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ABSTRACT: The influence of the chain length and the molecular weight distribution of the 

electroluminescent polymer on the carrier transport properties and morphology of air stable 

Hybrid Light Emitting Diodes is reported. It is found that variations between diverse as-received 

commercial batches play a major role in the performance of the devices, whose maximum 

luminance can differ up to two orders of magnitude. Through complementary opto-electronic, 

structural and morphological characterization techniques we provide insights into the 

relationship between charge dynamics and the structure of polymeric electroluminescent 

materials. The carrier dynamics are found to be dominated by both the polymeric chain length 

and the hole transport, which in turn, is dependent on the concentration of trap states. 

Furthermore, the chain length is seen to affect the morphology of the active layer.  

KEYWORDS: electroluminescent polymers, hybrid light emitting diodes, F8BT, molecular 

weight, polidispersity index, charge carrier mobility 

 

INTRODUCTION 

The performance of optoelectronic devices relies heavily on the properties of the semiconducting 

polymers that make up the active layer. The packing of the molecular chains affects the charge 

transport in such a manner that polaron or exciton separation, charge transport and recombination 

depend on the resulting morphology.1-3 This has been reported in significant detail for many 

organic electronic devices, in particular organic solar cells and organic transistors,4 where it has 
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been demonstrated that the behaviour of the polymer depends on its molecular weight, which can 

be difficult to control and can lead to large differences in device performance.5 Furthermore, the 

chain length and its size distribution are also key factors that determine the packing of the 

polymer chains and their orientation towards the electrodes.6 Indeed, the distance between the 

aromatic groups of adjacent chains also varies with the polymeric Mw resulting in different 

charge mobilities.7-9 On the other hand, the polidispersity index (PDI) is ubiquitous, particularly 

in commercial grade samples, adding variability to the reproduction of the devices. 

In this work, we explore the impact of the variations of the molecular weight and the PDI of 

commercial electroluminescent polymer. Despite numerous investigations of polymeric 

properties on the performance of organic field effect transistors and solar cell applications,10-13 

this topic has not been explored with the same intensity in the field of organic light emitting 

diodes (OLEDs).14-16 Therefore, we have chosen these types of devices due to their potential as 

light sources and the major influence that the electroluminescent layer has on the properties of 

the device. However, despite their impressive efficiencies, one significant drawback of OLEDs is 

the use of low work function electrodes and organic transport layers that are sensitive to moisture 

and oxygen and require costly protective layers.17 Therefore, it is desirable to replace the organic 

materials by stable transition metal oxides as charge transport layers. In this way, the robustness, 

transparency and electronic properties of the inorganic materials are then combined with the 

possibilities offered by the organic lumophores giving rise to Hybrid Light Emitting Diodes (see 

Scheme 1). These devices, which have shown similar performances to those of the best published 

polymeric OLEDS,18 are formed by sandwiching organic electroluminescent polymers between 

an electron transport layer (ETL) such as ZnO, TiO2 or ZrO2 and a MoO3 hole transport layer 

(HTL) topped with an inert high work function gold anode.19-21 In addition, the low cost and the 
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facile preparation of the metal oxides permit the reduction of production costs and the fabrication 

of devices in air by solution methods. F8BT (poly-9,9’-dioctylfluorene-alt-benzothiadiazole, 

Scheme 1b) has been used as an electroluminescent polymer since it is widely used in organic 

electronics and its LUMO and HOMO levels matches well with the conduction bands of the 

charge transport layers (Scheme 1c). 

 

Scheme 1. (a) Description of the HyLED multilayered structure, (b) the chemical structure of the 

F8BT polymer and (c) the energy band diagram of the device. 

In order to focus exclusively on the variability of the semiconducting polymer, we have 

acquired different commercial batches of F8BT and tested them on devices with identical 

configurations. Depending on the batch, the maximum luminance achieved by the diodes can 

differ by up to two orders of magnitude and significant differences in the current-voltage 

characteristics are observed. To determine the key properties controlling the device performance, 

a detailed study on the morphology, surface and optical properties of the active layer has been 

carried out. In addition, we have also probed the charge carrier dynamics of the devices under 
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working conditions to obtain more detailed information on the effect of polymer structure on 

device performance. 

EXPERIMENTAL SECTION 

F8BT samples were acquired from different suppliers and their molecular weights measured by 

gel permeation chromatography against polystyrene standards (Table 1). The reported purities 

are 99.99% and metal contents, when indicated by the provider, below 84 ppm. Zinc acetate 

dihydrate, methanol, xylene and MoO3 were purchased from Sigma Aldrich and used as 

received.  

Device preparation and characterization. The ZnO layers were prepared by spray pyrolysis 

deposition from a precursor solution of zinc acetate dihydrate in methanol (80 g/L) onto pre-

patterned ITO glass substrates (10 Ω/ sq, obtained from Psiotec Ltd.) at 450 °C followed by 

annealing at 450 ºC for 30 min. The electroluminescent F8BT layer was spin coated from a 

xylene solution and annealed at 155 °C for 30 min in a nitrogen rich atmosphere. The solution 

concentration was adjusted to get film thicknesses of 100 nm. Finally, the samples were 

transferred to a thermal evaporation chamber where the MoO3 (15 nm) and Au (100 nm, Kurt 

Lesker) layers were deposited through a shadow mask under high vacuum (1 x 10-7 mbar), which 

defined an active area of 0.25 cm2. The as-prepared devices were transferred out of the glove box 

and measured in air without any form of encapsulation. The devices were characterized with a 

Thornlabs silicon photodiode combined with a Keithley 2400 source controlled by in-house 

software. 

Hole only devices where prepared and characterized following the same procedure than the 

bipolar diodes. The ZnO layer is substituted by 50 nm of PEDOT:PSS which is deposited by spin 
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coating and annealed under nitrogen at 120 ºC for 30 min. The subsequent layers are deposited as 

described above. 

Film characterization. Thicknesses were measured by an Ambios Technology XP-1 

profilometer and confirmed by X-ray reflectometry. Atomic Force Microscopy measurements 

were done in tapping mode on a Molecular Imaging model Pico SPM II while images were 

analyzed using WSxM software.22 Grazing incident X-ray diffraction (GIXD) studies were 

performed using a high-resolution diffractometer Seifert XRD 3003 operating at 8 keV and 

equipped with a point detector. Out-of-plane GIXD profiles were measured at the fixed incident 

angle α = 0.17º being higher than the critical angle of the polymer film and lower than the 

critical angle of the substrate. The surface free energy was estimated by the Owens-Wendt-

Rabel-Kaelble (OWRK) method from the contact angle measurements done on the polymer films 

by means of a Krüss DSA100. Differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) were performed using a Mettler-Toledo TGA-DSC 1 under nitrogen. DSC 

experiments were carried out in two consecutive heating cycles from 30 to 300 and cooling back 

to 30 ºC at a rate of 10 ºC/min while TGA consisted in a single measurement from 30 to 500 ºC 

at a rate of 20 ºC/min. UV-Visible absorption was measured in a Perkin Elmer Lambda 950 

while fluorescence measurements were recorded using an Aminco-Bowman Series 2 

luminescence spectrometer. Time correlated single photon counting (TCSPC) experiments were 

carried out after recording 1000 counts per second (CPS) with a Lifespec picosecond 

fluorescence lifetime spectrophotometer from Edinburgh Instruments© equipped with lasers as 

excitation sources. The instrument response was always shorter than 440 ps measured at full 

width half maximum (FWHM). For transient electroluminescence measurements (TEL), the 

devices were electrically excited by a fast pulse generator Thurlby Thandar Instruments TGP110, 



 

7

which permitted accurate control of rise and decay times. Single square-wave voltage pulses 

between 4 and 7 V were applied during 100 microseconds. The electroluminescence response 

was detected using a PM Hamamatsu H6780-01 photomultiplier tube detector connected to an 

amplifier from Hamamatsu C9693. A Teknotronix TDS 2022 oscilloscope was used to record the 

voltage, time and electroluminescence.  

All the measurements were carried out at ambient conditions without using encapsulating layers. 

 

RESULTS 

The commercial samples employed in this study are summarized in Table 1. The Hybrid Light 

Emitting Diodes (HyLEDs) were structured as ITO/ZnO/F8BT/MoO3/Au and all the layers were 

deposited under the same conditions to permit a fair comparison of the behavior of the different 

polymers. 

Table 1. Description of the F8BT batches employed in this work. PDI accounts for the 

polidispersity index. 

Sample Mn (g/mol) Mw (g/mol) PDI Supplier 

F15k 5897 15686 2.7 Sigma Aldrich 

F23k 4107 23000 5.6 American Dye Source 

F27k 12273 27000 2.2 1-Material 

F35k 14583 35000 2.4 American Dye Source 

F43k 17133 43517 2.5 Sigma Aldrich 

F60k 31579 60000 1.9 QCR Solutions 

F73k 22812 73000 3.2 American Dye Source 
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F116k 34118 116000 3.4 American Dye Source 

 

The diodes were characterized by measuring the evolution of light emission with applied bias 

(Figure 1). The devices present turn on voltages lower than 3 V and reach the maximum 

luminance below 10 V (see Table 2 and Table S1 on the supplementary information). The best 

luminance values are achieved in devices containing the F73k sample while poorer behaviors of 

up to two orders of magnitude lower are observed when F15k and F60k are employed. It is 

interesting to note that the turn-on voltages for the samples F15k, F60k and F73k deviate from 

the mean estimated value of the other samples. This is rather surprising since turn on voltages are 

related to the electron injection barrier which is defined as the difference between the ITO 

workfunction and the metal oxide conduction band edge.18  

 

Figure 1. Luminance (a) and current density (b) vs applied bias for the 

ITO/ZnO/F8BT/MoO3/Au devices prepared with F8BT of different Mw and PDI. 
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Figure 1b shows the evolution of the density current vs. applied bias (Figure 1b) from a linear 

dependence that turns exponential at voltages closer to the built-in voltage (Vbi), pointing to the 

change from a diffusion dominated current into a space charge limited regime.23 This fact arises 

from the energy band alignment of the different components of the device, described in Scheme 

1c. The MoO3 of the HTL forms an ohmic contact with the electroluminescent polymer allowing 

the injected holes to drift from the electrode to the organic-inorganic interface where, due to the 

energy mismatch between the valence band (VB) of the ETL and the HOMO of the polymer, 

accumulate leading to a built in field. The field assists the injected electrons on the other 

electrode to overpass the electron injection barrier between the conduction band (CB) of the ETL 

and the LUMO of the F8BT.18 The charge transport at voltages higher than Vbi is thus bulk 

limited and is best described as pseudo-hole only space charge limited current, since the 

predominant carriers are holes.24-26 The J-V curve can be modeled using the Mott-Gurney 

equation combined with field dependent mobility (equation 1): 

Jsclc =
9

8
εµ0

V 2

L3
exp β

V

L











        (1) 

where ε is the ε0·εr permittivity of the F8BT polymer, µo is the hole zero field mobility, V is the 

effective applied bias (the applied bias corrected by the built-in potential), L is the thickness of 

the active layer and β is the field-effect mobility coefficient (also known as Poole-Frenkel 

factor). The parameters obtained from the fitting of the J-V curves, listed in Table 2 and shown in 

the supplementary information, indicate that the room temperature hole mobility µo amounts to 

~10-5 cm2/V·s for all the samples except for F15k, F43k and F60k. The β coefficient, which 

depends upon trap depths, is estimated to be 10-4 cm1/2/V1/2, except for F15k, F35k and F43k 

which is one order of magnitude lower suggesting an increased influence of traps in the charge 
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carrier mobility. Comparison with parameters obtained from hole-only devices made of 

ITO/PEDOT:PSS/F8BT/MoO3/Au when the hole injection takes place from the MoO3 (see Table 

S2 and Figure S2 in the supplementary information), indicate that the difference is less than one-

fold and probably arises from the beneficial influence of the ZnO layer. 

Independent measurements of the hole mobility under working conditions are obtained by 

transient electroluminescence (TEL) in which the time dependence of the rise of 

electroluminescence is recorded after application of square voltage pulses of different amplitude. 

The delay time (td) between the voltage start and the onset of light emission is a direct 

measurement of the transit time of the faster charge carriers (holes, vide supra) towards the 

recombination zone. Therefore, TEL curves can be well described by the equations used for 

hole-only single layer OLEDs in which holes drift faster towards the interface dominating the 

early stage of the rising of electroluminescence.27 

Table 2. Optoelectronic data of the devices obtained from the L-V curve, the fitting of the JV 

curve and TEL measurements. 

Sample 
Von

 

(V)a 

Lmax 

(cd/m2)b 

µ0 

(cm2/V·s)c 

β 

(cm1/2/V1/2)c 

Vtrap 

(V)d 

F15k 2.8 26 1.1 x10-6 4.1 x10-3 2.9 

F23k 2.3 1440 4.3 x10-5 1.3 x10-4 2.7 

F27k 2.1 1340 1.0 x10-5 1.0 x10-4 2.3 

F35k 2.4 890 1.8 x10-5 1.2 x10-3 4.1 

F43k 2.3 224 1.9 x10-7 3.9 x10-3 4.9 

F60k 2.7 28 5.9 x10-7 3.9 x10-4 --- 
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F73k 1.8 6400 2.8 x10-5 9.0 x10-4 3.2 

F116k 2.3 530 9.7 x10-5 7.3 x10-4 2.5 

a The turn-on voltage is defined as the applied bias when the luminance reaches 0.01 cd/m2; b 
maximum luminance; c data obtained from fitting the JV curves; d data obtained from TEL 
measurements. 

 

Once the holes reach the steady state, which occurs at times close to td, further rise of 

electroluminescence is then due to electron flow in the bulk. Even at this stage, hole density 

exceeds the electron concentration and is not affected by charge recombination. Consequently, 

we can estimate the hole mobility from the electroluminescence output using the equation of the 

drift mobility in a electric field (Equation 2):  

µh =
L2

Vtd            (2) 

where L accounts for the thickness of the active layer, V is the effective applied bias (V-Vbi) and 

td is the time delay. Figure 2a illustrates the linear dependence of the as-estimated µh with the 

electric field, except for F60k that could not be measured due to its low luminance. The variation 

between samples corroborates the previous observations of Figure 1b in the sense that charge 

dynamics are influenced by the molecular weight and PDI.  
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Figure 2. Hole mobility as a function of the square root of the electric field (a) and variation of 

the hole mobility with the free hole density (b). Solid lines indicate linear fitting, dashed lines 

indicate power law fitting. 

Further information can be obtained following the development made by Rihani et al. who 

estimated the free hole density (pe) considering the Langevin charge recombination coefficient 

(R) and the recombination current, Jr.
27 Briefly, R can be estimated from the hole mobility 

through the equation 3.  

R =
qµ h

ε           (3) 

where q stands for the elementary charge, µh is the hole mobility and ε is the permittivity of 

F8BT. Furthermore, the recombination current is directly proportional to the light emission. 

Therefore, from the evolution of light emission with time we can estimate the time constant τ 

(equation 4), which is inversely proportional to the free hole density, pe. Equation 5 demonstrates 

this relationship where EL refers to the electroluminescent signal at a given time t and a is the 

value of the intersection at time 0:  
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ln
EL(t → ∞) − EL(t)

EL(t → ∞)









 = a −

t

τ
       (4) 

pe =
τ −1

R
           (5) 

The as-calculated free hole densities (equation 5) depend linearly with the applied bias so 

extrapolation to lower bias indicates that pe vanishes at certain voltages pointing to the presence 

of traps in the bulk (Vtrap, see Table 2). Therefore, the low charge carrier density at lower applied 

bias is due to the fact that the empty traps are becoming filled. As the applied voltage increases, 

the number of empty traps decreases and the number of free holes increases, resulting in 

enhanced current densities. A close inspection reveals that Vtrap is similar to Vturn-on suggesting 

that, at lower bias, the dominant mechanism is non-radiative trap assisted recombination in 

agreement with previous observations.23 The exception is found for the samples F35k, F43K and 

to less extent F73k that show higher Vtrap than the rest. Again, comparison of this data with that 

obtained from the J-V curve reveals that these samples posses’ high β values confirming the 

increased influence of the traps on the mobility values.  

On the other hand, the variation of µh with charge carrier density follows a power law trend, in 

agreement with the conduct observed for other polymers at charge carrier densities higher than 

1016 cm-3.28 The dependence of the field-effect mobility on charge carrier density has been 

related to the width of the exponential density of states; therefore, the stronger dependence of the 

mobility on the charge carrier density in samples F35k and F27k are indicative of larger 

energetic disorder.28 Moreover, the analysis of the charge dynamics suggests a major influence 

of traps on the performance of the diodes. The device F43k display lower charge carrier mobility 

reflected in reduced free hole density and current density together with high values of β and Vtrap. 
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Moreover, the devices with lower current densities (F15k, F43k and F60k) lead to higher 

luminance turn-on voltages regardless of the electron injection barrier. In addition, these samples 

give poorer luminance.  

However, the charge mobility does not correlate with the variations in the Mw or the PDI. 

Consequently and in order to gain further information, we have undertaken optical and 

morphological studies on polymer films. The absorption spectra, shown in Figure 3a, present the 

typical pattern for F8BT with the main peak centered at 465 nm. The fact that the peaks are not 

significantly shifted or broadened suggests that the optical band gap does not change regardless 

of the Mw and the PDI. Photoemission measurements after excitation at 450 nm, Figure 3b, 

show a main signal centered at 536 nm except for F116k whose emission maximum is red shifted 

to 541 nm. The intensity of the peaks varies according to their respective PDI suggesting that 

higher size dispersion is more beneficial to efficient light emission than higher Mw. 
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Figure 3. Optical characterization of the thin films (a) UV-Vis absorption, (b) 

photoluminescence, (c) TCSPC decays (IRF: instrument response function). 
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Time-Correlated Single Photon Counting (TCSPC) records the decay signals as a function of 

time after excitation at 405 nm. The experimental points are fitted with the equation 6: 

I(t) = I0 exp −(t / τ )[ ]
        (6) 

where I(t) represents the time (t) dependent decay of the fluorescence intensity, Io stands for the 

initial intensity values and τ is the lifetime value obtained from the decay, indicating the average 

time that the polymer remains in the excited state. Figure 3c shows the decays for all the 

samples. F15k, F43k and F60k fall within the response of the instrument (IRF) and thus, the 

decays are shorter than 0.44 ns. The rest of the samples show monoexponential decays that can 

be fitted to equation 6, resulting in lifetime values that are shown in Table 3.  

Table 3. Photophysical parameters of the polymeric films 

Sample λ max Abs(nm) λ�max PL(nm) τ (ns) 

F15k 464 537 < 0.44 

F23k 464 536 1.55 

F27k 462 532 1.45 

F35k 465 537 1.30 

F43k 462 536 < 0.44 

F60k 465 536 < 0.44 

F73k 467 538 1.57 

F116k 466 541 1.32 

 

Additionally, we have measured the lifetime of the devices under ambient conditions. 

Measurements were done every 24 hours on devices without encapsulation that were stored in 

air. The results, which have reached values of 600 hours, do not show significant differences 

between the most efficient polymers. 
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In order to gain further insight into the relationship between the molecular weight distribution 

and the morphology, we have proceeded with differential scanning calorimetry (DSC). Figure 4 

shows the second heating scan, where the first feature above 100 ºC is an endothermic transition 

followed by an exothermic peak around 150 ºC. The combinations of the first cooling scan with 

the second heating scan indicates that it is due to the transition of the polymer from the glassy to 

the rubbery state that takes place alongside a crystallization step.29 The glass transition 

temperature (Tg) has been therefore estimated at the onset of the first change of the heat capacity 

defined by the point of intersection between the baseline before the thermal effect and the 

tangent of the curve (Table 4). A second exothermic transition located around 185 ºC is assigned 

to further crystallization. Finally, there is the onset of a third transition at temperatures around 

200 ºC. The endothermic nature of the smooth transition points to the occurrence of the melting 

process to liquid crystalline phase. 

 

Figure 4. DSC data of the second heating scan for all the polymers. 
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Structural analysis to probe ordering was performed by GIXD measurements at the incident 

angle of αi = 0.17º. This incident angle is above the critical angle of the polymer (αc = 0.15º) and 

below that of the glass substrate (αc = 0.21º) to permit the penetration of the X-beam through the 

depth of the whole film. Figure 5 shows the scattering profiles, which present a peak at small 

angles suggesting the presence of similar structural organization of crystalline domains 

regardless of the Mw or PDI of the samples (see supporting information Figure S3). The peaks at 

higher angles could not be resolved despite long counting time (200s) due to the weak signals 

arising from the low thickness of the samples. Therefore, X-ray studies were focused on the most 

intense scattering peaks centred at a 2θ position of ≈ 5.2º (see Figure 5). According to the 

literature, polyfluorenes usually form lamellas that stack parallel to the substrate in a 

configuration described as the β-phase and defined by the π-π stacking, the size of the F8-BT 

repeating unit and the interchain spacing.30,9 We have focused on the peak corresponding to the 

interchain spacing that lies between 1.66 to 1.69 nm, depending on the sample, which agrees 

with the 1.6 nm reported in the literature.30 Moreover, since the estimated length of the alkyl side 

chains is 8.75 Å we can deduce that the observed interchain distance corresponds to two 

polyfluorene backbones separated by alkyl chains. Similar edge-on orientation with the strongest 

(100) peak associated with side chain distances along the out-of-plane direction has been 

reported for a large family of thiophenes.31,32 All samples here show these characteristic features 

but for three exceptions, the F60k, F73k and F43k samples. The first, F60k, shows a rather broad 

distribution shifted to higher 2θ angles with two peak positions suggesting the existence of two 

polymorphs where the chains are separated by 1.6 or 1.4 nm. In addition, it confirms the higher 

amount of disordered domains for the F60k in comparison to all other samples in the series that 

provide narrower peaks. Interestingly, F73k and F43k samples in turn show just one peak (very 
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intense for F73k) located at even higher 2θ angles (see supplementary information) that 

correspond to interchain distances of about 1.2 nm. The size of the crystallites is obtained from 

the width of the peak in combination with the Scherrer equation (Table 4). The as-calculated size 

of the domains ranges from 10 to 17 nm with marginal changes of crystalline domains as a 

function of the molecular weight, except for F43k that measures 30 nm. 

 

Figure 5. Out-of-plane GIXD in the vicinity of the (100) peak of F8BT films. 

Further information has been obtained by AFM studies (Figure 6). It is interesting to point out 

the low roughness of the samples ranging between 1.8 and 3.4 nm (see Table 4). The films are all 

formed by domains of aggregated crystallites that agree with literature reports about the 

polycrystalline nature of films forming well-ordered domains when annealed above Tg.
29,33 

However, there are clear differences in the local morphology. The pattern in F43k is formed by 

long chains while the aggregates are much closer in F15K and F60k. Samples F23k, F35k, F73k 

and F116k are arranged in a similar fashion than F43k, whereas the F27k film is rather smooth 

but contains aggregates of 200 x 140 nm. It is worthy to note that F60k, which has the lowest 

PDI among the samples, forms small aggregates while larger domains are observed in samples 

with PDI values above 2.5. 
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Figure 6. AFM topography images (2 µm x 2 µm) of the F8BT films. 

The formation of molecular aggregates is known to be strongly affected by the surface energy of 

the molecules.34 Consequently, we have estimated the surface free energy of the different 

samples through the measurement of the contact angle of water, ethylene glycol and dimethyl 

sulfoxide on F8BT films. These values are applied in equation 7 to calculate the dispersive and 

polar interactions between F8BT and the liquids. 

σL 1+ cosθ( )
2 σ L

D
= σS

P
σL

P

σ L

D
+ σS

D

        (7) 
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where θ is the contact angle and σ is the surface free energy of the F8BT (S) or the liquid (L). 

The total surface energy is calculated from the sum of the dispersive and the polar components 

and the results are summarized in Table 4. The results indicate that surface free energy (SFE) 

increases with the Mw especially due to the decrease of the polar component. These observations 

agree with Wu who defined a linear variation between the surface energy and Mn-2/3 so the 

variation of the Mw provides a reliable method to control the surface energy.34,35 However, the 

increase of Mw alone cannot explain the differences found in the structural characterization. The 

SFE of the chain ends is usually lower than that of the chain; therefore the increment of SFE 

values with higher Mw is assigned to the decreased ratio of chain ends to the repeat unit. The 

heterogeneity caused by the chain ends in the surface energy can affect the grain boundaries, the 

size of the domains and the order of the molecular arrangement.34 Moreover, it could be the 

cause of the irregular change in the mobility of semiconducting layers.36 In addition, we also 

need to consider the value of the PDI of each sample since it affects the heterogeneity of the 

surface as well. For example, on one hand, F60k has the lowest PDI, 1.9, shows the lowest 

mobility and forms films containing a broad dispersion of crystallites with a mean size of 9 nm 

arranged in a closed pattern resulting in low surface roughness. On the other hand, F23k has the 

highest PDI, 5.6, the charge mobility and luminance values are among the highest of the samples 

and it forms large and homogenous domains (15.2 nm) resulting in relatively rougher films. In 

fact, the SFE values are higher than expected for this Mw and the polar component is 

comparable to F43k. So we can deduce that the polymer samples with higher PDI (F23k, F35k, 

F43k, F73k and F116k) produce films with bigger domains that form large patterns as seen in the 

AFM images. The SFE values correlate with the Mw although some subtle deviations are 

observed due mainly to the influence of the PDI on the heterogeneity of the surface. Finally, and 
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although the films present certain surface roughness, it is worthy noticing that the average values 

are lower than 4 nm, and as reported by Wang et al., in these cases, the influence of the 

topography can be considered negligible.37 On the other hand, the measurements of the contact 

angle have been done using the advancing angle, which has been demonstrated to be relatively 

less sensitive to surface roughness.38 Therefore, the influence of the surface roughness on the 

measurements of the contact angle, and therefore, on the determination of the SFE have not been 

taken into account. 

Table 4. Temperature of the glass transition (Tg), wettability properties described by the surface 

energy (γe) and the dispersive (σD) and polar components (σP), the crystalline size (S) calculated 

by GIXS and surface average roughness (Rav) of the F8BT films.  

Film Tg 

(ºC) 

γe (mJ/m2) σD (mJ/m2) σP (mJ/m2) S (nm) RAV (nm) 

F15k --- 27.5 27.2 0.3 --- 2.2 

F23k 104 29.9 29.7 0.2 15.2 2.3 

F27k 107 28.3 27.9 0.4 16.9 3.1 

F35k 109 28.1 27.8 0.3 14.2 3.0 

F43k 104 27.9 27.7 0.2 30.6 2.8 

F60k 101 29.7 29.5 0.2 9.7 1.8 

F73k 109 29.7 29.6 0.1 11.2 2.6 

F116k 112 30.4 30.3 0.1 13.3 3.8 

 

DISCUSSION 

We have prepared devices with commercial F8BT samples ranging from 15686 to 116000 g/mol 

that present a broad dispersion of sizes. The performance of the devices depends on the 
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morphology of the active layer, which in turns depends on the polidispersity index and chain 

length of the polymer, as summarized in Table 5. We consider first the samples F43k and F60k. 

The estimated charge carrier mobilities and current densities are lower than the rest of the 

samples, and consequently, the devices offer poor results with low luminance values and high 

turn-on voltages. This trend is also observed in the optical properties where the emission rates 

and the lifetime of the photogenerated excitons are also lower. But despite the similar 

optoelectronic properties of these two devices, their morphologies differ and so do the reasons 

for their poor behavior. F60k is composed of two polymorphs that form small crystalline 

domains. The features of the polymorphism have been detected by GIXD and by the width of the 

endothermic peak at DSC measurements, which despite its lower PDI displays a broad feature. 

The increased number of domains implies the presence of more grain boundaries that act as 

traps, which hinder charge transport and photoemission. On the other hand, F43k possess shorter 

spacing between polymer chains that can induce the formation of well-ordered nanodomains. 

The presence of these crystalline domains has not been detected by optical measurements but the 

structural analysis reveals the closer interchain spacing that gives rise to homogeneous domains 

ranging up to 30 nm. The decrease of spacing between polymer chains causes a decrease of the 

charge mobility. This effect is also seen for F60k where one of the polymorphs shares similar 

structural characteristics with F43k. Interestingly, the sample F73k with shorter interlammelae 

distance due to interdigitation of the side chains provides relatively high field effect mobility and 

the highest luminance. Despite that in samples F43k and F60k such interdigitations cause a 

dramatic decrease of the optoelectronics characteristics, the sample F73k reveals the best 

performance. The origin of this enhancement can be related to the strong improvement of the 

orientation features confirmed by the highest intensity of the out-of-plane GIXD profile. 
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Thermogravimetric analysis of F60k reveals an unusual loss of weight between 100 and 360 ºC 

that have not seen in the rest of the samples (see supplementary information).  

Samples F15K, F23k, F27k, F35k, F73k and F116k display similar morphological features with 

homogeneous domains made of crystallites of similar sizes giving rise to moderate surface 

roughness. The performance of the devices improves with increasing length of the polymer 

chains, and therefore, F15k has low luminance values coincident with lower mobility values. 

This trend is usually assigned to the concentration of chain ends that can act as trapping centres. 

However, F116k does not produce the best device, as the trend would suggest. Reasons for the 

lower than expected performance can be deduced from the red shift of the photoluminescence 

peak and a moderate increase in the roughness of the film surface that suggests the formation of 

non-emissive aggregates. These aggregates could originate from partial chain entanglements that 

limit molecular motion and crystallization despite the annealing treatment.29 Finally, it is worth 

mentioning F23k, which behaves better than expected for its Mw. A priori, the chain ends act as 

exciton dissociation sites so shorter polymer chains with more chain ends are expected to have 

lower emission efficiency, but this effect is mitigated by the broad dispersion of chain lengths in 

the sample that contribute to increase the photoluminescent efficiency. As has been reported 

before, polydispersity enhances the ability of polymers to self-organize during the annealing 

process at optimized temperatures. In fact, devices made of P3HT with low Mw and high 

polidispersity have been observed to be more efficient than devices with higher Mw due to the 

enhanced crystallinity of the polymer chains.39 On the other hand, the presence of small fractions 

of high molecular weight polymers can drastically affect film formation in blends with polymers 

of lower Mw, their morphology and carrier dynamics.40 Finally, if we are to conclude on any 
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general trend from the experimental results, high PDI values favor good optical properties and 

the formation of large domains, which result in enhanced performance of the devices. 

 

Table 5. Summary of the experimental results observed in each sample. 

Sample Mw (g/mol) PDI Experimental observations 

F15k 15686 2.7 
Shortest polymer chain length and moderate PDI 
Poor charge mobility and optical properties 
Poor device performance 

F23k 23000 5.6 
Broad dispersion of chain lengths 
Large crystalline domains 
Excellent device performance 

F27k 27000 2.2 
Moderate polidispersity 
Formation of large aggregates 
Excellent device performance 

F35k 35000 2.4 
Moderate polidispersity 
High values for Vtrap 
Good device performance 

F43k 43517 2.5 
Short interchain distances generating large domains 
Poor charge mobility and optical properties 
Moderate device performance 

F60k 60000 1.9 

Presence of polymorphs and impurities 
Small domains originating grain boundaries 
Poor mobility and optical properties  
Poor device performance 

F73k 73000 3.2 

High molecular weight and polidispersity 
Short interchain distances, strong orientation of the 
chains 
Excellent device performance 

F116k 116000 3.4 
High molecular weight and polidispersity 
Formation of optical non emissive aggregates 
Moderate device performance 

 

CONCLUSIONS 

In conclusion, this study determines the influence of the molecular weight and polidispersity 

index of commercial F8BT in the performance of Hybrid Light Emitting Diodes. Contrary to 
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previous work on this topic made on purified polymers, the commercial batches have broad size 

dispersion that affects the performance of the devices. So, despite higher Mw favors charge 

mobility, the presence of long polymer chains does not always guarantee the formation of 

adequate morphologies that lead to efficient devices. Consequently, it is necessary to consider 

the molecular weight, the size distribution and the purity of the batches because of their influence 

on the morphology and the final properties of the devices.  

We believe that these conclusions will impact several important research fields where polymers 

are utilized such as organic solar cells, light emitting diodes and transistors promoting the 

industrial development of optoelectronic devices.  
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