation of lower Js in the ‘SA” device. Since the ‘control’ and ‘SA’ devices are mainly differed
by the way HBL is processed, we assume that the self-assembly architecture is contributing to the

trap-passivation. These results provide a possible and very plausible explanation for the lower J4

in ‘SA’ devices.

Seeking the faster response speed of the SA device in comparison with the control device,
atomic force microscopy is employed to understand the effect of morphology on the charge
transport, and in general to the overall performance improvement of ‘SA” devices. From, Fig. S10
(a-b), the SA blend is having a lower root-mean-square roughness (Rq) value of 1.42 nm in
comparison with the control blend (2.54 nm). According to the study by Benavides et al., the active
layer blend's reduced roughness can have a favorable effect on the charge transport pathways and
carrier transport in OPDs.*® The SA blend also has a finer interpenetrating network to promote
efficient charge transport, according to a comparison of the phase images of the two different

blends (Fig. S10(c-d)). Furthermore, the lower trap density could be a key factor in the improved
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dynamic response of SA devices. Bogdan Vlad Popescu et. al found that the trap states have a
profound influence on the -3dB frequency of organic photodiodes.®® ¢! As a result, in addition to
morphological influence, the improved dynamic response of the ‘SA’ device could be attributed

to the lower trap density.

We also calculated the resistance-capacitance (RC) time constant limited -3dB frequency
of the ‘SA’ device using the following equation®?

1

fre = 50RC

(6)

where R is the sum of the series resistance of the device (40 Q) and load resistance of the
oscilloscope (50 Q), and C is the junction capacitance (0.45 nF) measured using inductance—
capacitance—resistance (LCR) meter (Fig. S11). These values give rise to an RC constant of 41 ns
and a corresponding frc value of 3.9 MHz. The aforementioned values suggest that the speed of

the PD is not limited by the RC decay, but possibly by the transit time of the charge carriers.®

To have a good description of the thermal stability of an OPD, it is crucial to study the
properties of the complete device. By employing s-EQE to track the defect states (before and after
heating), it is feasible to study the increased heat stability of the ‘SA’ device in comparison to the
‘control’ device. Fig. S12 shows the s-EQE spectra in the range of 0.9-2 eV for both ‘control” and
‘SA’ devices in a log scale. Upon 1 hour of heating at 100 °C, the s-EQE of the ‘control” device
shows an increase in the sub-gap region, while the low-energy tail of the * SA’ device does not
have any major change after heating. This implies that the trap density in the ‘control’ device is

increased after the heating process and this change is however not prominent in ‘SA’ devices These
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results indicate that thermal stress-induced defect formation can be the primary reason for thermal

degradation.
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Fig. 4 (a) Differential resistance-voltage plot of ‘control’ and ‘SA’ devices (b) s-EQE spectra of
the ‘control’ and ‘SA’ devices. Dark J-V curves of ‘control’ and ‘SA’ (c) P3HT:PC7BM and (d)

PM6:1T-2F OPD devices. Inset is the responsivity of the corresponding devices.

Finally, the potential for the self-assembly processing technology to be applied in a variety
of systems is also explored in a preliminary investigation. Representative systems were chosen
from the classical fullerene (P3HT:PC71BM) and non-fullerene (PM6:IT-2F) acceptor-based

systems respectively. We kept the same device structure for ‘control’ and ‘SA’ devices as in the
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case of the PM6:BTP-eC9 PD, except for the active layer employed. First, the widely investigated
P3HT:PC7:BM OPD system is fabricated in ‘control’ and ‘SA’ device architectures.®* In terms of
Ja and R (Fig. 4c), the ‘SA’ and ‘control’ devices are largely similar. Second, PM6:1T-2F system,
a widely studied high-efficiency non-fullerene OPV system is considered for analysis. Ju of the
‘SA’ device (5.4 nA cm™) is lower than the two-step ‘control” device (13 nA cm™) at -0.1V bias.
R is indistinguishable for both types of devices (Fig. 4d). Preliminary studies (in terms of dark
current and responsivity) on these systems show that the self-assembly OPD architecture performs
on par with or better than the control device, and it may be applied to other OPD systems that use
o-xylene, chlorobenzene, or 1,2-dichlorobenzene as the processing solvent.
Conclusion

We have demonstrated a simple self-assembly strategy that not only eases the fabrication
of OPD, but also delivers robust stability and competitive performance. The presented proof-of-
concept OPD device (PM6:BTP-eC9) showcases competitive performance metrics such as low
noise current, responsivity approaching ~0.5 A/W and ultrafast temporal response comparable to
commercial silicon diodes (rise time of 1.4 ps and -3dB frequency of ~300 kHz). While enabling
a much easier fabrication, performance metrics of self-assembled devices are comparable to or
better than the ‘control’ device, and more importantly, stability against operational stressors (both
light and heat) has greatly enhanced. The improved performance of the ‘self-assembly’ device is
mainly attributed to suppressed shunt pathways and lower trap density. Preliminary research in
two additional exemplary systems hints the possibility for this approach to be used in other material

systems to create cost-effective OPDs.
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