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ABSTRACT: 

The fabrication of solution deposited OLEDs is fraught with difficulties, largely due to the 

interlayer mixing and surface erosion during sequential deposition of the layers. We demonstrate 

that these problems can be circumvented by using photopolymerizable diazirine-based cross-linker 

capable of converting soluble organic materials into highly cross-linked insoluble networks. 3-
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trifluoromethyl(aryl)diazirines photolyze readily upon the 10-15 min exposure of 365 nm UV 

irradiation to generate carbenes, which react with polymers or small molecules via C-H bond 

insertion producing highly cross-linked materials. This photo-generated cross-linking does not 

require any catalyst, initiator or short-wavelength UV light and is performed at room temperature, 

releasing molecular nitrogen as the only byproduct. To show the cross-linked polymer layers do 

not display inter-layer mixing, we deposited red-emitting regioregular poly(3-hexylthiophene-2,5-

diyl) (P3HT) over cross-linked (10% cross-linker) blue emitting dioctyl polyfluorene (PFO) layer. 

The overlaid layers showed clear and well-defined boundary with no interlayer mixing. The 

surface morphology of the solution deposited layers was investigated by AFM to show that the 

cross-linked layers exhibited significant decrease in surface roughness. This is also shown on the 

example of the hole transporting material 4,4'-bis[N-(1-naphthyl)-N-phenylamino]-biphenyl 

(NPB) which displayed roughness average to decrease from 6.4 nm to 1.0 nm. The effect of 

decreased surface roughness on the performance of phosphorescent OLEDs was investigated by 

fabricating devices with configuration of ITO/PEDOT:PSS/NPB:(0%/5%/10%) cross-

linker/MCP:6% Ir(mppy)3/TPBI/CsF/Al. Following the diazirine-mediated cross-linking, the 

OLEDs displayed a decrease in turn-on voltage from 3.8 V to 3.0 V along with a six-fold 

enhancement of external quantum efficiency (EQEmax) from 1.1% to 6.8% and maximum luminous 

efficiency increase from 3.8 cd/A to 22.9 cd/A. These results demonstrate that the simple diazirine 

mediated photo-cross-linking using mild conditions compatible with organic layers is a promising 

strategy for improving the performance of the solution-processed OLEDs.

1. INTRODUCTION
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Solution processing methods for the fabrication of large-area optoelectronic 

devices are widely sought. In electronic device applications, solution processing methods 

such as spin coating, blade coating, inkjet, gravure printing, and slot-die coating, to name 

a few, became the focus of intense research efforts.1�8 In organic light-emitting diode 

(OLED) applications, there are two approaches to fabricate multilayer device structures: 

high-vacuum thermal vacuum evaporation (TVE) and solution processing.9�12 The 

desirable way to produce large-area OLEDs is by using solution processing which allows 

for a significantly lower cost compared to TVE. However, the main challenges for the 

solution processing technique are the erosion of the previously deposited layer by the 

solvents used for the next layer deposition, interfacial mixing, or formation of uneven 

interfaces and surfaces, all of which significantly reduce the device performance. To 

address this issue, several avenues have been pursued including the polyelectrolyte 

deposition route,13,14 the use of �orthogonal solvents�,15�19 the introduction of a buffer 

layer,20,21 electrochemical deposition22,23 of a buffer layer or the use of organic 

semiconductors with cross-linkable moieties. This latter approach is particularly promising 

as it yields insoluble layers with no restrictions for solvents used in the deposition of 
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subsequent layers. Thus, photo-, thermally, or chemically polymerizable OLED materials 

have been developed.24,25 Unfortunately, these approaches suffer from disadvantages 

that include high temperatures required for cross-linking (e.g. trifluorovinyl-ethers,26,27 

benzocyclobutenes,28 or styrenes29,30), long exposure times required for photo-cross-

linking (e.g. cinnamates,31,32  or acrylates33,34), use of photoacid catalysts and two-step 

curing processes as it is in the case of oxetanes.35,36  Finally, none of the materials above 

can be used in a simple and general method. An �additive� cross-linker that could be used 

to cross-link material regardless of its function is still lacking. Such a cross-linker that 

could be added at any proportion without detrimental changes in the electronic 

characteristic of the materials would be a major development in organic electronic 

devices.

To address this point and also to overcome the above problems, we have 

developed new cross-linkers based on 3-trifluoromethyl-3-aryldiazirine moieties37�39 that 

display several important features: First and foremost, such cross-linkers are able to 

cross-link virtually any kind of material, whether a small molecule or polymer, regardless 
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of its function. Secondly, the 3-trifluoromethyl(aryl)diazirines photolyze readily within 10-

15 min (at 365 nm UV irradiation) at room temperature while releasing molecular nitrogen 

as the only byproduct. The diazirine photolysis results in a formation of carbene, which 

inserts into C-H bonds in its vicinity thereby providing highly cross-linked and insoluble 

products.40,41  The reactivity of carbene intermediates is high enough to cross-link C-H 

bonds of polymers such as dioctyl polyfluorene (PFO) or regioregular poly(3-

hexylthiophene-2,5-diyl) (P3HT) as well as small molecules, for example, 4,4'-bis[N-(1-

naphthyl)-N-phenylamino]biphenyl (NPB). To study the utility of diazirines in organic 

electronic devices, we have synthesized two different compounds 1 and 2. Here, the two 

diazirine moieties within one molecule make for very effective cross-linking agents (Figure 

1).
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Figure 1. The bis-diazirine cross-linkers 1 and 2 used in this study.

The cross-linking is achieved by the photolysis of the diazirine moiety, which 

generates a carbene intermediate. Such a carbene intermediate can exist in its singlet or 

triplet form. The singlet carbene is formed first and reacts with surrounding C-H moieties. 

However, the carbene singlet can also re-equilibrate to the corresponding triplet and react 

with a second molecule of carbene or oxygen to produce radical-radical coupling products 

including the desired heterodimer as well as the undesirable homo-dimer or ketone, 

respectively.41,42  Indeed, during the diazirine photolysis in the air-saturated solvents, we 

have observed traces of the ketone. In the argon-purged solutions, we have observed 

only the product of the C-H insertion. In the solid-state samples, after 15 minutes cross-

linking the IR spectra did not show the characteristic C=O stretching frequency of the 

corresponding ketone at 1711 cm-1 (see Results and Discussion, Figure 6). 

The preference for singlet state reactivity is also supported by the literature on the 

topic.41 The observed singlet reactivity is a favorable outcome as the formation of carbene 

dimers or ketones could partially prevent the cross-linking.
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Figure 2. The photolysis of diazirine derivatives and the corresponding products.

Solid-state photolysis experiments were carried out following the procedure briefly 

outlined in Figure 3. The material to be polymerized was dissolved in a suitable solvent, 

mixed in various proportions with the cross-linkers 1 or 2 (1-10% by weight) and deposited 

via spin-coating on a glass slide. The deposited material and cross-linker formed a soluble 

film, which was subjected to photolysis at room temperature for 5-30 minutes in an 

ambient atmosphere. This process yields insoluble polymer networks.

Figure 3. Fabrication of insoluble polymer films using the cross-linkers 1 or 2.
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This process can be used to cross-link polymers such as dioctyl polyfluorene (PFO) or regioregular 

poly(3-hexylthiophene-2,5-diyl) (P3HT) as well as small molecules, for example, 4,4'-bis[N-(1-

naphthyl)-N-phenylamino]biphenyl (NPB), a material commonly used in OLEDs as a hole-

transporting and electron-blocking layer (HTL).

2. RESULTS AND DISCUSSION

2.1. Photo-patterning and Fluorescence study:

Under UV irradiation bis-diazirines are very good sources of carbenes that predominantly 

generate C-H inserted products, converting soluble materials into insoluble highly cross-linked 

networks. Naturally, this process lends itself to the photolithographic deposition of polymer 

features. To demonstrate the possibility of photolithographic deposition of two different layers, 

first PFO with 10% of 2 was photo-patterned to obtain cross-linked PFO (blue) features using a 

shadow mask (Figure 4). 

Here we used 15-minute photolysis using the irradiation with 365 nm UV light (power 

density 1.8 mW/cm2) followed by demasking and washing of the patterned glass with THF to 

remove the unreacted PFO film from under the mask that was not exposed to light. This resulted 

in the formation of cross-linked emissive PFO (blue) features corresponding to the openings in the 

shadow mask. Then, P3HT (red) features (Figure 4) were deposited on top of the first blue pixel 

in such a way that the second pixel of P3HT is partly overlapping with the first (PFO). From the 

fluorescence image of the overlapped segment it is clear that there is no inter-penetration of the 

fluorescence emission colors at the intersection of the two polymers in the overlapped region. The 

two polymer features remain well-defined, despite the sequential solvent deposition and washing. 
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Figure S3B) was drop-cast over the PFO film from a chloroform solution. This resulted in the 

formation of a blend of the two polymer materials without the formation of a bilayer structure.

In the second experiment (Figure 5B), PFO with 10% of 2 was drop-cast followed by drying. The 

resulting film was photolyzed by irradiation with 365 nm UV light (power density 1.8 mW/cm2) 

for 15 minutes. Then in the similar way a thin film of P3HT was drop-cast over the cross-linked 

PFO film. In both experiments the excitation spectra (with HEm
det = 700 nm, Figure 5C) and 

emission spectra (with HExc
 = 400 nm, Figure 5D) were recorded from the side of P3HT at the 

overlapped region of two polymers. It was observed that the mixed layer lacking the cross-linked 

PFO exhibits excitation for PFO (300 nm-400 nm), P3HT (500 nm-650 nm) and their complex 

(400 nm-500 nm). Notably, the incomplete nature of the energy transfer between PFO and P3HT 

allows for observation of both PFO contribution and P3HT in the samples and enables to 

distinguish between the uniformly mixed blend (Figure 5A) and the cross-linked bilayer (Figure 

5B). Thus, the emission spectra for the same sample displayed features of PFO (400 nm-450 nm), 

P3HT (600 nm-800 nm) and their complex (400 nm-500 nm). This shows that regardless of 

sequential deposition of the materials, these formed a homogeneous blend of PFO and P3HT. In 

the second experiment, where the bilayer with the cross-linked PFO at the bottom was formed and 

was overlaid with P3HT, the spectra show only the excitation and emission of P3HT at 500 nm-

650 nm and at 600 nm-800 nm, respectively. The lack of PFO features in the spectra indicates no 

mixing of cross-linked PFO with P3HT is taking place as the PFO is effectively separated from 

the overlaying P3HT layer, and the excitation beam is exclusively absorbed by the P3HT. 

Together, these data strongly suggest that cross-linking prevents the interfacial mixing of two 

materials layers, a feature of utmost importance in fabrication of multi-layer devices such as 

OLEDs.
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Figure 5. Deposition of P3HT over PFO (A), P3HT over cross-linked PFO (B), excitation 

spectra of the bilayer for Hem
det at 700 nm (C), emission spectra of the bilayer for Hexc at 400 nm 

(D).

Because of our interest in the solution deposited OLEDs, we decided to study the cross-

linking of small molecules such as 4,4'-bis[N-(1-naphthyl)-N-phenylamino]-biphenyl 

(NPB), a material known as an efficient hole transport and electron blocking material 

frequently used in OLEDs. Despite the small molecule nature of NPB, insoluble films were 

realized using the diazirine photolysis and were studied further.

2.2. Cyclic Voltammetry (CV) study:

In order to understand the effect of photolysis and cross-linking on the molecular 

energy level of NPB, electrochemical properties were studied in thin film using cyclic 

voltammetry (CV) measurements. The oxidation scans of thin films of photolyzed NPB 

(0% and 10% 1) and un-photolyzed NPB were carried out in acetonitrile to estimate the 

HOMO levels, which were calculated from the onset oxidation potentials of the HOMO 

levels of ferrocene (-4.8 eV). All films displayed two irreversible oxidation waves and no 
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reduction wave were detected within the electrochemical window of acetonitrile. Their 

cyclic voltammograms are shown in Figure S1 and the respective electrochemical data 

are summarized in Table S1. It was observed that after 30 minutes irradiation with 365 

nm UV light (power density 1.8 mW/cm2) the HOMO-levels of NPB (0% and 10% 1) were 

estimated to be -5.43 eV, -5.42 eV, respectively. Similarly, the HOMO level of NPB without 

the photolysis was found at -5.43 eV. The LUMO levels were estimated to be -2.5 eV for 

all three samples. Thus, the cyclic voltammetry experiment show that the photolysis as well as 

cross-linking does not make any change in the molecular energy levels of NPB. This is important 

because the photolysis does not require that changes be made to device architectures. 

2.3. Infra-Red spectroscopy (IR) study:

Figure 6 shows the IR spectra of the un-cross-linked blend of PFO with 10% 2 

before (black trace) and after (red trace) cross-linking in the ambient atmosphere, which 

does not show appreciable band of the characteristic C=O stretching frequency (1711 

cm-1). To show how the IR spectrum would have looked like if the ketone C=O was 
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2.4. Atomic Force Microscopy (AFM) study:

Because organic electronic devices such as OLEDs depend on a uniform interface 

between the layers, we decided to investigate the surface morphology of the deposited 

(and cross-linked) layers. Toward this end, the effect of cross-linking on surface 

topography of the deposited films was investigated by AFM, before and after photolysis 

and finally, also after washing. The solvent washing step mimicked the solution deposition 

of the next layer of the multi-layer device.

Thus, a 76 nm thick layer of NPB with 10% cross-linker 1 was deposited by spin-

coating, and the surface roughness was studied by AFM both before and after photolysis 

and after washing with THF. Here we used the cross-linker 1 because of its non-emissive 

nature, which is compatible with NPB. From the topographic images (Figure 8A) of the 20 

µm × 20 µm scanned region it was observed that before photolysis the surface was 

significantly rough. Upon photolysis and washing the surface became significantly 

smoother. From the surface height profiles (Figure 8B) it was observed that before 
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photolysis the surface was very rough (the vertical fluctuations of data points were ±8 nm) 

and became significantly smoother after photolysis (fluctuations of ±3 nm), and after 

washing it became even smoother with fluctuations of ±1 nm. To investigate the statistical 

distribution of the vertical fluctuations, fifty different height profiles at different positions of 

the topographic images were collected and combined to generate the plots where the 

width of the distribution is proportional to the roughness of the surface (Figure 8C). It was 

observed that before photolysis the datapoints were broadly distributed between ±12 nm 

and became significantly narrower with photolysis. After washing the distribution was 

further reduced to ±3 nm which clearly indicates that cross-linking followed by washing 

generates smooth surface. 
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between 2 nm to 14 nm. After 15 min photolysis the roughness average was reduced to 

1.62 nm with narrower distribution between 0.5 nm to 2 nm. After 30 min photolysis the 

roughness average was further reduced to 1.44 nm. Finally, upon washing with THF the 

roughness average was decreased to 1.02 nm (Figure 9). The decreased average 

roughness and the similar roughness distribution for 15 min and 30 min photolysis 

suggests that after 15 min the NPB surface was fully cross-linked, and the organic layer 

was not removed by the successive washing with THF.

Prior to photolysis After washing

RA=6.36 RA=1.62 RA=1.44 RA=1.02

30 m inutes photolysis15 m inutes photolysis

Roughness Average Distribution

Figure 9. NPB-10% 1 films before and after photolysis, and after washing. The statistical 

distribution of the surface roughness is narrower following the photolysis demonstrated by the 

roughness average decrease from 6.36 nm to 1.02 nm.

The dramatic decrease in NPB layer roughness following the cross-linking and washing 

(which simulates the solution deposition of the subsequent layer in the multi-layer device) 

inspired us to incorporate the cross-linking step in the fabrication of OLEDs. 
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2.5. OLED Device Performance:

Smooth layers of uniform thickness of the deposited materials are required for 

successful operation of the OLEDs. Therefore, the effect of cross-linking on the device 

performance was studied by fabricating solution-processed OLEDs with the configuration 

of ITO/ PEDOT:PSS/ NPB:(0%/5%/10%) 1/ MCP:6% Ir(mppy)3/ TPBI/ CsF/ Al (Figure 

10A). This configuration allowed us to study the effect of different amounts of a cross-

linker on the device performance. Interestingly, the increasing amount of the cross-linker 

1 and the photolysis steps did not diminish the OLED performance. In fact, the cross-

linking and the presence of cross-linker residues strongly improved the OLED 

performance.

All the devices showed uniform and stable emission with a Smax at 511 nm from Ir(mppy)3, 

with no contribution from NPB, which confirms that charge recombination occurred 

exclusively in the emissive layer (Figure S2A). Interestingly, when the brightness (cd/m2) 

was plotted against voltage (Figure 10B), the turn-on voltage for the devices with no (0%) 

cross-linker 1, 5% 1, and 10% 1 was found to gradually decrease, very significantly, from 
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3.8 V, 3.03 V, and 3.0 V, respectively. The maximum brightness (Figure 10B), external 

quantum efficiency (EQEmax) (Figure 10C), luminous efficiency (LEmax) (Figure 10D), and 

maximum power efficiency 9UPmax) (Figure S2B) were found to strongly increase with 

increasing proportion of the cross-linker 1. The corresponding parameters are shown in 

Table 1.
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Figure 10. Characterization of the OLEDs comprising various amounts of the cross-linker 

1: Device architecture and chemical structures of the compounds used for device 

fabrication (A) and comparison of the device characteristics in the solution-processed 

green OLEDs based on the different amount of 1 in the NPB: Brightness-vs.-voltage (B), 
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maximum external quantum efficiency-brightness (C), maximum electroluminescence 

efficiency-current density (D).

Table 1. Characteristics of performance of the device parameters.a)

HTL Von

(V)

EQEmax

(%)

Bmax

(cd m-2)

LEmax

(cd A-

1)

UPmax

(lm W-

1)

NPB 3.8 1.1 22820 3.8 1.5

NPB + 5% of 1 3.0 2.7 23130 9.4 5.7

NPB + 10% of 3.0 6.8 37350 22.9 13.1

a) All the devices were fabricated and characterized in air and without encapsulation.

It is likely that the UV excitation and the resulting cross-linking followed by washing, which 

may result in further annealing of the triaryl amine moieties in NPB, leads to 

conformational relaxation while immobilizing these moieties in a tightly interlocked 

structure prevents formation of defects.43 The trends obtained in the tested devices 

correlate with the AFM experiments for NPB carried out with 10% of cross-linker 1 where 

it was observed that for the 15 min photolysis the average roughness was reduced from 

6.36 nm to 1.62 nm suggesting a decrease in potential aggregation and/or interfacial 
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defects, which is likely to yield more uniform hole mobility and electron/hole 

recombination. As a result, we have observed a six-fold improvement in the maximum 

external quantum efficiency from 1.1% to 6.8% for the devices comprising no 1 to 10% 1. 

Furthermore, the device fabricated with 10% of cross-linker 1 exhibited the best 

performance with maximum luminous efficiency of 22.9 cd/A, maximum brightness of 

37,350 cd/m2, and maximum power efficiency of 13.1 lm/W (Figure S2B). These results are 

due to cross-linking of the triaryl amine moieties in NPB, immobilizing these in a tightly 

interlocked structure where the NPB-based tectons? are tightly bound closer to one another, 

providing an effective annealing. This annealing is, we believe, responsible for both better charge 

transport and improved surface morphology with lower occurrence of defects thereby increasing 

the device performance.

An additional effect of the crosslinking and annealing is likely the elimination of some defect-

induced nonradiative exciton quenching centers. The elimination of these centers might 

immediately account for the absence of change in the hole mobility, the significant decrease in 

turn-on voltage, and the sharp increase in the efficiency of the devices. In addition, we believe 

that the cross-linking and smoothing of the interface between HTL and the emissive layer 

leads to a decreased degradation of the hole transport layer-emissive layer interface and 
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a more uniform charge injection and formation of excitons in the emissive layer which in 

turn leads to sharply improved device performance.

3. Conclusion

In conclusion, we have developed a new method for cross-linking of organic 

electronic materials utilizing photo-activated diazirine cross-linkers that react with 

polymers or small molecules to transform soluble organic materials into highly cross-

linked insoluble networks. The advantage of the diazirine method is that it appears to be 

universal in capability to form insoluble layers from all types of materials as long as these 

possess C-H bonds. Furthermore, it allows for easy-to-achieve photo cross-linking 

without the presence of any catalyst or initiator while liberating molecular nitrogen as the 

only side product. Two cross-linkers, each comprising two diazirine moieties were 

synthesized and tested using shadow-mask photolithography and washing, which 

allowed for the fabrication of emissive features. AFM was used to study the surface 

morphology of the cross-linked networks. Prior to cross-linking the materials displayed 
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significant roughness while after the photolysis the AFM experiments showed 

dramatically decreased surface roughness, from 6.4 to 1.0 nm, for the hole transporting 

material NPB.

Fabrication of OLED devices confirmed the utility of the diazirine-based cross-linked 

networks. Here, for the experimental Ir(mppy)3 OLEDs we observed a decrease in turn-

on voltage from 3.8 V for a device fabricated without the cross-linker, to 3.0 V for a device 

with 10% of the cross-linker. The external quantum efficiency displayed a six-fold 

enhancement from 1.1% to 6.8%. Similarly, the maximum luminous efficiency increased 

from 3.8 cd/A to 22.9 cd/A and the maximum power efficiency increased from 1.5 lm/W 

to 13.1 lm/W. The diazirine-based cross-linking method enables a significant 

improvement in the OLED performance over any other cross-linking methods reported in 

the literature. It is suspected that the strongly improved performance is due to relaxation 

of the NPB network and elimination of some of the nonradiative exciton quenching 

centers. It is also suspected that the devices� stability improved following the crosslinking 

process, since that process drastically reduced the devices surface roughness.  
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Together, the present results demonstrate that the diazirine-based materials can be 

successfully utilized in the fabrication of emissive features as well as pixels in the 

experimental OLEDs. We believe that these materials and cross-linking methods may be 

used for solution fabrication of multi-layer devices such as OLEDs or solar cells.

EXPERIMENAL SECTION

Synthesis of the crosslinkers is described in the Supporting information section.

Sample photolysis and cross-linking:

Photolysis was performed by placing the spin-coated sample 2 cm under Spectroline ENF 

280C lamp (power density 1.8 mW/cm2) with 8W 365 nm output, at a voltage of 115 V, 

working with a frequency of 60 Hz.

Atomic force microscopy: 

All the samples were prepared on a 1cm×1cm sized watch glass. PFO and NPB were 

spin-coated at 4000 rpm for 30 sec from a 10 mg/ml solution of THF and chloroform 

respectively and after cross-linking the slides were washed by dipping several times in 

THF.
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Aluminum coated silicon AFM probe (Aspire CT170R-25) was used for topography 

imaging of the samples. The cantilever force constant was 50 N/m. A full-scale frequency 

sweep was done to tune the AFM tip and the resonance frequency of the cantilever was 

found at 170 kHz. The radius of curvature of the tip was 8 nm. The uniform conical shape 

of the tip fits our requirement to get topography images for measuring surface roughness. 

Higher Precision closed loop AFM scanning module (PicoSPM, Agilent) was used for 

imaging. 20×20 µm2 area of each polymer sample was scanned with a pixel density of 

512×512. All AFM data were processed, and roughness was calculated by using WS×M 

5.0.

Device Fabrication and General Measurements:

Films were fabricated on 1cm×1cm 20 WN�=����
 140 nm thick ITO-coated glass 

substrates (Colorado Concept Coatings). The cleaned ITO substrates were treated in UV 

ozone oven to increase the work function of the ITO and hence facilitate hole injection. 

The filtered PEDOT:PSS was spin coated at 6000 rpm for 30 s on the ITO to generate a 

30 nm layer that was baked in air at 130 °C for 1 hour. Different mixtures (0%, 5%, 10%) 

of 1 cross-linker and NPB (10 mg/ml) in chloroform were spin-coated at 2000 rpm for 30 
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s on top of the PEDOT:PSS layer in air and cross-linked by 15 minutes irradiation of 365 

nm UV light and then. Then 6% Ir(mppy)3 in MCP were spin coated from a solution of 

chlorobenzene at 1500 rpm for 30 s in the air and the resulting emitting layer was 

annealed at 80 °C for 15 minutes in the air and at 80 °C for 15 minutes inside an Ar-filled 

glove box. Following the annealing step, the films were transferred to a thermal 

evaporator chamber within the glove box. TPBI, CsF and Al layers were deposited 

sequentially by thermal evaporation. The thickness of the TPBI layer was 40 nm and that 

of CsF was 1 nm. The Al cathode was deposited through a shadow mask containing 1.5 

mm diameter holes and its thickness was 100 nm. Bias voltages across the OLEDs were 

supplied by a Kepco DPS 40-2M programmable power supply and the current was 

measured using a Keithley 2000 multimeter. The OLED�s EL was measured by a Minolta 

LS110 luminance meter and the EL spectra were obtained using an Ocean Optics 

CHEM2000 spectrometer.
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