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The top illuminated organic photodetectors (OPDs) with a Dielectric/Metal/Dielectric
(DMD) transparent anode are fabricated. The transparent electrode is composed of
molybdenum trioxide (MoOs)/silver (Ag)/MoOs layers and zinc oxide (ZnO)/aluminum
(Al) is used for bottom cathode. The optimized DMD electrode has an optical transmittance
of 85.7% at the wavelength of 546 nm and sheet resistance of ~6 Q/sq. The fabricated OPDs
exhibit a high detectivity and wide range linearity.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Over two decades, organic photovoltaics and photode-
tectors have been extensively studied due to their easy
deposition methods, large-area processing capabilities,
and fine tunability of optical absorption coefficients [1,2].
Especially, organic photodiodes (OPD) have been actively
studied as potential low-cost, high-performance alterna-
tives to amorphous silicon (a-Si) photodiode for flat panel
imagers [3-5]. Among various kinds of the imagers, indi-
rect type imager based on CsI(Tl) scintillator looks very
promising for OPD application due to its reduced lateral
light scattering, high light output, fast response time, and
suitable peak emission spectra [6,7]. Among various
organic materials for such application, Poly(3-hexylthioph-
ene-2,5-diyl):Phenyl-Cg;-butyric acid methyl ester (P3HT:
PCBM) bulk heterojunction (BH]) blend system appears to
be very desirable candidate [4,5,7-9]. Ng et al. used 4 pm
thick poly[(2-methoxy-5-ethylhexyloxy)-1,4-phenylenevi-
nylene] (MEHPPV): PCBM BH] blend layer as photoactive
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layer in combination with a flexible a-Si thin-film transis-
tor (TFT) backplane to realize an imager array with 35%
external quantum efficiency [3]. They used solution pro-
cessed ITO nanoparticles as top transparent electrode
which had a very high sheet resistance of 1 MQ/sq, result-
ing in significant current loss during signal readout. Alter-
natively, Tedde et al. demonstrated a concept of a-Si:H
TFTs active pixel sensor (APS) imager integrated with the
OPD. The APS provides on-pixel amplification up to 10
compared to passive pixel sensor (PPS) [4]. They adapted
conventional structure of OPDs with top Ca/Al transparent
cathode. When low-workfunction metals are used as trans-
parent electrode, post-process encapsulation is required.
The long-term stability of such devices cannot be guaran-
teed, also the Ca/Al transparency is rather low. To enhance
the device stability in air, the inverted organic solar cell or
photodiode architectures are investigated. In such devices
a high workfunction metal such as Au, Ag, or PEDOT:PSS
are used as top transparent electrodes [10-16]. Although
a large number of works have been reported for inverted
type organic solar cells [10-14] or inverted type organ-
ic photodetector with the bottom illumination [15], only
a few inverted type organic photodetectors with top
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illumination geometry have been reported so far. For
example, Baierl et al. demonstrated the inverted type
P3HT:PCBM OPD with PEDOT:PSS as a top electrode
[17,18]. In such device configuration the PEDOT:PSS suffers
from a high acidity, hygroscopic behavior, resulting in
inferior stability [19]. Alternatively, ultra-thin metallic
films can also be used as a transparent electrode in OPV
and OPD application [4,5,20,21]. In such configuration,
the reflection from the metal surface is too high and a large
portion of incident light can be wasted. To suppress such
high reflections, an optically transparent dielectric materi-
al can be employed as an anti-reflection layer, leading to
the Dielectric/Metal/Dielectric (DMD) multilayer electrode
configuration. Although a number of papers on the applica-
tion of the DMD transparent electrode to organic light
emitting diode and organic solar cell have been published
[22-26], to our best knowledge, no research on the top
anode, top-illumination OPD with the DMD configuration
has been reported. In this paper, we demonstrate a top-
anode, top-illumination OPD with engineered MoOs/Ag/
MoO3; DMD semi-transparent electrode that could be used
for large-area imager application. The optical simulation
and experimental measurement are conducted to investi-
gate the effect of the DMD semi-transparent electrode on
the OPD properties. Also, OPD electrical characteristics
including current-voltage properties, quantum efficiency,
noise equivalent power, and detectivity are evaluated.

2. Experimental
2.1. Device fabrication

Low-cost soda lime glass substrates (Asahi glass) were
cleaned by acetone, isopropyl alcohol, and deionized water
by sonication for 5 min for each process, and treated by
oxygen plasma for 5 min subsequently. 100 nm of alu-
minum layer was thermally evaporated using shadow mask
for patterning bottom cathode. ZnO sol-gel solution was
prepared by dissolving 0.5 M of zinc acetate dihydrate
(Zn(CH3C00),-2H,0, Sigma Aldrich) as a precursor in
2-methoxyethanol (2ME, Sigma Aldrich) solvent. 0.5 M of
mono-ethanolamine was added as a stabilizer and the
mixture was vigorously stirred at a temperature of 60 °C
for 4 h. The solution was then cooled down and aged for
more than 24h. The synthesized ZnO solution was
spin-coated on top of the patterned cathode layer with
spin-coating speed of 2000 rpm for 30 s and annealed at
150 °C for 20 min, yielding 40 nm thickness of ZnO layer.
The substrates were transferred into a glove box with
nitrogen atmosphere for deposition of photoactive layer.
25mg of P3HT (Rieke Metals) and 25 mg of PCBM
(American Dye Source, Purity: >99.5%) were mixed into
1 mL of dichlorobenzene (DCB) and stirred by magnetic
bar overnight for the BH] solution. The solution was filtered
by 0.45 pm syringe filter and then spin-coated onto the ZnO
layer with different spin-coating speed to realize OPDs with
active layer thickness of 200 nm, 320 nm and 450 nm. To
prevent complete drying of P3HT:PCBM film, the spin-
coating timing was adjusted for each process. The active
layers were then solvent-assisted annealed [27] for

30 min to 1 h to ensure fully dried films in N, atmosphere.
The substrates were transferred into thermal evaporator for
deposition of 5 nm MoOs, 10 nm silver and 35 nm MoO3
subsequently. A shadow mask was used for top anode
fabrication. All the devices were encapsulated with a thin
slide glass sealed by UV curable epoxy resin. The device size
was 0.04 cm? with square shape.

2.2. Device measurement

Optical transmittance and absorbance spectra of the
semitransparent DMD, DM multilayer, and P3HT:PCBM
BH] film were measured using Agilent CARY-5E UV-vis
spectrometer. Optical reflectance of the DMD, DM elec-
trode were measured by Filmmetrics F20 thin-film mea-
surement system. Sheet resistances of the electrodes are
measured by 4-point probe method. A solar simulator
(Oriel) equipped with Xenon lamp and band pass filter
with peak wavelength 546 nm (FWHM = 2 nm), was used
for the current density-voltage (J-V) characteristic mea-
surement under illumination. The irradiance of the illumi-
nated light was measured by Newport power meter. The
J-V characteristics of all the organic photodiode under illu-
mination and dark conditions were measured by HP2416A
semiconductor measurement system with a probe station
in a dark Faraday cage. External Quantum Efficiency
(EQE) was measured with a setting of lock-in amplifier
(Stanford Research Systems SRS 830), monochromator
with a 100 W halogen tungsten lamp, light chopper, and
UV-enhanced silicon photodetector (Newport UV808) for
calibration.

2.3. Methods

Optical modeling method and detailed description of
the OPD figures of merits can be found in the Supplemen-
tary Materials.

3. Results and discussion

3.1. DMD top electrode simulation, characterization, and
optimization

The Dielectric/Metal/Dielectric (DMD) electrode in
comparison to other transparent top electrode has desir-
able properties such as (i) the DMD electrode has anti-re-
flective MoOs dielectric layer on top, which maximizes
the transmission of the light of interest, and (ii) the passi-
vation of the top electrode with the additional MoOs3 layer
allows direct deposition (e.g. thermal evaporation [28]) of
CsI(TI) scintillator materials, which is beneficial in achiev-
ing a higher scintillator gain [7]. Fig. 1 shows the schematic
of the fabricated top illuminated OPD. To find optimum
layer thicknesses ensuring that a maximum amount of
incident light can pass through the top DMD multilayer
transparent electrode, an optical simulation is carried out
based on refractive indices of all the OPD layers measured
by a spectroscopic ellipsometer. The measured refractive
indices of MoOs; and Ag layers over wavelength from
400 nm to 800 nm are shown in Fig. S1 (Supplementary
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Fig. 1. Device structure of the top anode OPD with top illumination.
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Fig. 2. (a) Sheet resistance of the MoOs; 5 nm/Ag varied/MoOs; 35 nm
structure fabricated on glass as a function of the thickness of the Ag
interlayer. (b) Simulated 2D absorption spectrum with different bottom
and top MoOs thickness in DMD structure with fixed Ag layer thickness of
10 nm. The color bar represents the absorption in P3HT:PCBM at 546 nm.
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Materials). The index values of all the layers in the OPD at
the wavelength of 546 nm are summarized in Table S1. Pri-
or to determining the optimum thickness of each layer of
the DMD electrode, we need to fix the Ag interlayer
thickness which ensures both a low sheet resistance and
a high optical transmittance. Fig. 2a shows the variation

of the sheet resistance of the DMD structure with MoOs
5 nm/Ag varied/MoOs; 35 nm on glass as a function of the
thickness of the Ag interlayer. As shown in the figure, silver
thickness higher than 9 nm gives sheet resistance under
10 Q/sq which is suitable for a large area imager. High
sheet resistance of 24 Q/sq of the DMD layer with 8 nm
Ag thickness shown in the figure can be attributed to the
discontinuous film morphology with aggregated Ag islands
formation [29]. Meanwhile, the significant decrease of the
R for Ag thickness above 9 nm assures the formation of
the continuous metal film. We fixed Ag thickness to
10 nm for the DMD multilayer; the sheet resistance of
the DMD film was 6.2 Q/sq, which is much lower than
10 Q/sq of standard ITO. Next, to find the optimum thick-
ness of the bottom and top MoOs dielectric layer for light
transmission, the transfer matrix method approach was
applied to the whole OPD structure with varying top and
bottom MoOs thickness. Fig. 2b shows a simulated contour
plot of the light absorption in the P3HT:PCBM active layer
of the OPD structure as functions of top and bottom MoO5
thickness. Fixed thickness of Al=100nm, ZnO =40 nm,
P3HT:PCBM =320 nm, and Ag=10nm are used. In this
simulation, a monochromatic light at the wavelength
546 nm is chosen since it corresponds to an emission peak
of the CsI(TI) scintillator [7]. As can be seen from the figure,
the highest absorption in the active layer can be achieved
when the top MoOs layer thickness is around 35 nm, indi-
cating light absorbance over 90% by P3HT:PCBM film. Since
the bottom MoOs3 layer not only transmits the incident
light but also transports the photogenerated charges
[23,29], it is required to optimize this thickness for both
light transmission and carrier transport. From the simula-
tion data we can conclude that the maximum absorption
is attained with a combination of bottom MoO3; =70 nm
and top MoOs =35 nm. However, we need to limit the
thickness of the bottom MoOs layer to 5nm to ensure
the efficient charge transport in the interlayer. Hence, for
optimum OPD performance, we decided that the bottom
MoOs layer should be fixed to 5 nm with 10 nm of Ag
interlayer and 35nm of top MoOs; layer. The star in
Fig. 2b indicates the suggested optimum light absorption
point of the OPD structure. This choice is expected to
guarantee a high charge transport efficiency and a high
absorption of the incident light above 90% in the active
layer at the same time [23,29].

Additionally, we investigated the influence of the
dielectric layer in the DMD electrode on the light reflection
properties by studying an optical admittance of the multi-
layer system [30,31]. The admittance diagram helps to
understand more clearly how the variation of each multi-
layer results in the minimum reflectance of the DMD struc-
ture. Fig. 3 presents the admittance diagrams of the
multilayer transparent electrodes of Ag 10 nm/MoOs
5 nm/glass and MoOs; 35 nm/Ag 10 nm/MoOs 5 nm/glass
substrate at 546 nm wavelength, respectively. The loci for
perfect electric conductors and optically transparent
dielectric materials are represented by a series of circular
arcs while the semiconductors result in a spiral locus. As
the thickness of each medium increases, the optical
admittance of the layer is computed that leads to a rotation
of the admittance on either circles or spirals and the
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Fig. 3. Admittance diagrams of (a) MoOs (5 nm, #1)/Ag (10 nm, #2) DM
and (b) MoOs3 (5nm, #1)/Ag (10 nm, #2)/MoOs (35nm, #3) DMD
multilayers on glass substrates. The arrows indicate the increasing
thickness of each layer from the glass substrates.

corresponding locus is plotted on the complex plane. The
starting point of the admittance diagram is (1.45,0) that
corresponds to a glass substrate and the subsequent
admittance is determined by both the refractive index
and thickness of the material. For example, in Fig. 3a,
5 nm of MoOs (#1) leads to the admittance rotating from
(1.45,0) toward (1.463,0.131). After that, 10nm of Ag
(#2) results in the rotation of admittance to
(1.245,—1.511). When the termination point of the whole
multilayer system ends at (1,0) that corresponds to air, a
perfect impedance matching occurs, thus giving rise to
zero reflection. This implies that reducing the difference
between the final admittance point and the air enables
the transmission efficiency of the DMD electrode to be
enhanced by suppressing the light reflections. For the
structure without the top MoOs film, the termination point
is (1.245,—1.511) that is not close to the air, resulting in
32.1% reflections (R), which can be calculated by the fol-
lowing expression.

Yo—Yi\ /Yo Y1\~
R=c-|lo—c 1
<Y0+Y1> <Y0+Y1> ( )
where Yy and Y; are the optical admittance of the incident

medium (i.e. air) and the termination point, respectively
[31].

In contrast, in Fig. 3b, the admittance obtained from the
multilayer structure with the top MoOs layer (#3) ends at
(0.766,0.183), which is much close to the point of the air,
thereby leading to highly suppressed reflections of 2.8%.
Such highly reduced reflections can also be explained by
a small index difference between air and MoOs as com-
pared to a large difference between air and metallic layer.

Fig. 4 shows excellent agreement between simulated
data obtained by the transfer matrix method and the
experimental optical transmission and reflectance spectra
of the both MoO3; 5 nm/Ag 10 nm/MoO3 35 nm DMD and
MoOs3; 5 nm/Ag 10 nm DM electrodes on glass substrates
at normal incidence. It is noticed that the maximum light
transmittance of 85.7% is achieved at 468 nm wavelength
for the DMD electrode on glass. We also note that the light
transmittance of the optimized DMD electrode is compara-
ble with that of a standard ITO glass (Delta technologies,
Rsheet ~ 11 Q/sq), as included in Fig. 4. The transmittance
of the DMD electrode at 546 nm wavelength was 76.8%,
which is much higher than that of DM electrode of 56%
at same wavelength. On the other hands, the measured
reflectance of the DMD multilayer at 546 nm wavelength
was 5.4% while the DM structure showed 37.6% of the
reflectance. These measured reflectance values are in good
agreement with the calculated reflectance values from
both the simulated reflectance spectrum in Fig. 4 and the
admittance diagram in Fig. 3.
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Fig. 4. Experimental and simulated optical transmittance and reflectance
spectra of the optimal DMD (MoO3 5 nm/Ag 10 nm/MoO3 35 nm) and DM
(MoO; 5nm/Ag 10 nm) multilayer. Transmission spectra (top) shows
excellent match with experimental spectra (DMD: closed circle, DM: open
circle) with simulation plot (DMD: solid line, DM: dashed line). Trans-
mission spectrum of ITO film (open square) is included for comparison.
Reflectance spectra (bottom) is shown with experimental spectra (DMD:
closed triangle, DM: open triangle) with simulation plot (DMD: solid line,
DM: dashed line) in good agreement.
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3.2. Device physics of the top illuminated anode DMD OPD

The top illuminated anode OPD incorporates several
functional layers including cathode (Al), electron transfer
layer (ETL, ZnO), bulk heterojunction (BHJ, P3HT:PCBM)
photoactive layer, hole transfer layer (HTL, bottom
MoOs3), anode (Ag), and anti-reflection layer (top MoOs3).
Fig. 5a shows band diagram of the OPD with corresponding
energy levels for each layer. The superpositioned layers in
BH] region with solid line and dashed line represent energy
band of P3HT electron donor and PCBM electron acceptor,
respectively. Note that the good alignment of the conduc-
tion band of the ZnO layer (4.4 eV [32]) with the lowest
unoccupied molecular orbital (LUMO) level of PCBM
(4.3 eV [33]) and the conduction band of the MoOs layer
(5.5 eV [34]) with the highest occupied molecular orbital
(HOMO) level of P3HT (5.0 eV [33]) forms favorable energy
level match between buffer layers and BHJ active layer.

Under equilibrium condition, we assume that MoO;
layer forms ohmic contact with Ag anode [29], while Al
cathode is Fermi-level pinned to ZnO layer forming
Schottky junction. The device band bending under equilib-
rium condition is depicted in Fig. 5b. Although both ZnO
and MoOs buffer layers employed in the OPD structure
are n-type semiconductor [16,34], the high workfunction
difference between ZnO (&z,0=4.7 eV [32]) and MoOs
(Pmoo3 =5.7 €V [34]) makes electrons on ZnO cathode
side migrate to MoOj3 anode side, establishing the internal
electric field inside the BHJ active layer as shown in the
figure. Under light illumination condition, the internal
E-field allows photo-generated electrons and holes in the
active layer drift to the ZnO cathode and MoOs anode,
respectively, which is the generation principle of the short
circuit current when the OPD works in photovoltaic regime
with zero bias.

When the OPD is reverse biased, (positive bias to Al/ZnO
cathode and negative bias to MoOs/Ag) in dark condition,
as shown in Fig. 5c, the reverse dark saturation current is
mainly generated by undesired charge injection through
electrodes, which can be minimized by formation of ener-
getic barriers on each electrode by ZnO and MoOs layer
[35]. To decrease the dark current at cathode side, the
ZnO layer is employed as a hole blocking layer (HBL) to
increase the injection barrier for holes to BH]J active layer
as AEcathode = Valence band of ZnO (7.7 eV [16]) - ®a
(4.2 eV)=3.5eV. On the other hand, the energetic barrier
for carrier injection on anode side is AE.node = Pmo03
(5.7eV) - LUMOpcpm (4.3 eV)=1.4eV, which has lower
barrier than cathode side. Due to its lower energetic barrier
formed on active layer/MoOs interface, the dominant
electron injection will occur at the anode side.

Under light illumination, (i) excitons are generated by
photon absorption in P3HT electron donor, and (ii) exci-
tons diffuse to the electron acceptor-donor interface. (iii)
The diffused excitons dissociate into electron-hole pairs
due to internal electric field. (iv) Finally, the electrons
and holes transport by hopping between localized states
and collected by cathode and anode, respectively, generat-
ing photocurrent in the OPD [36].
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Fig. 5. (a) Band energy diagram of the P3HT:PCBM OPD under open
circuit condition. D indicates the P3HT electron donor while A is PCBM
electron acceptor. (b) Schematic band diagram of the top anode OPD in
equilibrium under dark condition. (c) Band diagram of the OPD with
reverse bias under dark condition. The arrows show the carrier injection
mechanism at each electrode and the direction of dark current.

3.3. Electrical characteristics of the top anode DMD OPDs

To validate the suitability of the P3HT:PCBM BH] layer
for the indirect type imager with CsI(Tl) scintillator,
absorption coefficient of the fabricated P3HT:PCBM film
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is compared with the emission spectra of CsI(Tl) scintilla-
tor in Fig. 6a. The absorption coefficient o was derived
from the measured absorption spectrum of the
P3HT:PCBM layer with thickness of 200 nm deposited on
glass. The emission spectrum of CsI(Tl) scintillator shown
in Fig. 6a is adapted from [37]. As shown in the figure,
the absorption coefficient of the P3HT:PCBM film overlaps
well with the emission spectrum of the CsI(TI) scintillator.

To optimize device performance, the top anode OPDs
with the active layer of 200 nm, 320 nm and 450 nm were
fabricated and investigated. Fig. 6b shows the current den-
sity (J) versus voltage (V) characteristics of the top anode
OPDs with different active layer thicknesses. The figure
confirms that the dark current value of the OPDs increases
with decreasing active layer thickness and increasing
reverse bias voltage. The trends indicate that the carrier
injection occurs from device contacts to photoactive layer
and the injection mechanism is attributed to electric-field
assisted electron injection from the MoOs/Ag contact to
the LUMO level of PCBM where the lowest energetic barri-
er exists [35,38]. To validate the E-field driven injection
mechanism, the dark current densities are plotted as a
function of the internal E-field in Fig. 6¢ with a relationship
E =V/d, where E is the internal E-field, V is applied reverse
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bias and d is thickness of each active layer. In the figure,
note that the Jyui=2.22 x 1077 A/cm? of 320nm active
layer device is almost identical with Jgii=2.49 x 1077
A/cm? of 450 nm device at E = 3 x 10° V/m with negligible
error. It is worthwhile to emphasize that the Jya of
320 nm device is even smaller than J4. of 450 nm device
at E=3 x 10°V/m compared to the trend of higher Jy.r«
of 320 nm device than Jga;c of 450 nm device in Fig. 6b.
The larger variation of J4,c of 200 nm device in Fig. 6¢
could originate from imperfect and unfavorable BH]
morphology with pin-holes developed due to thin active
layer [35,39]. However, the data is still acceptable since
the Joark Of 200nm device is 5.8 x 1077 Ajlcm? at
E =3 x 10° V/m, which is only about two times bigger than
Jaark value of 320 nm and 450 nm devices at same E-field,
when the J4.:1 Value of 200 nm device at 1.5 V reverse bias
is >10 times bigger than J4.« of 320 nm and 450 nm device
at the same bias.

To probe existence of traps inside active layers in each
device, the dark J-V characteristics of the OPDs are fitted
using the non-ideal diode equation given by [40],

10°
o o S
‘;g 10*4 e, v,
()
<
2
g Jp(200nm)
> 3 g .' o Jd(200nm)
T 107 4 v Jp(320nm) E
- v Jd(320nm)
5 i ®m  Jp(450nm)
= 1074 O Jd(450nm) E
= ——Jd(200nm)simul
—— Jd(320nm)simul
o (10 R S —Ju(aso::):ml 1
Yy = = Jd(320nm)ideal
-1.6 -0.8 0.0 0.8 1.6
Voltage (V)
(@ © — 10"
L]
-"‘. (w]
d 1
. 40 AN N\ -
S b e U S o S
< C) \ bua, o =
w e . (VAN F10° &
<] K \ % =
w # &
2014  bias @ -1.5V =
)
0 . \“0“-. ey 108
400 600 800

Wavelength (nm)

Fig. 6. (a) The absorption coefficient plot of P3HT:PCBM active layer from wavelength 400 nm to 800 nm. (solid line) Emission spectra of CsI(Tl) scintillator
is included for comparison. (dashed line) (b) Experimental and fitted current density (J) versus voltage (V) characteristics under dark condition and
irradiance of 950 pW/cm? light illumination with 546 nm wavelength of the OPDs with different thickness of the photoactive layer. Open symbols represent
measured dark currents when solid symbols are photo responses. The solid lines are fitted dark current densities from non-ideal diode equation. The dashed
line represents ideal J-V curve when the shunt resistance Ry, is infinite. (c) Dark current density (Jya;k) measurement plot as function of the internal electric
field for the OPDs with different active layer thickness. (d) External Quantum Efficiency (EQE) of the OPD with 320 nm thickness active layer at reverse bias
of 1.5 V. The right axis indicates specific detectivity of the OPD according to wavelength from 400 nm to 800 nm.
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where J; is total dark current density, Jo is reverse dark
saturation current density, n is ideality factor, k is Boltz-
mann constant, T is temperature, Rs is series resistance,
and Ry, is shunt resistance. The fitted curves are included
in Fig. 6b showing a very good agreement to experimental
data. The fitting of Eq. (2) to the dark J-V characteristics
yielded n=1.95 Rg,=1MQcm? for 200nm device,
n=1.6 Rgu,=4MQcm? for 320nm device, n=1.5,
Ry, = 5.5 MQ cm? for 450 nm device, respectively. The ide-
ality factor deviation from unity can be associated with
deep trapped carrier or trap-assisted recombination
mechanism [41,42]. The larger ideality factor values
observed for thinner active layer devices can be explained
by larger density of pin-holes and defects present in thin-
ner active films; they can be responsible for larger trap-as-
sisted recombination. The increasing shunt resistance
values from 1 MQ to 5.5 MQ for thicker active layer sup-
ports decrease of the current leakage with increase of film
thickness. From the fitted parameters and Eq. (2), we can
estimate the theoretical limit of the total dark current den-
sity J4min Of fabricated OPD by setting the shunt resistance
Ry value to infinite, i.e. there is no shunt leakage through
the device. The dashed line in Fig. 6b represents the ideal
J-V curve of the OPD and the corresponding Jgmin value
converges to 9 x 107'% Ajcm?, which is identical to the val-
ue of reverse dark saturation current density Jo.

It is worthwhile to point out that the dark current val-
ues were measured for OPDs with bar-type electrodes.
Because of the difficulty in making electrical contact for
top-illumination type OPDs with DMD top electrode, we
utilized vertically aligned bar-shape pattern to ensure the
extraction of cathode/anode contacts. The structure is
inherently prone to have higher leakage current through
the edge of the patterned electrodes on bottom side due
to significant height difference between Al cathode
(100 nm) and spin-coated ZnO buffer layer (40 nm). To ver-
ify this statement, we fabricated an OPD with non-pat-
terned ITO/ZnO cathode and island-type top anode (MoOs
5 nm/Ag 100 nm) for bottom illumination geometry, while
the process of other layers was kept same. By adapting the
non-patterned ITO cathode as bottom electrode, we can
exclude the leakage current through the edge of the elec-
trode. The measured dark current value from such device
was 6.6 x 1079 Ajcm? at 1.5V reverse bias. This value is
two order smaller than the dark current value of the bar-
type OPD and even approaches the estimated theoretical
limit of the dark current density, J4 min. The details of device
structure and corresponding J-V curve can be found in
Fig. S2 from Supplementary Materials. These results indi-
cate that the dark leakage current can be different for
top-illuminated OPD from that for bottom-illuminated

OPD. Hence top-illuminated anode OPD should be able to
achieve low dark current once device structure is
optimized.

Table 1 summarized the top anode OPDs’ figures of
merit including Jqa:1, Responsivity (R), External Quantum
Efficiency (EQE), Noise Equivalent Power (NEP), and
Specific Detectivity (D*). R and EQE are calculated by
Eq. (S1) and NEP and D* are derived from Egs. (S2-2) and
(S3), respectively. [See Supplementary Materials for
detailed description of each figure of merit.] In the table,
even though the dark current of OPD with 450 nm active
layer thickness showed lowest value of 2.95 x 10~/
A/cm? compared to 3.81 x 1077 A/cm? of OPD with
320 nm active layer and 4.25 x 10~ A/cm? of OPD with
200 nm active layer at reverse bias of 1.5 V, higher respon-
sivity of 320 nm OPD (0.18 A/W) than 450 nm OPD (0.14
A/W) vyielded the highest specific detectivity of
5.25 x 10'! Jones among all the devices. This value is com-
parable to the value (D*=8.8 x 10'! Jones) reported by
Tedde et al. in their bottom-illuminated spray coated OPDs
[43] and even higher than the detectivity value of
3.15 x 10! Jones reported by Arredondo et al. for their
ITO-free inverted P3HT:PCBM photodetectors [44]. Fig. 6d
shows the measured EQE of the OPD with 320 nm active
layer along with specific detectivity D* plotted versus
wavelength in logarithmic scale. The EQE and D* were
measured under reverse bias 1.5 V. The peak EQE value of
42.6% at 546 nm wavelength in the figure shows a good
agreement with the calculated value in Table 1. Fig. 7a
shows the J-V characteristics of top anode OPD with
320 nm active layer for various light intensities of the
546 nm wavelength illumination. The graph clearly shows
that the top anode OPD can response to light irradiance
from 950 pW/cm? down to 780 nW/cm? While the
photocurrent at the negative bias increases with higher
light intensity, the photocurrent at positive bias 1V has
no variation, indicating the series resistance Rs of the top
anode OPD is not affected by the irradiance. Fig. 7b shows
fitted linear dynamic range (LDR) of the photocurrent
according to input irradiance in Fig. 7a at reverse bias of
1.5 V. The lower limit of the range was defined by the dark
current value of the OPD, which is 3.8 x 107 A/cm? for the
OPD with 320 nm active layer. The photocurrent is found
to increase linearly with irradiance of 546 nm wavelength
up to 1 mW/cm? The LDR graph can be described by a
linear equation, J (Ajcm?) = oPy, (UW/cm?) + g with coeffi-
cients «=0.108 (A/W) and f=-1.51x10"°% (A/cm?),
where J is the photocurrent and P, is input irradiance. Note
that the minimum J value in the equation is limited by the
dark current value of the top anode OPD. The calculated
LDR of the OPD from Eq. (S4) was 60 dB, comparable to

Table 1

Comparison of photodiode figures of merit with different thickness of P3HT:PCBM active layer of 200 nm, 320 nm and 450 nm.
P3HT:PCBM thickness (nm) Jaark @ —1.5V (A/cm?) Responsivity @ —1.5V (A/W) EQE @ —1.5V (%) NEP (W/Hz'/?) D* (Jones)
200 425 %107 0.17 38 1.37 x 10712 1.46 x 10"
320 3.81x 1077 0.18 42 3.81 x 1013 5.25 x 10"
450 2.95 x 1077 0.14 31 446 x 10713 4.49 x 10"
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Fig. 7. (a) J-V curve of the top anode OPD with 320 nm active layer
thickness under various light intensity at 546 nm light wavelength. (b)
Linear dynamic range (LDR) plot of the OPD with 320 nm active layer
thickness measured at reverse bias of 1.5 V. The photocurrent density J is
the summation of dark current and photo-generated current, J = Jqark * Jph
when the irradiance is 546 nm wavelength monochromatic illumination.
The inset is the LDR plot in logarithmic scale.

the LDR of InGaAs photodetectors [45], which is sufficient
for a high contrast imaging.

4. Conclusion

In conclusion, we suggested the top anode OPD with
Mo0O3/Ag/Mo0Os semi-transparent electrode for top illumi-
nation. The DMD top transparent electrode for the OPD is
simulated and optimized to acquire the best light absorp-
tion condition for CsI(Tl) scintillator light emission spec-
trum of 545nm wavelength. The fabricated DMD
transparent electrode showed the maximum optical trans-
mittance of 85.7% with Rgpeer = 6.2 Q/sq, which is suitable
for large area imager application. Moreover, P3HT:PCBM
active layer was optimized for the inverted OPD structure
to yield the high detectivity of 5.25 x 10'! Jones. The OPD
with inverted structure will enhance the stability of the
OPD significantly when the top incoupling MoOs layer
allows direct deposition of scintillator material over OPD.
The OPDs with such structure are ready-to-be integrated
on various applications especially to cost-effective large
area X-ray imager.
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