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ARTICLE INFO ABSTRACT

Organic photodiodes (OPDs) offer a myriad of advantages over conventional inorganic photodetectors, making
them particularly attractive for imaging application. One of the key challenges preventing their utilization is the
need for their integration into the standard CMOS processing. Herein, we report a CMOS-compatible top-illu-
minated inverted small molecule bi-layer OPD with extremely low dark leakage current. The device utilizes a
titanium nitride (TiN) bottom electrode modified by a [6,6]-phenyl Cg; butyric acid methyl ester (PCBM)
cathode buffer layer (CBL). We systemetically show that doping the CBL enhances device's low voltage (below
1V reverse bias) photoresponse by increasing the linear dynamic range (LDR) and making the bandwidth of the
photodidoe broader without compromising the leakage current. The optimized device exhibits a dark leakage
current of only ~6 X 107 !° A/cm? at —0.5V. The external quantum efficiency (EQE) at 500 nm reaches 23%
with a calculated specific detectivity as high as 7.15 x 10'?cm Hz'/?/W (Jones). Also the LDR approaches
140 dB and the bandwidth is about 400 kHz, at —0.5 V bias. The proposed device structure is fully compatible
with CMOS processing and can be integrated onto a CMOS readout circuit offering the potential to be applied in
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high-performance large-scale imaging arrays.

1. Introduction

Organic photodiodes (OPDs) are a promising alternative to tradi-
tional inorganic photodetectors for application in detection and ima-
ging due to their advantageous properties [1-5]. These properties in-
clude, among others, tunable optical response, high absorption
coefficients and the possibility to be fabricated on a variety of different
substrates. A range of such OPDs based, for example, on small mole-
cules, polymers as well as organic-inorganic active layers have already
been investigated for imaging technologies resulting in promising de-
vice performance and characteristics [6-10].

The beneficial properties mentioned above offer the opportunity to
envisage imagers that combine the advantages of organic materials
with established silicon technologies. Several examples exist, in which
OPDs were successfully integrated on the backplane of organic [11],
metal-oxide [12], and a-Si:H [13] thin-film transistor (TFT) readout
circuits, mostly employed in large-area applications such as x-ray
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imagers. Recently, a proof-of-concept OPD integrated on the backplane
of a CMOS readout integrated circuit (ROIC) has been demonstrated by
Mori et al., [14]. With such hybrid imagers based on a CMOS backplane
it is expected to have high switching speed and reduced pixel and
readout noise as compared to a-Si:H based imaging devices [15].
However, such OPD devices would need to be CMOS-compatible, in-
troducing significant challenges due to the fact that the device bottom
electrode must be opaque and is strictly restricted by the CMOS process
flow. For example, while aluminium (Al) is a common material in the
CMOS flow and could serve as a cathode in an OPD, it is highly reactive
and quickly forms a thin native oxide layer upon exposure to ambient
atmosphere [16,17] making it difficult for use as a bottom electrode. To
counter this issue, Baierl et al. proposed etching the Al contact pads just
prior to the organic layer deposition [18], while Yen et al. coated the Al
electrodes with a thin conductive metal-oxide [19]. While these ap-
proaches allowed the fabrication of OPDs over Al pads, they complicate
the overall device fabrication by the necessity of addition of processing
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and patterning steps.

Another material which is part of a CMOS process-flow, but is rarely
explored as an electrode, is titanium nitride (TiN). TiN offers chemical
inertness and excellent electrical properties [20], making it very pro-
mising for utilization as an electrode. However, a key drawback of
physical vapour deposited (PVD) TiN films is their large surface
roughness with peak height reaching several tens of nanometres [21].
These topological features on the surface of TiN might be detrimental to
thin organic photoactive layers. Moreover, they are likely to serve as a
potential source of leakage current by forming shunt paths between the
top and bottom electrodes. One approach, demonstrated by Mori et al.,
is based on a chemical mechanical polishing (CMP) technique to create
a completely flat Ti-based bottom electrode [14], however, this method
requires additional processing and, therefore, increases complexity and
cost. Another key requirement from the TiN electrode is related to the
quality of the interface that it forms with the organic layers. An inter-
facial layer that forms a good electrical contact with the underneath
TiN electrode is important for the efficient collection of the photo-
generated electrons. Malinowski et al. showed that this can be taken
care of by inserting a n-type metal-oxide semiconducting (TiOx or ZnO)
interlayer between the TiN and the active layer [22], however this
approach is complicated by the high processing temperature (> 400 °C)
of these metal oxides [23,24] and the need for further process optimi-
zation prior to their integration into imaging systems.

An alternative approach that would mitigate above mentioned is-
sues of TiN is the insertion of a doped interlayer between the bottom
electrode and the photoactive layer. Such a layer can smoothen the
rough surface of TiN and isolate the photoactive layer from the rough
surface of TiN. Additionally, it also improves electron transport and
injection by providing an advantageous energetic alignment between
the active layer and the bottom electrode. However, to be suitable for
image-sensing applications, the interlayer must also guarantee that the
diode leakage current and electrical cross-talk between in-plane pixels
are not compromised, while improving electrical contact between the
bottom electrode and the photoactive layer [25].

In this work, we demonstrate that TiN can be successfully utilized as
a bottom cathode contact to realize a CMOS compatible high perfor-
mance OPD based on a bi-layer C,o/TAPC active layer. Due to the low
operation voltage of CMOS circuits (2-3 V) the bias available to the
photodiode may be below 2 V. As the signal readout is based on charge
integration mediated reduction of the bias across the photodiode, the
range -1 V to 0 V becomes a significant part of the photodiodes dynamic
range. Hence, in this paper we also place an emphasis on the perfor-
mance at below 1V reverse bias (i.e. -1 V-0 V). We show that a (4-(1,3-
dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine
(N-DMBI) doped [6,6]-phenyl C61 butyric acid methyl ester (PCBM)
cathode modifier allows both improved electron transport and loss re-
duction, as well as suppressing reverse bias leakage current. We opti-
mize the interlayer thickness and doping level and demonstrate that it
can be patterned based on the requirements of a CMOS process. Con-
sidering the total thickness of the active layer, the optimized OPD ex-
hibits an impressive dark leakage current of only ~6 x 107'° A/cm? at
—0.5V and ~1 x 107° A/cm? at -1V. The device shows a specific
detectivity as high as 7.15 x 10'2ecm Hz!/?/W and a linear dynamic
range (LDR) of 140 dBat —0.5V bias. At this low bias, the bandwidth
is 388 kHz. Our work significantly advances the engineering of OPD
devices, making them fully compatible with CMOS processing which
will allow their future integration into industrial imaging applications.

2. Experimental

Organic Photodiode Fabrication: OPDs were fabricated on Si/SiOy/
TiN substrates where TiN is acting as bottom contact cathode. To avoid
any perimeter leakage, the edges of the patterned TiN were covered
with 700nm thick polyimide layer leaving a diode active area of
18.4 mm?. Next, a 80 nm thick layer of N-DMBI (Sigma 99.9%) doped
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PCBM (NANO-C 99.5%) was deposited by spin-coating. For this pur-
pose, a 28 mg/ml solution of PCBM dissolved in CB was stirred and
heated (at 70 °C) for 24 h; after that the solution was filtered (0.2 ym
PTFE) and mixed with N-DMBI solution (in CB) at different molar %,
and left overnight to mix well before spin coating. The films were spin-
coated inside a nitrogen-filled glovebox and annealed at 75°C for
30 min to ensure activation of the N-DMBI dopant. Directly afterwards,
a 50nm thick film of C;y (Lumtec) and a 50 nm thick film of TAPC
(Lumtec) were thermally evaporated to serve as acceptor/donor bi-
layer. Finally, a tri-layer anode consisting of 10nm thick film of
Molybdenum trioxide (MoO3, Sigma 99.99%), 12 nm thick silver (Ag)
and a 32nm thick MoOs; was evaporated. Organic Photodiode
Characterization: Dark current-voltage of OPDs were characterized with
a semiconductor parameter analyzer (B1500 A, Agilent Technologies)
inside a nitrogen-filled glovebox. Intensity-dependent photocurrent was
measured using a white light emitting diode matrices, whose intensity
was controlled by the bias current. Appropriate optical density (OD)
filters were used to extend the intensity range (~5 orders of magni-
tude) from ~3 x 107> Sun to ~3 Sun intensity. Spectrally resolved
EQE was performed outside the glove box with measured samples kept
in nitrogen atmosphere inside a holder. Light from the monochromator
(Cornerstone™ 130) was chopped at 80 Hz, and the signal was read
using a lock-in amplifier (EG & G 7265). Frequency measurements were
conducted using a green light emitting diode (LED) modulated by a
square pulse using AFG3252 Tektronix, waveform generator. The dy-
namic photocurrent response of the OPDs were recorded using a digital
oscilloscope (DPO3034 Tektronix). Field-Effect Transistor Fabrication and
Characterization: Organic field-effect transistors (OFETs) were fabri-
cated on highly doped silicon Si* * substrates serving as gate, with a
100nm thick SiO, insulating layer as dielectric. Spin-coated films
(~30nm) of undoped and N-DMBI doped PCBM were annealed in a
nitrogen-filled oven for 15h at 75 °C as reported in literature [26,27]
(at a later stage we found that 30min would be sufficient and hence
30min was used for the photodiode fabrication). Finally, the devices
were completed by a 30nm calcium (Ca)/100nm aluminium (Al)
source-drain contacts which were thermally evaporated through a
shadow mask. The electrical characterization of as-fabricated OFETs
were done using a semiconductor parameter analyzer (B1500 A, Agilent
Technologies) inside a nitrogen-filled glovebox. Atomic Force and Kelvin
Probe Microscopy: Surface morphology images were acquired using a
MFP-3D Infinity atomic force microscope (AFM) operated in tapping
mode. For the surface potential energy images of TiN surface the AFM
was operated in kelvin probe force microscopy (KPFM) imaging mode.
Optical Characterization: Transmittance of glass/MoOs (10 nm)/Ag
(12nm)/MoOs3 (32 nm) tri-layer electrode stack was measured using a
UV-Vis-NIR spectrophotometer (Cary 5000, Agilent) in air. Ellipso-
metry: The ellipsometry measurements of single films of MoO3; and Ag
films on glass were conducted by variable angle spectroscopic ellipso-
metry (VASE Ellipsometer J. A. Woollam Co.) model. Ultraviolet Pho-
toemission Spectroscopy (UPS): UPS measurement were performed using
a double-differentially pumped He (Helium) discharge lamp (hv
= 21.22 eV) with a pass energy of 2 eV and a negative bias of =5V in
an ultrahigh vacuum system (ESCALAB 250 Xi). Interlayer Patterning
Experiments: PCBM interlayer patterning was performed using i-line
photolithography with a negative orthogonal photoresist (OSCoR
5001). After lithography, the PCBM surrounding the pixel area was
removed by oxygen plasma reactive ion etching. Finally, the photoresist
covering the pixel area was stripped in a stripper to leave PCBM on the
active area only.

3. Results and discussion
3.1. TiN characterization and application as an electrode

To test the CMOS compatibility of the OPD, the complete device
stack was fabricated on a test blanket wafer substrate of Si/SiO,/TiN.
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Fig. 1. (a) Energy levels of all the materials used in
this work. (b) AFM image of the TiN surface showing
the surface roughness. Presence of random spikes
nm (white dots) protruding from the surface can be seen.
(c) Potential difference distribution of TiN surface
relative to the AFM tip material (tip coating material

5 Ti/Ir). (d) Forward current-voltage characteristics
0 for devices where TiN contact is used as anode (TiN/
5 CuSCN/TAPC/C,,/BCP/Mg/Ag) and as cathode
-10 (TiN/PCBM/C,o/TAPC/Mo003/Ag), respectively. The

shown voltage range (here above 0.5V) is chosen to
highlight the diode's forward current only.
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The compatibility of TiN as an OPD electrode was studied by fabricating
an opaque device with the structure TiN/C,, (50 nm)/TAPC (50 nm)/
MoO3; (10nm)/Ag (100 nm). The energetics of the different material
layers are shown in Fig. 1a. All the devices with this structure suffered
from either shorts or very high leakage current (see Supp. Info Fig. S1).
This was to be expected based on the large surface roughness of TiN
films. Indeed, Atomic Force Microscopy (AFM) images of TiN films
(Fig. 1b) show a rough surface structure with a root mean square
roughness of ~5.8nm and random spikes larger than 50 nm. These
spikes, in turn, are most likely to be the reason for the high leakage
currents and shorts in the reference opaque devices. Kelvin probe force
microscopy (KPFM) is an efficient method for surface potential calcu-
lation including polymeric surfaces. The measured contact potential
difference (CPD) between the AFM tip and TiN surface (Fig. 1c) was
used to extract the TiN work function using the following formula

¢rin = Prip — qVerp (@)

where ¢y, is the potential of TiN, ¢y, is the potential of the AFM tip
(4.9 eV) and V¢pp is the potential difference between the two. The Vcpp
was measured to be approximately —100 mV, resulting in an estimated
TiN work function of (5.0 = 0.1) eV, in agreement with previous re-
ports [28]. It is often expected that these energetics of the TiN electrode
should not have much influence over the photogenerated electron ex-
traction especially in the context of OPDs where the devices operate
under reverse bias. However, as we show below, this is not the case for
low bias levels required by advanced circuits such as CMOS that typi-
cally operate in the range 2-3 V.

Coating the TiN electrode with an appropriate interlayer has the
potential of transforming it into a cathode with improved surface
structure and electronic properties [22]. In this work [6,6],-phenyl C61
butyric acid methyl ester (PCBM) was selected to act as a cathode in-
terlayer due to several advantageous properties. Firstly, it can be easily
deposited by solution processing and does not require high temperature
processing. Secondly, PCBM is a commonly used electron transport
layer, which would infiltrate the rough surface of TiN and act as a
surface planarizer. Finally, it offers an ideal energetic alignment with
the C,q layer within the active layer which should lower any losses at
this interface [26]. While PCBM coating of TiN indeed resulted in
smooth surface with root mean square roughness of ~1.35nm (see
Supp. Info. Fig. S2), devices with the structure TiN/PCBM (80 nm)/Cq

1
Voltage (|V|)

(50 nm)/TAPC (50 nm)/MoO3 (10 nm)/Ag (100 nm) resulted in a cur-
rent-voltage characteristic with very low current in the forward bias
direction (Fig. 1d). To eliminate the possibility that this is related to a
formation of an insulating surface layer on top of TiN, we fabricated
devices where TiN serves as anode with the structure TiN/CuSCN
(80 nm)/TAPC (50nm)/C,, (50nm)/BCP (8nm)/Mg (30nm)/Ag
(70 nm) where CuSCN is a hole transport layer [29]. Note that due to
the TAPC/C70 heterojunction, the current crosses the junction through
electron-hole recombination and thus a significant current will flow
only if both electrons and holes will be injected. These devices showed
efficient hole injection from TiN into CuSCN, suggesting that the poor
electron injection efficiency from TiN into PCBM is not caused by the
presence of an insulating surface layer, but rather by unfavourable
energetic alignment. As shown above, the relatively high work function
of TiN (5.0 = 0.1eV), allows for efficient hole injection into CuSCN
(HOMO level ~5.2eV), while in the case of PCBM (LUMO level
~3.9eV), a large energetic barrier of ~1eV is formed, significantly
lowering the efficiency of electron injection.

Fig. 2 shows the photoresponse of top illuminated device structure
TiN/PCBM (80nm)/C;o (50nm)/TAPC (50nm)/MoO3; (10nm)/Ag
(12nm)/MoO3; (32nm) at two different biases. Details of the top
transparent electrode MoO3/Ag/MoOQs3 is explained in the next section.
Fig. 2a shows the spectrally resolved external quantum efficiency (EQE)
of the above device at 0 and -1 V. Because of separate photocurrent
channels for electrons and holes, bi-layer devices in general show very
little reverse bias effect on the EQE. However, in this case the EQE
increased by more than 30% (at 500 nm) to its short circuit value when
a reverse bias of —1 V is applied. This rather significant increase in the
EQE under reverse bias suggests inefficient charge extraction at low
voltages. A similar behaviour was found in the photoresponse linearity
measurement (Fig. 2b) of the same device. The light intensity response
of the device at zero bias is sublinear, whereas applying an external bias
improves the response which become almost linear at —1 V. Namely,
while the use of PCBM as a planarizing layer did reduce the leakage
current, the photo-response of the device was relatively poor in the -1V
to 0V range.

3.2. Optimization of PCBM cathode modifier by doping

We note that in the current context, TiN cannot be used as anode
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Fig. 2. Photoresponse of device structure TiN/PCBM (80 nm)/Cy (50 nm)/TAPC (50 nm)/MoO3; (10 nm)/Ag (12 nm)/MoO3 (32 nm) showing (a) Spectral EQE
response at short circuit and —1 V. (b) Responsivity of the same device at 0 and -1 V measured under white light illumination at different intensities.

due to the polarity of the bias imposed by the underneath CMOS
readout circuit. As shown above, a large electron injection barrier is
formed at the interface between TiN and PCBM, resulting in low effi-
ciency of charge injection. Another limitation introduced by the PCBM
interlayer is related to its relatively low conductivity. In order to pla-
narize the rough TiN surface a relatively thick PCBM film (80 nm) has
to be deposited, which hinders charge transport through this layer. This
latter issue is particularly limiting for OPD devices that operate at low
voltages.

Doping has been demonstrated to be an effective method to increase
the conductivity of organic layers and to improve electrical contact
between metal electrodes and organic layers [30,31]. We chose N-DMBI
as an N-dopant as it can be easily introduced into the PCBM solution
and has already been shown to be an efficient dopant of PCBM [27]. To
confirm the efficacy of n-doping, we fabricated PCBM field-effect
transistors with varying level of N-DMBI doping. Supp. Info. Fig. S3a
shows characteristic transistor transfer curves for different molar con-
centrations of N-DMBI doped PCBM films. The curves exhibit a sig-
nificant shift of the threshold voltage (V,) to negative gate voltages with
increasing doping level. This shift in V, is attributed to the increased
concentration of electrons across the semiconducting layer due to n-
doping. To quantify the increase in electron conductivity of the doped
films, two probe conductivity measurements were performed on both
doped and undoped films (using Ca/Al as electrode). Supp. Info. Fig.
S3b shows the extracted conductivity values for an 80 nm thick PCBM
film as a function of N-DMBI % molar concentration. The conductivities
of N-DMBI doped PCBM films increased significantly approaching
5 x 10~ 3S/cm for 5% dopant concentration an increase of over 6 or-
ders of magnitude higher when compared to undoped PCBM films
(~107°S/cm).

To investigate the effect of doping on the energy level alignment at
TiN/PCBM and PCBM/C,, interfaces, we performed ultraviolet photo-
electron spectroscopy (UPS) measurements on both doped and undoped
20 nm thick PCBM films deposited on TiN. Upon coating with undoped
PCBM, the TiN work function is reduced to 4.65 eV, which we interpret
to arise from an interfacial dipole pointing into the TiN substrate. We
attribute this to a corresponding ground state electron transfer from
PCBM to TiN. The hole injection barrier for undoped PCBM is measured
to be 1.4eV (Fig. 3a), resulting in an ionization potential value of
6.05eV, in excellent agreement with previous measurements [32].
Subtracting the 2.1 eV electronic bandgap of PCBM [33] allows us to
estimate the position of the LUMO and the corresponding electron in-
jection barrier. For the undoped case, this barrier is fairly large at
0.7 eV, in agreement with the low injection efficiency into PCBM de-
scribed above. In the doped case (5% molar doping), a larger dipole of

0.9 eV is formed at the interface, resulting in a work function of 4.1 eV.
It is possible that part of the level shift is also due to space charge effects
[31]. We performed thickness dependence measurements that indicate
that the potential contribution from space charge is ~0.1-0.15eV.
Since this value is very close to the experimental error of UPS (0.1 eV),
we do not associate it with any significant space charge effects. The
measured hole injection barrier is 1.85 eV, placing the Fermi level close
to the LUMO level as expected upon n-doping. The corresponding
electron injection barrier is only 0.25 eV, which should result in effi-
cient charge injection into the doped layers. The advantageous inter-
facial alignment with C,o was confirmed by UPS measurements on TiN/
PCBM/Cyq films. The HOMO level of C,, shows a similar shift when
deposited on doped PCBM layer (Fig. 3b), suggesting that the LUMOs of
the PCBM and C;, layers remain aligned upon doping. The energetic
alignment at the TiN/PCBM interface is summarized in Fig. 3c.

3.3. Anode design and characterization

The combination of the improved conductivity and improved en-
ergetic alignment makes doped PCBM layers an excellent candidate for
application as cathode interlayers in inverted OPD. However it is im-
portant to keep in mind that the opaque nature of the bottom TiN
electrode makes it necessary to develop a transparent top electrode that
will allow the incoming photons to reach to the active part in the de-
vice.

Motivated by the recent progress on tri-layer dielectric-metal-di-
electric (DMD) electrode structures [34-36], we fabricated a MoO3/Ag/
MoOs stacked electrode and adjusted the layer thicknesses to optimize
the anode's optical and electrical properties. To model the electro-
magnetic field intensity distribution and consequently the light in-
tensity transmitted through the DMD stack, ellipsometry measurements
were performed to extract the complex refractive index parameters of
the materials (Fig. 4a). We utilized an optical model based on transfer
matrix formalism, which is suitable for multilayer systems [37]. Fig. 4b
shows measured and simulated spectral transmission of an optimized
stack of glass/MoO3 (10 nm)/Ag (12 nm)/MoO3 (32 nm). The measured
and simulated transmission is relative to air and thus also includes re-
flection from the glass interface. Excluding the latter effect, the opti-
mized tri-layer electrode stack has a peak transmission of ~88% at
500 nm. Fig. 4b also shows the measured absorption spectrum of
thermally deposited C,, film on glass, demonstrating that the absorp-
tion peak at 500 nm coincides with the highest transmission region of
the electrode stack.

In addition to the optimized optical properties, the DMD stack must
have low enough sheet resistance to serve as an anode. It is also
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(a) (b) Fig. 3. UPS measurements showing the valence band
. . spectra of (a) undoped and doped PCBM layers on
T|N,PCWBM l TIN/PCBM/C70 TiN and of (b) thermally deposited C;o on top of
. —0% [ —() doped and undoped PCBM layers. The black lines
= ] % e O ? indicate HOMO level fits. (¢) Schematic band energy
o | —5% : [ _1 u/u diagram showing electron injection barrier at the
“; — 5% TiN/PCBM interface for the undoped and for n-
= .é‘ | doped (5% molar doping) PCBM on the left and
e | g right, respectively.
£ S|
= =
1 2 1 2

Binding Energy w.rt. Fermi Level (eV)

(c)

Undoped
PCBM

desirable that the stack would be stable upon exposure to air and
maintain its electrical properties. Fig. 4c shows the current voltage
curve of the stack in the lateral direction measured immediately fol-
lowing fabrication and after 2 weeks of exposure to ambient atmo-
sphere. The derived sheet resistance was found to be as low as ~9 Q/sq
making it suitable to serve as the anode of the OPD device.

3.4. Optimized photodiode structure and performance

Combining the optimized PCBM cathode modifier and the anode
DMD structure, we fabricated OPD devices with the structure TiN/
PCBM (80 nm)/C7o (50 nm)/TAPC (50 nm)/MoO3 (10 nm)/Ag (12 nm)/
MoOs3 (32 nm) with various doping levels of the PCBM layer (Fig. 5a).
Fig. 5b shows the dark current-voltage characteristics of undoped,
0.25%, 1%, and 5% doped devices. We note that the doping % always
refers to a molar % of doping and % doped device refers to the level of

Binding Energy w.rt. Fermi Level (eV)

PCBM

n-doped PCBM in the device. Devices with 5% doping level resulted in
high reverse leakage currents and were therefore excluded from further
characterization. The high leakage current in 5% doped devices is most
likely to be associated with aggregation of N-DMBI stimulated complex
formation at the surface of the doped PCBM films [27,38], as confirmed
by the AFM and optical-microscope analysis (see Supp. Info. Fig. S4).
For the 1% doped device the reverse bias leakage current at —1V was
in the range of 1-3 nA/cm®. Measurements were conducted on devices
fabricated in different batches to ensure that the results are re-
producible. Supp. Info. Fig. S5 shows the dark current-voltage char-
acteristics of 1% doped device from 4 different batch. To the best of our
knowledge, these are one of the lowest leakage current values reported
for inverted OPDs based on TiN electrodes. Fig. 5¢ shows the spectrally
resolved external quantum efficiency (EQE) of undoped, 0.25% and 1%
doped devices at zero bias. The 1% doped device yields an EQE of
approximately 23% at 500 nm - nearly double to that of the undoped
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Fig. 4. (a) Real refractive index (n) and extinction coefficient (k) spectra measured by ellipsometry and investigated in optical modelling. (b) Measured (blue) and
modelled (red) transmission for the tri-layer MoO3/Ag/MoO3; anode. The absorbance (green) of a C,, film deposited on glass is shown for reference. (c) Measured
current-voltage curves of the tri-layer anode directly after fabrication (blue) and after two weeks in air (red). The distance between the 2 electrodes was 1 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (a) Schematic structure of the fabricated inverted OPDs (b) Dark current

-voltage characteristics for the undoped and doped devices. (c¢) EQE versus wave-

length of undoped and doped devices measured at 0 V. (d) Spectral responsivity of the devices at 0 V bias. () LDR of 1% doped device measured at —1 V under white
light illumination. (f) Detectivity of 1% doped device at —1 V. Further comparison between 0% and 1% doped devices under different bias conditions can be found in

Fig. S7 in the supplementary information.

device (12%). These EQE values are relatively moderate compared to
solution processed semi-transparent inverted bulk heterojunction (BHJ)
based devices [39,40]. In order to examine whether the performance of
our photodetector devices can be enhanced by using a BHJ active layer,
we fabricated and characterized the dark leakage current and EQE of
such devices. For best comparison the BHJ device has the bi-layer
structure with a 40 nm thick BHJ layer inserted at the bi-layer donor-
acceptor interface. Supp. Info. Fig. S6a shows the EQE response of a
planar BHJ active layer device of structure TiN/PCBM (80 nm)/Cyo
(40 nm)/C,¢:TAPC (70:30 40 nm)/TAPC (50 nm)/MoO3 (10 nm)/Ag
(12nm)/MoO3 (32nm) at 0 and -1V. The EQE response of the BHJ
active layer device at short circuit condition is 34% compared to 23%
for a bilayer device measured at 500 nm. At —1V the response of the
BHJ device is increased to 40% compared to the 24% of the bi-layer.
However, these improvements are accompanied by a significantly
higher dark leakage current as compared to the bilayer device (see
Supp. Info. Fig. S6b). Specifically, the measured leakage current in the
BHJ active layer device at —1V was 3 X 10”7 A/cm? - almost two
orders higher than the bilayer device. Such a large leakage current
would significantly decrease the key photodetector figures of merit,
namely the detectivity and LDR, so despite the enhancements in
quantum efficiency, an OPD that incorporates a BHJ active layer is still
inferior to the bilayer OPD device. For solution processed BHJ OPD
there are reports of low dark current and high detectivity [5,10,41,42],
however these are typically much thicker devices exhibiting a low
frequency response, at reverse bias not exceeding -1 V [2]. The origin of
the high leakage current in our BHJ active layer device is related to the
increased interfacial area in this device. We have shown that the
leakage current in our bilayer devices is dictated by the junction and
depends on how efficient are the recombination-generation processes at
the donor/acceptor interface [43]. The high interfacial area in the BHJ
active layer device means more efficient recombination-generation via
interface states, which would result in enhanced leakage current. The
enhanced number of interface states is also reflected by the BHJ active
layer device having a higher ideality factor of n ~2.05 as compared to

the bilayer device n ~1.58 (see inset Supp. Info. Fig. S6b). Moreover,
we note that due to the presence of large contact barriers (1.4 eV for
holes and 3.5 eV for electrons) any reverse bias contact injection can be
ruled out. Based on these results solely the undoped and 1% doped
bilayer devices were selected for further photodetector specific char-
acterizations. Detailed studies of the generation-recombination pro-
cesses in C,o:TAPC bi-layer devices can be found in the recent work by
Liraz et al. [44]. Specifically, it shows that the generation is limited
only by the single junction collection efficiency and that the re-
combination is bimolecular.

Fig. 5d shows the spectral responsivity of the undoped and doped
devices at zero bias calculated using the expression:

R =1 % EQE/1240 2)

Where R is the responsivity (A/W), 4 is the wavelength of incident light
(nm) and EQE is the spectral external quantum efficiency of the device.
For A =500nmat 0V, the 1% doped device shows a responsivity of
0.092 A/W, while the undoped device's responsivity is only 0.047 A/W.
At —0.5 and —1V, the responsivity of the 1% doped device increased
to 0.095 A/W, 0.096 A/W, whereas the undoped device's responsivity
rose to 0.056 A/W, 0.065 A/W respectively.

The photosensitive linearity measurement, also known as LDR, of
the 1% doped device at —1 V under white light illumination is shown in
Fig. Se. The device shows perfect linearity in the entire measurement
range of our equipment set up. The lower limit of the LDR in general
defined by the noise current. At —0.5V, dark current is the dominant
source of noise in our OPD (see next paragraph). The LDR of the pho-
todetector calculated on 20 log scale, which is given by Ref. [45].

LDR = 20 log, (Jphoto/Jpark) )

where Jppoy, is the upper limit of the photocurrent that is still linear with
respect to the light intensity and Jp,, is the dark current. The optimized
1% doped device results in an LDR of at least ~135dB and ~140 dBat
—1 and —0.5V respectively which is a high value for small molecule
and polymer based OPDs [6,39].
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Characterizing the photosensitivity linearity of undoped and doped
devices at various biases provides insight into the origin of the im-
provements for the latter. Measurements performed at —0.2V (see
Supp. Info. Fig. S7a) show that while the doped device (1%) exhibits a
linear response over the entire intensity range, the undoped device's
response deviates from linearity at high intensities. This deviation from
linearity is reduced when a higher voltage of —0.4V is applied (see
Supp. Info. Fig. S7b). This suggests that in the case of undoped PCBM
devices, a significant voltage drops across the PCBM layer, reducing the
electric field available to assist with charge separation and extraction.
Applying a higher bias resolves this issue by increasing the electric
field, until at -1 V bias the linearity of the photosensitivity response is
restored (See Supp. Info. Fig. S7c). This effect is also evident in the EQE
measurements at —1V bias when compared to EQE at 0V. While no
significant change can be seen for the doped devices, the EQE of the
undoped device increases from 12% to 16% (see Supp. Info Fig. S7d).
These results highlight that the high performance of the doped OPD is
compatible with operation at low voltages (below 1 V), which would
also lower the leakage current and enhance the device sensitivity.

To quantify the optimized OPDs noise, first noise equivalent power
(NEP) was calculated. NEP is defined as the minimum light power re-
quired in order to generate an electrical signal equivalent to the noise
current of the photodetector at a specific bandwidth (B) is given by Ref.
[46].

NEP = Iise/R ()]

where R is the responsivity (A/W) at specific wavelength and I (A/
Hz'/?) is the noise current defined as [45].

0.5
4KTB
Tnoise = I:Ze-]darkB + :l
sh

()

where e is the absolute electron charge (1.6 x 10~ % C), Jpay is the dark
current (A), B is the detection bandwidth (Hz), K is the Boltzmann
constant, T is the temperature, and Ry, is the effective shunt resistance,
representing the leakage current, of the photodiode (ohm). We note
that Eq. (5) does not count other sources of noise such as flicker noise.
With the typical values of our 1% doped device at —0.5V (
Jpark = 1.1 X 107° A, B = 1Hz and Ry, ~5.5GQ) the calculated shot
noise current of 6 X 10~ ' A/Hz'/* was higher than the thermal noise
of 1.7 x 10™'® A/Hz? The effective shunt resistance was approxi-
mated from the diode's J-V curve (see the Suppl. Info. Fig. S8). Using
Eq. (4) the calculated shot noise equivalent NEP for 500 nm wavelength
light is ~5.6 x 10~ '*W/Hz'/%. Area independent noise figure also
known as specific detectivity (D*) for a photodiode is given by

D* = A /NEP=RAB | \[2qJgar ©

where A is the device area (cm?) and rest of the parameters have their

2 3 4 5 6

Time (us)

usual meaning as mentioned before. Eq. (6) is valid under the as-
sumption that the dark leakage current of the OPD is the dominant
source of noise. As we showed in the last section that at — 0.5V, the
calculated shot noise was found to be higher than the thermal noise. At
500 nm under —0.5V, —1V bias, the detectivity of 1% doped devices
is found to be 7.15 x 10'2 and 5.28 x 102 Jones respectively. The
undoped device whereas showed a detectivity of 3.5 X 10" Jones and
3.42 x 10" Jones at —0.5V and —1V respectively. A spectral de-
tectivity characteristics at —1V for 1% doped device is presented in
Fig. 5f. We note that above detectivity values were calculated in a 1 Hz
bandwidth.

As the final figure of merit we characterized the frequency response
of the undoped and 1% doped devices. The cut-off frequency or the
bandwidth was determined by the frequency of input light modulation
at which the photodiode response is -3 dB lower than the low frequency
signal. An alternative method to characterize the photodiode's speed is
to quantify its rise or fall times. The rise time is defined as the time it
takes the output signal to increase from 10% to 90% of the final output
level. The -3dB frequency for the undoped and 1% doped device at
different reverse bias conditions are shown in Fig. 6a. At short circuit
condition the -3 dB frequency for the undoped device was found to be
38 kHz whereas 1% doped device showed a much higher cut-off fre-
quency of 388 kHz. This high bandwidth achieved in 1% doped device
is more than enough for imaging applications such as required in digital
still cameras and scan cameras [47]. In the case of the undoped device
the cut-off frequency gradually increased to ~ 310kHzat —1V.
Whereas in the case of 1% doped device no bias dependent response
improvement was observed. This cut-off frequency improvement of the
undoped device can also be seen as the increase in the rise time of the
device (see Fig. 6b).

The frequency response of a photodiode is limited by either the
carrier transit time or the RC time constant [48]. Our results indicate
that the cut-off frequency of the doped OPDs is limited by the char-
acteristic RC time constant and not by the transport across the diode.
The undoped OPD, however, is limited by the transport across the un-
doped PCBM layer as is also supported by the very low forward current
in Fig. 5b. At higher voltages, the bandwidth is no longer limited by the
undoped PCBM layer and begins to approach the RC limit.

3.5. Impact of environmental conditions on device performance and
compatibility with CMOS processing

The environmental stability of the devices was assessed by char-
acterizing them directly after fabrication in an inert environment and
after storage in ambient air in the dark without encapsulation. Fig. 7a
shows the dark current characteristics of a fresh device and the same
device after 2 weeks in the air. The forward current at 1.5V has
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Fig. 7. (a) Dark current-voltage characteristics of a fresh device (solid red), same non encapsulated device after 2 weeks storage in ambient atmosphere (dotted red)
and a patterned device (blue). (b) Spectral EQE response of the same devices. (c) Schematics of patterned devices going through additional processing steps,
compared to an unpatterned device. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

decreased from 66 uA/cm? to 16 uA/cm?, but more importantly the
reverse bias leakage current at —1V changed only slightly from
~2nA/cm? to ~4nA/cm? The corresponding EQE measurements
(Fig. 7b) show that there was no significant degradation in the optical
response of the device.

Furthermore, to investigate the feasibility of integrating the OPD
device structure on CMOS readout circuits, the PCBM layer was pat-
terned prior to the fabrication of an OPD over it. Patterning allows
using a specific area of the substrate for OPD, leaving the rest of the
substrate area for other purposes, for example, for readout circuitry and
external bonding for device characterization. Fig. 7a shows the dark
current characteristics of a device in which the PCBM layer has gone
through lithography and reactive ion etching processes. The patterned
device shows excellent qualities and has a similar level of dark current
(~1nA/cm? at —1V) and EQE - as shown in Fig. 7b — compared to the
unpatterned device. This result indicates that the doped PCBM layer
retains its properties after lithography, etching, and photoresist strip-
ping processing steps (see Fig. 7c and Supp. Info Fig. S9) making it
compatible with CMOS processing. We note that these process steps
were done on the test blanket substrate Si/SiO,/TiN. In the next step
these processes including OPD integration will be carried out on real
CMOS ROIC which is currently under investigation and will be pub-
lished elsewhere. Finally, the calculated in-plane parasitic current (see
Supp. Info) of 1% doped PCBM film was almost two orders of magni-
tude below the diode leakage current which eliminates the need for
isolating PCBM coated pixel pads.

4. Conclusion

In summary, TiN was explored and successfully implemented as
bottom electrode in an inverted top-illuminated OPD. We have shown
that a sandwiched interlayer of N-DMBI doped PCBM is beneficial in
improving the electrical contact between TiN and the active layer (C;o).
The other beneficial doping effect in comparison to the undoped layer is
loss reduction of photogenerated carriers at low operating voltages due
to much improved electron transport within the device. The optimized
device shows an excellent PD characteristics, having a dark leakage
current of ~6 x 107'% A/ecm?, detectivity of 7.15 x 10'? Jones at
500 nm, linear dynamic range close to 140 dB, and negligible in-plane
parasitic current at —0.5 V. Its bandwidth, although limited by the RC,
is 388 kHz which is amongst the highest reported for organic PDs at
below —1V operation [49,50]. The robustness of the doped PCBM
layer shows remarkable promise for future integration of OPD devices
into CMOS readout circuits and potential application in high-perfor-
mance large-scale array imagers.
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