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Abstract

Narrowband photodetectors are useful for myriad applications involving color discrimination
as well as biological imaging and machine vision. Prevalent devices use broadband light
absorbing materials in conjunctiowith electric (charge collection narrowing, photo
multiplication) and optical strategies (optical cavity) to narrow down the spectral response of
the detector. Here we exploit the intrinsic narrow absorption width 66018n peculiar to-J
aggregates oftongly coupled cyanine dye molecules for narrowband photodetectors. Albeit
using ultrathin daggregate films10 nm) the unparalleled optical aggregate properties lead to
high external quantum efficiency (15 %) and response speed (15 kHz) at low aae \¢dlt

V). We show that the seissembly process and device architecture used permit to incorporate
J-aggregates of various cyanine dyes with photodetection maxima ranging from the visible to
the neatinfrared region up to 1000 nm. Narrow bandwidth («6) photodetectors fabricated

by inkjet printing the active device layers including tkegdregate film perforron par with

spin-coated devices, thus underlining their induspiatential



1. Introduction

Today's world of telecommunication, automatiand digitization is in demand of
photodetectors that efficiently convert incident photons into an electrical signal. Most
commercial photodetectors are based on silicon or compound semiconductors with
broadband absorption covering the ultraviolet (GaMxible (Si¥ and near infrared
(InGaAsy subbands, respectively. Of great interest has @OS integration for
imaging applications, which however is mainly restricted to silicon or requires
complicated and expensive manufacturing proces3as. ever increasing demand in
consumer electronics, mid devices, automobile, machine vision and security
therefore asks for novel device concepts, materials and fabrication protesses.

Of particular interest are color sensing devices having narrowband spectral
sensitivity with a fulwidth at half maximum (FWHM) of lesthan 100 nn¥:” This
allows for better imaging resolution and avoids interference from light with wavelengths
not of interest. For instance, in biological imaging, it is important to have photodetectors
with maximum selectivity in th@ear infrared NIR) region (8001450 nm) matching
the transparency window of biological tissldarrowband photodetectors calisofind
promising applications in optical communications, color imaging and security
surveillance.

Common specéal discrimination is achieved by using broadband detectors in
combination with a set of optical filtefsNew devebpments are proposed, where
filtering inks can be solution deposited directly on top of photodetector défices.
Recently f i | t er | ess strategi es have been devi
response to a narrow range. They are based on charge collection narrowing{&ECN),
micro-cavities for interference narromg!* and for harvesting chargeansfer (CT)

staes® as well as optical field enhancement at plasmon reson&hteGolloidal



quantum dot (CQD) based materials suclPBbS, CdSe(S) and ledwdhlide perovskites
attract particular attention owing to their processability from solution allowing
convenient integration in conventional silicon electrontc¢$:'® As for all inorganic
semiconductors, CQDs have a broad intrinsic phototensi’® By applying the CCN
approach, narrowband response was obtained from {mieter thick CQD filmg% 12
Nanowires were shown to provide narrowband photodetectors over a large spectral
domain (600 nmi 1600 nm)! Albeit compelling with respect to narrowband
sensitivity, CCN has the drawback to increase response time and operating voltage and
to decrease the external quantum efficiency (EQE) of the detector. For instance, Fang et
al**have shown ultrmarrowband single crystal perovskite films with FWHM < 20 nm.
However, the EQE in these devices is less than 3% when bias¢éd/aEventually,
organic semicondwor materials are extremely interesting for narrowband
phot odetector devices due t o t-'h* tirmamdgintsii
of its molecular constituenté:2®Furthermore, due to the low charge carrier mobility in
these films, such devices are predestined for charge collection narrowiege wh
collection efficiency depends on the penetration depth of light into the semiconductor
film.?425> Nevertheless, organic photodetectors (OPD) with a narrow spectral response
(FWHM < 100 nm) perfornmg with high EQE at low voltage have yet to be realized.
Organic salts like cyanine dyes have recently been used for solar cell and
photodetector applications in a wide spectral domain ranging from thevidlea to the
nearinfrared?®2°® The synthesis routes of cyanine dyes have benefited from many
decades of research and development in the field of photography, data storage and
biolabeling393? While these dyes show a unique narrow absorption band in solution,
their solid state thin film absorption is broadened as a result of intermolecular

interactions®3 Due to the very strong transition dipole moment of cyanine chromophores



and their tight packing in supramolecular assemblies, exciton coupling is particularly
strong, giving rise to spectroscopic- ldr Jaggregates which may damate the
absorption spectruit.Utilizing particular sefassembly techniques, pur@ggregates

can be obtained showing extremely narrow absorption bands (FWHM < 20 nm) along
with coherent exciton diffusion in tightly pleed molecular assemblié®3® Such
intrinsic material features are unique and hyghllesirable for narrowband
photodetectors relying neither on filtering approaches nor on CCN. Osedaéhhetva.
shown that <hggregates of cyanine dyesn be used in a NIBhotodetector with peak
sensitivityat 756 nm. The device architecture included an optical spacer and a thick Ag
electrode to enhance reflectivity. An EQE of around 15% at O V bias was achieved,
however, due to interference effects from the cavity, the EQE spectrum was much
broader and blushifted with respect to theahgregate peak absorption of the thin film.

Organic semiconductors in general benefit from-tmst solution processability,
which is an attractive feature for integration of such photodetectors inortgad
integrated circuity.*° This is particularly relevant when the photodetector device
architecture can be printed with high spatial resoluttddAdvantageously, agueous J
aggregate inks can be produced, which are suitable for inkjet printing. Although reports
on patterned inkjet printedabgregate filn$ 44 highlight the ptential of the narrow
band aggregates in printed electronics, the spectral characteristics prfintesl J-
aggregatebavenot beenexploited successfully for a narrowband photodetector.

In this work, we further exploit the unique properties ofafjgregates for
narrowband photodetection. The variation of the polymethine chain length allows
spanning a considerable spectral region from the visible to the NIR. A trimethine,
pentamethine as well as a heptamethineastgaused for the formulation ofagigregate

inks with excellent ultrathin film forming properties. The benefit of a robust



photodetector device architectummplementing oxide layers for selective charge
transport and its effect on external quantum efficieis discussed. Eventually we show
that the active materials used for the fabrication are fully compatible with inkjet printing
and demonstrate a printearrowband (FWHM < 50 nnphotodetector with an EQE

comparable to the spitpated control device

2. Experimental Section

2.1. Jaggregate formation

Three different cyanine dyes were procured from FEW Chemicals, Germany, ramely
5,6-dichloro-2-[[5,6-dichloro-1-ethyl3-(4-sulfobutyl)}benzimidazol2-ylidene}
propenyl}1-ethyl3-(4-sulfobutyl}benzimidazbum hydroxide, inner salt, sodium salt
(J580); 5-chloro-2-[5-[5-chloro-3-(4-sulfobutyl)}3H-benzothiazeR-ylidene} 3-
phenytpental,3-dienyl]-3-(4-sulfobutyl}benzothiazol3-ium hydroxide, inner salt,
triethylammonium saltX780); and 5chloro-2-[2-(3-[2-[5-chloro-3-(4-sulfobutyl)-3H-
benzothiazek-ylidene}lethylidenej2-phenylcyclohexi-enyl)-vinyl] -3-(4-
sulfobutyl}benzothiazeB-ium hydroxide, inner salt, triethylammonium sal9g0).
The dyes were used without further purificati@im. wt.% of theJ580dye was dissolved
in water to form Jaggregates in solution. FG780 andJ980, the dye(0.5 wt%) was
dissolved in 100 mMpotassiumacetate buffe(pH 3.54) to form Jaggregates in
solution. The solutions were stirred at 300 rpm overnight at room tempeiadfioee
deposition. Alternatively, monomer solutions were prepared containthg/it.% dye

dissolved in 2,2 Zri-fluoroethanol (TFE).



2.2. Fabrication of narrowband photodetectors

I ndium Tin Oxide (1 TO) substrates (Geomat

by ultrasonication in acetone, ethanol, Hellmanex, and water for 10 min separately.
Titanium isepropoxide (Sigma Aldrich) was spooated on cleaned ITO substrates and
subgquently annealed at 460 °C for 2 h to obtain a compact [Bg@r as reported
elsewheré?® Annealed TiQ substrates were treated with oxygen plasma with a power
setting of 45 W for 5 min. The-aggregate solution was spinated on ITO/TIQ
substrates for 30 s at 4000 rpirhe thickness of Ti@is ~35 nm. The -Adggregate
thickness forJ580 is ~20 nm while forJ780, J980 it is ~10 nm.The device was
completed witha 50 nm thick vapor deposited! , -eydphexylidenebis[N,Nois(4
methylphenyl)benzenamine] (TAPC, Sigma Aldrich) electron blocking layeradd

nm thick thermally evaporatednolybdenum (VI) oxide (Mo® 99.97%, Sigma
Aldrich) hole extraction layer. A 12 nrthick Ag (Kurt J. Lesker) electrode was

deposited through a shadow mask defining photodiodes with active areas of 3.1 and 7.1

mme.

2.3. Fabrication of inkjet printed photodetectors

Preparation of inks. Titanium diisopropoxide bis(acetylacetonate) with 75 wt.% in
isopropanol (Sigma Aldrich) was further diluted in isopropanol to a ratio of 1:20 to be
used as ink for a compact TA@-TiO) layer.The nk for a mesoporous TEIM-TiO2)

layer was prepared fromnTiO2 nanoparticle suspension {lNianoxide ,Solaronix) with
particle sizes ~120 nm dispersedavith 18 wt% in terpineol medium. This stock
solutionwasfurtherdiluted in terpineol to a 1:10 ratic.agjgregates were prepared from
the J580dye by dissolving 5 mg of the dye in 1 0.5 wt.%)of Millipore water. The

solutions were ultrasonicated for 5 min before printing taggregates.



2.4. Inkjet printing

ITO substrates were pdeaned as described above. Prior to inkjet printing, the
substrates were cleaned by an oxygen plasma treatment for 5 min. The ebi@pact
mesoporoud 02 and Jaggregates were printed using the PiXDRO LP50 Inkjet system
(Meyer Burge) equipped with a Spectgintheadmodule (S:128 AA, 80 picoliter,
Fujifilm Dimatix Inc.). After postprinting the compa€etliO> and mesoporou$iO2
layers, the substrates were annealed at 460 °C for 2 h followed by inkjet printing J
aggregates and dngmat room temperature. Subsequently, the inkjet printedcledf

were transferred into a thermal evaporator chamber to complete the sdbyice
sequential thermal evaporation of 50 nm of TAPC, 10 nm of Mager and 60 nnof

Ag.

2.5. Characterizations.Film attenuance weremeasured using a Varian Cary 50 UV
vis spectrophotometemnd thebaselinewas correctedby subtracting the attenuance of
the substrate usgdlass ol TO/TiO2). The morphology of the thin films was studied
using atomic forcemicroscopy (Bruker Dimension Icon) in tapping modeV J
characteristics of the cellvereacquiredby exposing the cells from the ITO side to AM
1.5 solar irradiation from a Spectiipbva solar simulator. External quantum efficiency
(EQE) of the cells was easuredising a commerciaetup (SpeQuest, ReRa solutions
BV) by calibrating the systemith a Si photodiode. The responsivity (®ascalculated
from the EQE (R = EQE ® x ahc), wheree is the elementary chargk,is Planck's
constant and is the speed of light.

The specific detectivityl§*) of a photodetector is given by the following expression:

o 8eYQT'YrQ



with A the area of the detector in grRthe responsivity in A/W anih the current noise

in A integrated over the banaith gof In order to characterize the current noise of the
system, the current was recorded as a function of time using a Stanford SR570 current
amplifier while DC biasing the sample via the input of the amplifier. The noise power
spectral density was callated from the obtained d&t3The noise measurements were
performed under dark conditioriBhe current noise values were chosen at the response
speed f(zag) Of the photodetector for calculating the noise equivalent power (NEP) and
specific detectivity. The response speed of the photodetectornmeasured using a
Paios (FluximAG) system by modulating the frequency of the light pulse and recording
the photocurrent at different bias voltage. For impedance spectroscopy, the device was
maintain@l at zero bias voltage while sweeping the frequency frofHl@ to 10 Hz.

The impedance was recordatldifferent light intensity to study the RC effedthe

optical constants(e) andk(s) as a functiorof wavelength(a) were obtained by variable

angle spectral ellipsometry @2000VI, J.A. Wodlam Co.).

3. Results and Discussion

3.1. Molecular and solvent engineering approach for-aggregate thin films

We explored a trimethin@580), a pentamethin@780) and a heptamethine dy&980)
(Fig. 1ai c) to investigate the formation ofagigregates in solution and thin films
covering a broad range of wavelengths from the red to the NIR rebnamof these
dyes arealreadyknown to form Jdaggregates in solutiofhe J580dye is weltknown

to form Jaggregates in wat&€r*® which is not the case fdahe J780 dye that forms
undesired Faggregate this solventHowever,uponaddition of sodium chloridé-
aggregation can be induced for th#80 dye*® In previous work, we showed that J

aggregate formation can also be induced in acetate buffer even at low dye



concentratiorf®>°We applied the same strategyccessfullyo theJ780andJ980dyes

and obtained narrowanded aggregates in solutio@ompared to the monomer
absorption obtained from methanol solution, the absorption peaks are redshifted by 100
200 nm and present significantly narrowed widths (Fig ESIA). In summary, all three

dyes form daggregates in aqueous (buffer) solution with peak positions at 586 nm

(3580, 780 nm {780 and 980 nmJ980).
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Fig. 1 Chemical structure of the (%80, (b)J780and (c)J980dye. (d) Comparison of
attenuance peaks of aggregate thin films when suspended aggregates are directly
deposited from solution (solid line) or obtainedsitu during spircoating from a

monomer solution (dotted linen ITO/TiO: substrate
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One recurring challenge in fabricating organic thin film devices is to produce
high quality thin films with low roughness and a minimum number of defects like
pinholes,grain boundaries or crystal interfaca@#is is particularly challengingiiour
case, since -dggregates consist of twbmensional platelets complicating the
realization of a continuous surface coverdy&.number of methods are knowvhich
are susceptible to form homogeneous and continuous films. These approaches include
nucleation of aggregates of a critical size on the substrate folloywagstalline growth
fed from monomers from solution as well as laggdayer deposition or Lagmuir
Blodgett techniques, which are all time consunffi}:>?

Here we investigated two rapid growth methodgich would be more
interesting from a commercial point of vieWwhe first method (heafter called direct
method)consiss of directly spircoating theaqueous-aggregate solutioret high rates
of 4000 rpmonto the glass substrate. Albeit this method merely deposits solvated J
aggregates ontthe substrate, the altered concentration atattrostatic conditions in
the solid film may well induce severe changes to the molecular packinigezce to
the spectral features. In previous work, we have observed such changes when depositing
Jaggregates on functionalized surfag®eblere we found, however, thatagigregate
films retained the desired optical properties such as high oscillator strength and narrow
absorption width (Fig. 1d)This directdepositionmethod bears the disadvantage that
the resulting film quality reflects thgeize and morphology aduspended particles in
solution. In the case of the larger crystallites obtained in acetate buffer soln&h (
andJ980), the film morphologwaspoor and the filnshowedargecrystallinedomans
and numerous pinholes (Figa)3°

Alternatively to the direct methqdwe coated films fromcyanine monomer

solutions(hereafter called wsitu methodusingTFE as solvent, which has a low boiling
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point but a larger dipole moment than wafBne high solubility of the dysein TFE
prevents aggregatian solution however,dye monomers were effectively transformed
into Jaggregated films (Fig. SESW). Furthermore, the uniformity dilms formed by
this in-situ method improved significantlyhd the crystallite sizes and porosity between
the stacked sheets was clearly reduced (Fig. Bing. influence ofthe two different
solventengineering approaeson device performance will be explainieelow.

From an optical point of view, highuality J-aggregates are characterizedaby
large redshift, narrow FWHM and the absence of vibronic shoulders in the absorption
spectra Attenuance spectra of the dye aggregates manufadbyréte two different
(direct and imrsitu) methods are shown in Fig. 1ehrEheJ580dye, the aggregate film
deposited by the isitu route has a smaller redshift, a much broader FWHM and a
pronounced shoulder compared to tregdregates deposited directly from solutidn.
similarbehavior can be observéat theJ780dye. Whle the aggregatsfilm deposited
directly from solution still has a larger redshift, the FWHM is the same and only a small
high energy shouldgrersistan the insitu film. FortheJ980dye, aggregates formed in
situ have superior optical propertiesmpaed tothe aggregateformed by the direct
method In order toassesspossible interference and scattering effects, we further
investigated the thinndggregate films by variable angle spectroscopic ellipsomEtey.
absorption coefficiestk(a) of thethin films (Fig. S3 ESIY) show a narrow FWHM of
the Jaggregate bandimilar to the attenuancepectra The film thicknesses ranged

between 15 nm and 20 nm, pinpointing the ultrathin nature of these films.
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Fig. 2 Difference in film morphology 0fJ780 dye aggregatesn ITO/ TiO, substrates

fabricated by théa) direct method from solution ¢b) in-situ method from TFE solution.

To summarize these results, thesitu formation of Jaggregates upon spaoating monomers

from TFE solution results in me uniform and continuous films as compared to the method
where J-aggregates are deposited directly from solution. On the other hand, the optical
properties show a different trend for each dypaaower FWHM is observed fd580when
deposited by the déct method, whild780showssimilar spectral widtlbetween both methods

and forJ980the insitu methodorovedbest.

3.2. Narrowband Photodetectors

Devices with all three dyes were fabricated following a simple structure. The photoactive J
aggregate filnwassandwiched between a Ti@lectronacceptorand a MoQ@ hole extraction
layer. The entire detectavasbuilt on top of a glas$TO electrode and completed with an Ag
top-electrode (Fig. 3a, tepiew for the electrode arrangement is shown in Fig, ESIA). In

order to compare the effectfilin deposition method on device performance,Xaggregate

13



layersfor J780andJ980were fabricated by the isitu as well as the direct methdeocusing

on narrowband photodetectodg80 films were only maniactured by the direct methodo
minimize the effect of shunts due to pinholes in tregdregate layer we also repd&80
device results wheran additional TAPC electron blocking layewas introducedbetween the
J-aggregate film and Mo The energyeveldiagram of the devices is shown in Fig.t8king

the J580 data fromthe literature®® J-V curves for all devices are shown in Fig.i3tand in

the Fig. S4S6, ESIA Devices withJ580showed higlrectification and consideraplow dark
current,but the breakdowmoltagewas lowat-1 V (Fig. 3c) Adding TAPC as blocking layer
deteriorated the diodeharacteristicef the device. Dark current and photocurrent decreased
drastically implying that pimoles in the rougki580 layer could indeed beeutralized by the
addlayer (Fig. 3d). The reasofor the lowered photocurremmtan be attributed to low hole
extraction efficiency induced by the misalignment of the ésgtoccupied molecular orbital
(HOMO) energy level of the TAPC layer and the work function of M&fAdvantageously,

the Jiignt/Juark ratio between the current under irratitbon andn the dark measureat a bias of

1V washigher than ford580 deviceswithout blocking layer,and the photodetector could be
driven at a higher reverse bias-4fV without breakdownThe J780devices spircoated from
TFE solution showed deter rectification behavior with reduced number of shunts, in
comparison to the-dggregates spiooatd from acetate buffer solutigrig. 3e and Fig. S5)
TheJ980devices showed improved rectificatiag well as highershort circuit currendlensity

(Js)) andJignt/Jeark ratio when fabricated by the-gitu method Fig. 3f andFig. S ESW). The
integrated current densiyCD) values obtained from the convolution of the EQE spectra
measured at different biasasd the AM1.5 solar spectrum anelicatedn theJ-V plots of Fig.

3. A marked difference between the integrated current density values from the EQE and the
measuredsc valuescan be observer J980devices (Fig. 3f)This difference may stem from

the overlap of the narrowalygregate absorption band with the sharp emission
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peaks of the Xenon lamp in this spectral region. Fs80+TAPC devices, the ICD even
exceeds thdsc value measured under simulated light. This is due to the sublise@sponse
with increasindight intensityof these diodedVhen calculating the ICD values from the EQE
values measured at loght intensily, the norlinearresponse of the photodiogenot taken
account of.

In summary, the smooth and continuougsgdregate films obtained for -situ
deposition 0fJ780andJ980lead to a low dark current in reverse bias, which is favorable for
light detection sensitity. The significant improvenentin the short circuit currérdensity for
in-situ deposited filmas compared to theafygregate films deposited by the direct metten
be related to the particular morphology of the two films. While direct deposition leads to an
assembly of twalimensional <hggregate platelets where a fraction of platelets are poorly
connected to the Tig&urface, irsitu deposited films consist aflarge fraction o§mall grains
that are directly connected to the oxide surface allowing a efficeent exciton quenching by
charge transferin the case of discontinuousagigregate morphologies, such as thesone
observed for thd580devices deposited directly from solution, an additional electron blocking
layer allows to reduce the dark curreignificantly.

The EQEwas measuredt different bias voltages usimgonocliomatic light chopped
at 85 Hz and is shown together with the calculated responsivitieig. 4 (ai d). The EQE
closely follows the absorption speaatn for all the devices witlsimilar FWHM valueslUsing
the electron blocking layer (TAPC) in devices incorporatingl&&0 dye allowed toincrease
the maximunmEQEto 9.8% as comparetb the maximum value af.8%reachedn the absence
of TAPC.This is due to better hole extractionthe presence of a strong electric field at high
reverse biag® In addition the vapor deposited TAPC layer may also heal pinhole defects
leading tothe observedyreatly reduce dark currentFurthermore J780 photodetectors show

high EQEof 15% at-1 V reverse bias at 780 nm (Fig. 4c). The peak maximum and FWHM of

16



the EQE matches the absorption profile 380 (Fig. S7, ESW), which is asignificant
achievementgiven the fact thatnterferenceeffects often introduce a mistnca between
absorbance and EQE in complex device architeciireRemarkably, J980 based
photodetectors allow to obtain considerably redshiftiRl photosensitivityat 980 nm with a

EQE of 3.5% at-1V (Fig. 4d). An increasedonradiative relaxation channel of the exciton
in the low bandgamggregatgJ980 competes with charge generation, which explains the
moderate EQE® Furthermore, thd980photodetector shows a small EQE response at 450 nm
attributed to the S®&2 transitior?.”*® However, the EQE related to the S2 state is much lower

than the one related to the S1 state unlike the strong response from the S2 state in quantum dot

photodetectors’
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Fig. 4 External quantum efficiency (EQE) and responsivity (shown in open circles) of

photodetectors showing wavelengtblectivity at 586 nm (without TAP@), with TAPC (b)),

17



at780 nm (c) an@t 980 nm (d) ford580, J780andJ980 respectively, measured at an interval

of 2 nm at different bias voltage.

Given thehuge reeshift of the Jaggregate absorption bagnithe question arises whether
electron injection from the exciton into the Bi@nduction band is still possibl®ne wg to
address this question is to start from the oxidgbiotentialof Jaggregates which iswer by

0.2 to 0.8V as compared to the HOMO level of the monoffét Fromhereone can calculate

the energyevel from where electron injection occurs by adding the energy of the absorbed
photon. In terms of electrochemical potentials this can be formally writle(Jad*)=F (J*/J)

+ hn, whereF (J*/J) andF (J°/J*) arethe oxidation potentialof the Jaggregate in its ground
and excited state, respectively. Carrying out thicudation for theJ580 aggregate we
estimate the-dggregate oxidatiopotentialto belower by0.5eV with respect tahe monomer

with oxidation potential at 1.86 V vs NHEwhich givesF (J/J) = 1.36 V vs NHE Adding

the ploton energy at maximum absorptiom( 2.14 eV) we arrive af (J/J*)=-0.78 V vs

NHE, which provides high enough driving force for electron injectiontimdiO> conduction

band at-0.5V vs NHE®? Similar calculations couldbe carried out for theJ780 and J980
aggregates but theiedoxpotentials should be known. In analogy to related pentamethine and
heptamethine dyes, we note ttia oxidation potential decreases significantly with increasing
chain length in the chromophdt&Also, a better estimation of the relative energy level
positions shouldake account of interface dipolayers, whichcould well be present at the

TiO3 interface

3.3. Current noise
Photodetectosensitivity is characterized by the normalized detectifity which is

related to the noise equivalentyer (NEP) by NEPR= (Aad)Y?/D*. The latter isderivedfrom
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the noise power spectral density (PSD) whghbtained from the noise currefitin organic
materials based photodetectors, it was common practice to assume that shot noise (inferred
from the dark current of the device) the dominant source ofoise. This approximation,
however, turned out tosinappropriate and therefore a detailed noise anaysizessar§5°

Fig. 5 (ad) shows the PSD measured for all four devices in the dark at various applied biases.
At low frequencies, a typical f’/fesponse prevails, witliclose to unity. Generally the origin

of the secalled flicker noise comes from the stochastic pssmf charggappingand releasé

and increases with increasing dark cutféiCleaty the J580based devices show the highest
noise level whilel/f’ noise is reduced id780 and J980 devices by about two orders of
magnitude. The difference between these devices is attributed to the strong varidtion in
aggregatdilm morphology of thehree dyesBenefitting from the irsitu deposition approach
J780andJ980films are smooth and continuous, while80films formed by direct deposition

are rough and present pinholeading tohigh dark current in these devices. Strikingly the
additionof a thin TAPC layer on top of thEs80film greatly suppresses the noise current. For
instance, comparing the noise power spectral density at 100 B280with and withouthe
additional TAPC layer at a bias ofl V shows a four order of magnitude éifénce in the/fY

current noise (Fig. 5 a and b).

Interestingly, all spectra show a broadband, bias independent increase in noise PSD at
higher frequencies, which becomes most visible for the devices with the lowest noise level (Fig.
5b). In order to agss the noise characteristics of the circuit in the absence of the photodiode
stack, resistorg/ere used in place of the photodiodes on the same text fixtutiee range of
frequencies below the coff frequency of the circuit (typically < $®z), a flat thermal noise
is observedRig. S§ ESIA). However, the noise level is not independent ofréisistancend
increases with decreasirgsistance Impedance spectroscopy measuremefitshe three

photodiodes]580+TAPC, J780 and J980 showed that the real part of tlaemittancealso
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increasesvith frequencyfollowing the same trend as the current noRig.(S9 ESIA). Since

the thermal noise is proportional to the real part of the impedaribe, increase in PSD
observed at highdrequencies is attributed to the increasing thermal noise. Eventually, noise
values (§) at the-3dB frequency (as discussed below) were taken to calculate the NEP and

specific detectivity as summarized in Table 1.

J580+TAPC
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Fig. 5Noise power spectral density plotted as a function of frequendp&fr(a), JI580with
TAPC (b),J780(c) andJ980(d) devices. The spectra were obtained at the indicated DC bias

levels.

3.4. Response time aneBdB values
The response time of the detacivas calculated from the rise time of the detesigmalfrom

10 % to 90 % of the maximum photocurrent. A frequency modulated square wave light pulse

20



was used to determine tkB values (the power attenuation eé8dB corresponds to a current
decreasdy a factor of 0.70With respect tdhe current value at saturatianAn example of

such aresponse time measurement is shanvRig. 6afor theJ780device. A similar trend in

rise and decay current with bias voltage was observeib&® andJ980 devices. Generally,

light can influence the resistance and capacitance of the device even at 0 V bias. With
increasing light intensity, more excitons are created which leadshigher charge carrier
density To evaluate this effect, we chose #580device taneasure the impedance at different

light intensities (Fig. $0, ESIA). The increase in free charge carriers can decrease the
resistance of the device, with a small increase in capacitance at low frequencies. A combined
effect of resistance and capacitamtiuences the response time of the detedibeRC). In

our case, we concluded that the resistance of the device is the dominant factor determining
response time, which can be strongly influenced by light intensity, considering the high
photoconductiv@ature reported in cyanine devices when driven at high revers® Biasthe

-3dB measurement, the light intensity in our system wasuss#t thatlsc corresponded to the
currentdensity obtained under simulatéd1.5 solar irradiation ath the bias voltage was

varied from 0 V to1 V.

To investigate the effects of light and bias voltage on the device, the device was pre
conditioned for 120 s afl V anda lightintensityof 70% followed by-3dB measurement at
different bias voltage. Theath plots for3dB values for the devices measured with and without
preconditioning are shown in t&aipplementarinformation (Fig. 81, ESIA) and summarized
in Fig. 6b. The-3dB frequencyslightly increases with biagoltage due to faster charge
extraction,independent of the preconditioninigcan be noted that tli®80device shows the
fastest response time comparedh®other photodetector®reconditioning the devicdsads
to a slight improvement in the resmm time as clearly evident in th&80 devices.

Nevertheless, the devices showed an upturn in the current attenuation in the low frequency
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regime at higher bias voltagEig. SL1, ESIW). This can be due to counterion migration in the
activelayer, whichcan form a spaceharge layerthereby influencing the response time of the
detector®® The-3dBfrequencyalues without preonditioning are summarized in Tablard

were used to calculalEP and specifidetectivityD*.
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Fig. 6 Temporal response of th&80 device illuminated with 10 kHz light pulses and

measured at different bias voltage (a). Summary3dB values for all devices measured

without and with preconditioning (b).
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Table 1. Summary of figures of merit for solution processed narrowband phetddes with

FWHM of theEQE < 100 nm.

O )
£ s §° - L%
w ST s < = =
S ¢ ¢ ¥ = S<e 5 > 55~
Devi S w ax = 2 3 g S 5
evice 9] @ < n X = 2 [ 2 s Q N
- Strategy = =E e 28 = 2 gcﬁ"; 2o LT
(film thickness) ) ° £ 8 S8 o ‘G SN Qo o 6w
5 s o a > c 2290 o2 =
g < om W 5] o B 8z S -
g = &3 g 2g® o _  gp
g o v g S 3 w =
This worki 0 3.6 6.0 30 1.610%° 5.510° 3.2.10
J580 L
<10 intrinsic 586 28
(<10 nm) absorption 05 51 78 37  5810° 16107 1110
This worki 0 35 14 87 1.610%2 1.810% 9.7:10°
J780 L
10 intrinsic 780 72
(<10 nm) absorption 05 90 16 99  1510% 1510% 1.210°
This worki 0 20 3.1 25 6.010%?  2.410%? 7510
Joso intrinsic 980 50
(<10 nm) . -05 20 32 29 2.910%  1.010% 1.7.10°
absorption
Ketocyanines Optical
525 90 -1 20 17 - 450-16% 6.2510% 1.00:-10°
58 cavity
Merocyanine intrinsie 747 30 0 - 9 55 - - 9.00-10°
J-aggregaté absorption '
Cyanine Intrinsic
J-aggregate absorption with 756 125 0 92 16.1 98 - - 4.3.10
(<10 nmy° optical cavity
575 22 - - 8 - - 2.60-10°
Helical 600 19 - - 7.3 - - 1.70-10°
Nanoribbons CCN -3
(Lem)® 615 16 - R 3.4 R - 1.10-10°
645 20 - - 1.1 - - 9.30-10
. Photo
P3'(*T;PSC1$“'\;' multiplication 650 29 10 - 49 - 310  1510°  1.30-10*
type
i Intrinsic 1.87 8
BODIPY sensﬁlgzed 530 50 0.1 0.001 ) ) 1.70.182
ZnogMo.10 absorption Vium 10 100

ff0 means not mentioned

3.5. Demonstration of inkjet printed narrowband photodetectors
We have selected theafigregate dyel580 to study device fabrication by inkjet
printing. Our main goal was to inkjet print the activagyjregate film, but also to work towards

an allprinted device We therdore also inkjet printed the titania electron transporting layer.
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The device was completed by vacuum deposition of the top layers in the device stack as shown
in Fig. 7a. Generally, the solution used for spirating needs to be adapted for inkjet printing

in order to produce homogeneous films. Good jetting is determined by the Weber and Reynolds
numbes of the ink and defined in a stability windd®’2 Droplet formation can be followed

by stroboscopy and has been optimized for the inks used here 1EjdgESA). Furthermore

the individual droplets need to merge faom a uniform layer upon solvent evaporation.
Devices manufactured with the compact Fi&yer alone showed a very poor performance. A
single printed layer was less than 10 nm thick and the film remained porous even after wet
wet printing of several {gers. A norhomogeneous topography of the printeti©: layer was
imaged under AFM after annealing at 460 °C for 2 h (Fi®aSESIA). This porosity may

easily lead to a direct contact between ITO and vapor deposited, iven the fact that the
Jaggregate layers in between are ultrathin and are not able to fill up all of the pinholes. As a
consequence we observed lower EQfl lover Jigh/Jiark 8t comparable electric fieldur
attempt to print several layers (@ 3 layers) of €TiO2> on top of each other resulted in
disruptionafter sinteringTo overcome this issue, we introddca second, mesoporous BiO

layer (mTiO2) on top of the noiomogeneously coveredTdO: layer. The mTiO: layer

(~100 nm thick) homogenedysovered the diOz layer and ITO substrate (Fig. 31 ESIA).
Subsequently, thedggregates were printed on theTi®2 layer. Thel-V curves of the printed
devices are shown in Figure. 7b. Upon addition of tRE@» layer, an enhancementJg and

Voc as well asuppression of dark current was observed. This can be due to complete coverage
of m-TiO2 on the €TiO: layer, which may lead to a reduction of shunts formed between ITO
and Jaggregates. Additionally the increased performance may be retait@gprioved charge
extraction at the TiglJ-aggregate interface. As a result, the EQE of thggregates printed

on mTiO2 shows a 9old increase compared to the reference devidg@zonly) at-1 V (Fig.

7c and d). The introduction of a mesoporous fdagea weltknown strategy used in dye
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sensitized solar cells (DSSC) fenhancingharge extractiof’’2Broadening the EQE in the
presence of ATIO2 can be due to the increased adsorption-afjgregates on mesoporous
TiO2, which can itself act as light scatterer. Secondly, the thick top electrode (60 nm) with
buffer layers (TAPC and Mof)can iriroduce cavity effects where interference dominates the
light absorption in the-dggregate layet The response time of the inkjet printed device was
alsomeasured (Fig. 7e) and compared with the-spated)580 device (Fig. 7f). As shown in
section 2.3, the addition of a TAPC layer significantly decreased the current noise. However,
a thick electron blocking (TAPC) layer increases the resistance for hole extraction and is known
to reduce the response time o€ tphotodetectot* Here, we have observed a significant
improvement in the response time due to the presence of an increased interface area between
the TiQy/J-aggregate (upon addition ofmO: layer) leading to fast electron extraction, which
speaks for overcoimg the RC imit. To the autha' knowledge, this may be the first inkjet
printed, truly ultranarrowband photodetector with response spéeg)(in the kHzrange

operating at low bias voltagel(V).
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Fig. 7 Schematioof the device (crossection) structure shomg printed layers (@iO2, m-
TiO2 and Jaggregate as active layer) followed by vacuum processed layers (a). Current
densityvoltage curves showing an increase in charge extraction upon additiemiGbrayer
(b). EQE for inkjet printed device structure wittadgregate as active layer oifi©> (¢) and
c-TiO2/m-TiO2 (d). -3dB value recorded for inkjet printed device (IJP J580) withQy/m-
TiO; at different bias voltage )e-3dB valuesof the inkjet printed device diamond$ in

comparison witta spircoated devicésquareswithout mTiO: layer (f).
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