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In Situ Printing: Insights into the Morphology Formation and 
Optical Property Evolution of Slot-Die-Coated Active Layers 
Containing Low Bandgap Polymer Donor and Nonfullerene
Small Molecule Acceptor

organic solar cells (OSC) active materials

references

donor (polymer) acceptor (small molecule)

IT-4FPBDB-T-SF

ĄPBDB-T-SF:IT-4F basedOSC achievean power conversionefficiency(PCE) of 13% [7]

in situ grazingincidencesmall
angle X-rayscattering(GISAXS) 

+

Poly[(2,6-(4,8-bis(5-(2-ethylhexylthio)-4-fluorothiophen-2-

yl)-benzo[1,2-b:4,5-ōΩϐdithiophene))-alt-(5,5-(1ΩΣ3Ω-di-2-

thienyl-5ΩΣ7Ω-bis(2-ethylhexyl)benzo[1ΩΣ2Ω-c:4ΩΣ5Ω-

ŎΩϐŘƛǘƘƛƻǇƘŜƴŜ-4,8-dione)]

3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-

indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-

ŘΥнΩΣоΩ-ŘΩϐ-s-indaceno[1,2-b:5,6-ōΩϐdithiophene

absorbanceandphotoluminescence

Å efficient absorptionof sunlight by the polymer
Å red shiftedabsorptionspectraof acceptorcomparedto

the polymer
Å luminescencequenchedin presenceof acceptor
Ą efficient energytransferfrom donor to the acceptor

advantages:

V mechanically flexible
V light weight 
V low-cost production 
V non-toxic materials

challenges:

Å low efficiencies compared to 
conventional silicon solar cells

ü investigation of high-efficiency  
materials/ solvent additives

Å scale-up to industrial scale
ü printing of active layers

applications:

Å architecture
Å clothes
Å art

[1-6]
photographyof a printed OSC

energy conversion

meniscus guided slot-die coating

a. absorption of sun light and generation of excitons 

b. exciton diffusion to the polymer/small molecule interface

c. exciton dissociation into free charge carriers

d. charge transport to the electrodes

e. chargeexctractionat the electrodes

grazingincidencesmall angle X-rayscattering(GISAXS):

Vlarger sample area

Vinnermorphologyisprobed

Vhigh statisticalsignificance

Vsuitablefor amorphousmaterials

in situ printing with GISAXS:

Å measuredat the beamlineP03 at the DESY, 

Hamburg 

Å high brillance

Å smallmeasurementtimes(0.1 s per image)

Å sample-detectordistanceof 3176 mm

Å energy: 12.7 keV

Å small incidenceangle of 0.35°

5 phasesof drying[8]:

1. wet film, no significantgrowth of structures

2. first structureformation, slowstructuregrowth

3. fast growth of strucutres

4. reductionof distances

5. final dry film, no changeof structuresizesand

distances
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in situ optical microscopy and UV/Vis

data modeling:

Å 3 structuresand3 correspondingdistances

Å 40 nm structuresize(blue) ismost important for OSC

structure formation from the start of the printing

to the final dry film canbe followed in Situ

significant structuregrowth alreadyvisibleat the

detector images

detector images

vertical andhorizontal cut:

verticalcut: 

Å reflectedspecularbeam

Å Yonedaregion(criticalangle of PBDB-T-SF at 

0.11° for 12.7 keV) Ą horizontal cut

horizontal cut:

Ąmodelingstructuresizesanddistances:

Åeffectiveinterfaceapproximationof the

distorted waveBorn approximation(DWBA) 

andlocalmonodisperse approximation(LMA) 

Åpolymersascylindricaldomains

Å GISAXS data
-model

in Situ 

GISAXS 

data and

model

static

In Situ

ü structuresgrowduringthe printinganddrying
ü distancesarereducedat the end of drying

evolution of horizontal cut (blackdots) during
printing anddryingandcorrespondingmodel (red)

dryingof a thin film of PBDB-T-SF:IT-4F printed

at room temperatureout of chlorobenzene:

1. wet film, flat surface

2. slightlywavysurface

3. distinctwavysurface

4. withdrawl of wet film, dryingfrom edgesof

substrateto the middle

5. final dry film

2D color plot

evolution of horizontal cuts
duringprinting anddrying

IT-4F: Gaussianfunctions

Á width changes(0.19 eV to 0.27 eV)

Á probabilityof transitionchanges

Á shift of centerpositionof Gaussfunction: 

shift of energylevels

Á band gapshift towardslower energy

PBDB-T-SF: Gaussianfunctions

Á width changes(0.25 eV to 0.27 eV)

Á probabilityof transitionchanges

Á shift of centerpositionof Gaussian

functions: shift of energylevels

Á no band gapshift duringdrying

UV/Visspectroscopy:

Á electronic transitionsfrom the electronic 

groundstate to the excitedstate

Á vibrationallevelsdeterminedwith Gaussian

fit (of equalwidth)

Å amplitude: probability

Å width: order/disorderof the system

scanningelectronmicroscopy

morphologyof the activelayer (dry film)

Frank Condon principleenergydiagramm

Table 1. electronic transitionsof PBDB-T-SF and IT-4F duringprinting and drying, error = ± 0.01 eV  

IT-4F in CB solution IT-4F thin film

PBDB-T-SF thin filmPBDB-T-SF in CB solution

PBDB-T-SF:IT-4F (1:1) thin filmPBDB-T-SF:IT-4F (1:1) in CB solution

PBDB-T-SF:IT-4F (1:1) in situ UV/Visspectroscopy

shift of

energy

levels

In situ printing:

Ąstructureformation duringprinting

important for the PCE of OSC

Ą printing anddryingneedsto be

understood

maincomponentsof the printer: 

Å syringepump

Å printer head

Å motor for movingsample holder

Å windowsfor closedatmosphere

adjustableparameters:

Å concentration

Å flow rate

Å printingvelocity

Å height

advantagesof printing OSC:

Vup-scalable

Vlow-costproduction

Vlow concentrationof solution

in situ printing

UV/Vis GISAXS
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