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A B S T R A C T   

The fabrication of organic light-emitting diodes (OLEDs) composed of multi-layered structure through a solution- 
based process suffers from the dissolution of the preformed lower parts during the coating of upper layers. To 
prevent this problem during the solution process, a promising approach of introducing a cross-linkable layer with 
a high solvent-resistivity has been proposed. Herein, thermally cross-linkable spirobifluorene-core-incorporated 
hole transport layers (HTLs) with a cross-linking temperature of 180 ◦C are designed for solution-processible 
OLEDs composed of multi-layered structures. The enhanced morphology stability and solvent-resistive prop-
erty of the synthesized HTLs are evaluated through a rinsing-test with an organic solvent used for the emitting 
layer. Considering the charge transport property of HTLs in OLEDs, the appropriate energy level and triplet 
energy values of the synthesized HTLs promote the efficient cascade hole migration. Consequently, the OLED 
composed of thermally cross-linkable HTL shows higher quantum efficiency (QE) of 16.5% and lower operation 
voltage of 5.1 V at 1000 cd/m2, compared to that composed of a commercialized polymer, poly (9-vinyl-
carbazole) (PVK). Thus, in this study, the feasibility of the potential application of thermally cross-linkable HTL 
with the spirobifluorene-core-units as charge transport layers for solution-based optoelectronic devices composed 
of multi-layered structures has been verified.   

1. Introduction 

In recent decades, organic light-emitting diodes (OLEDs) have been 
extensively developed and studied due to the rapid increase in their 
demand by display and lighting industries. This swift heightened de-
mand is due to their numerous advantages such as lightweight, low 
operating potential, fast response, and large area processibility with low 
cost [1–6]. OLEDs with a high quantum efficiency (QE) can be fabricated 
using a thermal evaporation process. Such a process occurs within a high 
vacuum chamber and is widely used to obtain multi-layered structures 
with fine morphology and thickness of few-tens nanometers [7–10]. 
However, the use of a high-vacuum-based evaporation process for the 
deposition of organic materials suffers from restricted scalability, 
limited choice of materials, and high operating cost [10–13]. To resolve 
the aforementioned issues, solution-based wet processes such as 

roll-to-roll, ink-jet, and screen printing processes have drawn consider-
able attention due to their promising features for the fabrication of 
large-area OLEDs with low cost [14–16]. Solution-based wet processes 
are highly feasible for the fabrication of flexible or wearable devices 
[17]. However, the main challenge of the solution-based wet process in 
fabricating OLEDs with a multi-layered structure is the prevention of the 
dissolution of lower parts during the coating process [18,19]. The 
formerly coated organic layers on transparent conductive oxide (TCO) 
substrates such as indium tin oxide (ITO) glass have good solubility in 
the organic solvent of the upper layer such as chlorobenzene. Hence, the 
deposition of the emitting layer (EML) with the solution-based wet 
process can damage the lower layers and severely distort their 
morphology [19]. 

The use of cross-linkable charge-transporting layers has been 
considered as a promising approach to resolve the dissolution issue 
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during the solution-based wet process [20]. After the deposition of the 
cross-linkable material, the cross-linking process is conducted to 
improve its solvent-resistive property and morphology stability, thereby 
successfully achieving a multi-layered structure over the crosslinked 
layer. Recently, cross-linkable materials comprising of thermally 
cross-linked units or moieties are widely adapted to the hole transport 
layer (HTL) of OLEDs. In comparison to a photo-assisted cross-linkable 
HTL, the thermally cross-linkable HTL is free from undesired contami-
nants or residuals originating from cross-linking agents which may 
deteriorate the device performance [17,21]. To obtain a robust HTL, an 
annealing process is required for the thermally cross-linkable materials 
without harnessing any additional agents or additives in the HTL. 
However, the challenges involved with the use of cross-linkable HTLs 
are high annealing temperatures of over 200 ◦C and undesired changes 
in film morphology which results in thermal stress. 

Herein, thermally cross-linkable spirobifluorene-core-incorporated 
HTLs were synthesized for the fabrication of solution-processible OLEDs. 
The two synthesized compounds, N-phenyl-7-(4-(2-(phenyl(4-((4- 
vinylbenzyl)oxy)phenyl)amino)-9,9′-spirobi [fluoren]-7-yl)phenyl)-N- 
(4-((4-vinylbenzyl)oxy)phenyl)amino)-9,9′-spirobi [fluoren]-2-amine 
(hereafter, DSP) and N-phenyl-7-(4’-(2-(phenyl(4-((4-vinylbenzyl)oxy) 
phenyl)amino)-9,9′-spirobi [fluoren]-7-yl)-[1,1′-biphenyl]-4-yl)-N-(4- 
(4-vinylbenzyl)-)oxy)phenyl)amino)-9,9′-spirobi [fluoren]-2-amine 
(hereafter, DSBP) were spin-coated on the HTL comprised of poly 
(3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS). 
The thermal annealing process for the cross-linking of the HTL was 
carried out at a temperature of 180 ◦C as determined from the differ-
ential scanning calorimetry (DSC) and thermogravimetry (TG) analysis. 
The enhanced morphology stability and solvent-resistive property of 
DSBP in comparison with that of DSP were evaluated via a rinsing-test 
with an organic solvent. These properties were investigated by the ul-
traviolet (UV)-vis absorption spectra and the atomic force microscopy 
(AFM). The synthesized HTLs were used to fabricate OLEDs with a multi- 
layered structure consisting of ITO glass, hole injection layer (HIL), HTL, 
EML, electron transport layer (ETL), and lithium fluoride/aluminum 
(LiF/Al). To compare the performance of the device, a device composed 
of a commercialized polymer, poly (9-vinylcarbazole) (PVK), as the HTL 
was fabricated. Considering the charge transport property of the HTL, 
the efficient cascade hole migration was expected in the DSP and DSBP 
compared to PVK due to the presence of appropriate energy levels and 
triplet energy values. Consequently, the OLEDs composed of DSBP had 
the highest maximum QE of 16.5%, compared to that of the OLEDs 
composed of DSP and PVK, 15.0% and 11.9%, respectively. Further-
more, the use of DSBP induced a lower operating voltage of 5.1 V at 
1000 cd/m2, compared to that of the OLEDs with DSP and PVK, 5.5 and 
6.0 V, respectively. More importantly, in aspect of OLEDs fabrication 
process, cross-linkable hole transport layer with spirobifluorene-core- 
units can be efficiently utilized in various solution-based optoelec-
tronic devices due to the enhancement of solvent-resistive property and 
thermally stability of structure. 

2. Experimental section 

2.1. Materials 

4-bromo-butene, 1,3,5-tribromobenzene, 4-(dimethylamino)pyri-
dine, ditert-butyl dicarbonate, diphenylamine, trifluoroacetic acid, tri-
bromoborane, bis(4-methoxyphenyl)amine, bis(4-methoxyphenyl) 
amine, 4-vinylbenzyl chloride, acetonitrile and 1,1′-Ferrocenediyl-bis 
(diphenylphosphine) (DPPF) were purchased from Sigma Aldrich Chem. 
Co., Korea. Sodium tert-butoxide and 3,6-dimethoxy-9H-carbazole were 
purchased from Alfa Aesar Chem. Co. and TCI Chem. Co., respectively. 
Palladium (0) acetate, tris(dibenzylideneacetone)dipalladium (0) were 
purchased from P&H Tech. Co. Sodium hydroxide, potassium carbonate 
(K2CO3), dimethylformamide (DMF), acetone, and potassium phosphate 
were purchased from Duksan Sci. Co., Korea. Dichloromethane 

(CH2Cl2), DMF, and acetone were purchased from Daejung Sci. Co., 
Korea. Toluene and tetrahydrofuran (THF) (obtained from Sigma 
Aldrich Chem. Co., Korea) were purified with calcium hydride and so-
dium. Poly (3,4-ethylenedioxythiophene):poly (styrenesulfonate) 
(PEDOT:PSS, CLEVIOS™ P VP AI 4083, Heraeus) was used for the HIL. 

2.2. Device fabrication 

The patterned ITO substrates were cleaned via ultra-sonication for 
10 min each in acetone, distilled water, and IPA, sequentially. Subse-
quently, the substrate was treated with UV ozone treatment. The HIL, 
HTL, and EML were deposited on the surface of the cleaned ITO sub-
strate via a spin-coating process at a rotational speed of 2000 rpm for 25 
s. For the HTL, the hole transport materials (HTMs) were dissolved in 
0.3 wt % chloroform. After the spin-coating of the HTMs at 2000 rpm for 
25 s, the thermal treatment was carried out on a hot plate at 200 ◦C for 
30 min to crosslink the HTMs. For the EML, (Tris (4-carbazoyl-9- 
ylphenyl)amine) (TCTA) and 3-(3-(carbazole-9-yl)phenyl)pyrido 
[3′,2′:4,5]furo [2,3-b]pyridine (3Cz-PFP) were dissolved in 0.7 wt % 
toluene, which was used for the mixed host of the EML with a 9:1 ratio. 
Also, Ir (mppy)3 was dissolved in 0.2 wt % toluene and doped in the 
mixed host with 10% doping concentration. After the spin-coating of the 
EML, the solvent drying was performed on the hot plate at 80 ◦C for 20 
min. The TPBi (ETL), LiF, and Al cathode were deposited in a thermal 
vacuum deposition chamber with vacuum pressure under 10− 7 torr. The 
rate of vacuum deposition was 1 Å/s for the ETL, 0.1 Å/s for LiF, and 1 
Å/s for the Al cathode [22]. The fabricated devices were encapsulated by 
using glass lids, calcium oxide (CaO) getters, and epoxy resin to prevent 
moisture and oxygen penetration [23]. The epoxy resin was cured under 
UV light irradiation with 254 nm wavelength by an x-light 400p UV 
lamp for 25 s. Consequently, the green OLEDs were fabricated with the 
following structure: ITO/PEDOT:PSS(35 nm)/HTMs (20–25 
nm)/TCTA:3CzPFP:Ir (mppy)3 (30 nm)/TPBi(35 nm)/LiF(l nm)/Al 
(200 nm). 

2.3. Characterizations 

High-resolution hydrogen-1 nuclear magnetic resonance (1H NMR) 
spectra were measured by a UNITY INOVA 500 spectrometer (Varian, 
Inc., USA), operated at 500 MHz to analyse the chemical structure of the 
compounds. Gas chromatography high resolution mass spectroscopy 
(GC-HRMS) was obtained using a JEOL, JMS-700. Atmospheric Solids 
Analysis Probe (ASAP) mass spectrometry (MS) experiment was con-
ducted to obtain the mass spectra with high resolution. The performance 
of the OLED devices including the external quantum efficiency (EQE), 
current efficiency (CE), electroluminescence (EL) spectra, current den-
sity, and luminance was measured using a Keithley 2400 source mea-
surement unit and CS-2000 spectroradiometer. The UV–Vis absorption 
spectra of the synthesized compounds were measured using a JASCO V- 
730 UV–Vis spectrometer. To investigate the UV–Vis spectra, the syn-
thesized compounds were dissolved in their solvents with the concen-
tration of 1 × 10− 5 mol/L [24,25]. The PL spectra of the synthesized 
compounds were measured using a PerkinElmer LS55 fluorescence 
spectrophotometer in solution, solid-state [26]. As before, the com-
pounds were dissolved in anhydrous toluene and THF depending on the 
degree of dissolution and then dispersed in 1 wt % polystyrene (PS) to 
get solid samples. The low-temperature PL spectra were measured at 77 
K with liquid nitrogen and with the delay time set to determine the value 
of the triplet energy. The highest occupied molecular orbital (HOMO) 
energy level of the synthesized compounds was measured by cyclic 
voltammetry (CV) (IviumStat.h, IVIUM Tech. Netherlands) with a scan 
rate of 0.1 V/s. The glassy carbon electrode, Ag/AgCl electrode, and Pt 
wire were used as the working, reference, and counter electrodes, 
respectively. 0.1 M tetrabutylammonium perchlorate was used for the 
electrolyte. To obtain the correction values, ferrocene and 1,3-Bis(N-car-
bazolyl)benzene (mCP) (obtained from Sigma Aldrich Chem. Co., Korea) 
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were used as the comparative materials. For the DSC analysis, the 
exothermal and endothermal peaks of the synthesized compounds were 
measured by TA Instruments DSC Q2000 with a heating rate of 
10 ◦C/min for two cycles. The 2nd scan was started after cooling from 
over 350 ◦C to room temperature. For the TGA, the decomposition 
temperature of the synthesized compounds was measured using a Seiko 
Exstar 6000 with a decreasing heating rate of 10 ◦C/min from room 
temperature to 600 ◦C. The decomposition temperature (Td) was 
detected at the starting point of the slope of the curve of weight loss with 
time. The surface morphology of films was investigated via AFM. The 
Fourier transform infrared (FT-IR) spectra of the synthesized compounds 
were measured by a Bruker IFS-66/S within the wavenumber scan range 
of 4000–400 cm− 1. For the FT-IR spectroscopy, the compounds were 
dissolved in toluene and drop-casted on Si-wafer substrates. 

3. Results and discussion 

The synthesis schemes of N-phenyl-7-(4-(2-(phenyl(4-((4-vinyl-
benzyl)oxy)phenyl)amino)-9,9′-spirobi [fluoren]-7-yl)phenyl)-N-(4-((4- 
vinylbenzyl)oxy)phenyl)amino)-9,9′-spirobi [fluoren]-2-amine (DSP) 
and N-phenyl-7-(4’-(2-(phenyl(4-((4-vinylbenzyl)oxy)phenyl)amino)- 
9,9′-spirobi [fluoren]-7-yl)-[1,1′-biphenyl]-4-yl)-N-(4-(4-vinylbenzyl)-) 
oxy)phenyl)amino)-9,9′-spirobi [fluoren]-2-amine (DSBP) are displayed 
in Fig. 1. The detailed synthesis protocol of 1-bromo-4-((4-vinylbenzyl) 
oxy)benzene, N-phenyl-4-((4-vinylbenzyl)oxy)aniline, and 7-bromo-N- 
phenyl-N-(4-((4-vinylbenzyl)oxy)phenyl)-9,9′-spirobi [fluoren]-2- 
amine are described in the supplementary information. For the synthe-
sis of DSP, 7-bromo-N-phenyl-N-(4-((4-vinylbenzyl)oxy)phenyl)-9,9′- 
spirobi [fluoren]-2-amine (3 g, 4.32 mmol) and 1,4-phenylenediboronic 
acid (0.32 g, 2 mmol) were dissolved in distilled THF (10 ml). Tetrakis 
(triphenylphosphine)palladium (0) (0.06 g, 0.05 mmol) and 2 M 
aqueous K2CO3 (5 ml) were added into the reaction mixture and stirred 
overnight. At the completion of the reaction, the product was extracted 

with CH2Cl2 and distilled water, and the organic layer was dried over 
magnesium sulphate (MgSO4) and concentrated after filtering. The 
concentrated reaction product was purified using a silica gel column 
using dichloromethane/hexane (1/5, v/v) as the eluent. The yellowish 
white solid product was obtained. The weight of the purified product 
obtained was 0.9 g (29% yield). 1H NMR (500 MHz, CDCl3, ppm): δ 7.33 
(dd, J = 7.8, 2.8 Hz, 4H), 7.63 (d, J = 8.3 Hz, 1H), 7.51 (dd, J = 8.0, 1.6 
Hz, 1H), 7.44–7.27 (m, 11H), 7.17–7.01 (m, 6H), 6.966.66 (m, 16H), 
6.50 (s, 1H), 5.75 (dd, J = 17.6, 0.7 Hz, 1H), 5.31–5.23 (m, 5H), 4.95 (s, 
2H), 3.74 (ddd, J = 6.6, 3.4, 1.6 Hz, 6H), 1.89–1.80 (m, 6H), 1.55 (s, 
4H), 1.26 (d, J = 15.4 Hz, 2H), 1.03–0.75 (m, 2H). 13C NMR (125 MHz, 
CDCl3, ppm): δ 207.10, 137.55, 136.87, 136.67, 129.97, 127.93, 127.35, 
126.70, 236.63, 114.30. GC-HRMS (FAB+) m/z 1304.5291 [(M + H)+]; 
Calcd. For C98H68N2O2, 1304.5281. For the synthesis of DSBP, 7-bromo- 
N-phenyl-N-(4-((4-vinylbenzyl)oxy)phenyl)-9,9′-spirobi [fluoren]-2- 
amine (3 g, 4.32 mmol) and 4,4′-Biphenyldiboronic acid (0.48 g, 2 
mmol) were dissolved in distilled THF (10 ml). Tetrakis (triphenyl-
phosphine)palladium (0) (0.06 g, 0.05 mmol) and 2 M aqueous K2CO3 
(5 ml) were added into the reaction mixture and stirred overnight. After 
the reaction was completed, the reaction product was extracted with 
CH2Cl2 and distilled water, and the organic layer was dried over MgSO4 
and concentrated after filtering. The concentrated reaction product was 
purified by silica gel column using dichloromethane/hexane (1/5, v/v) 
as the eluent. The yellowish white solid product was obtained solid 
product was obtained. The weight of the purified product obtained was 
1.03 g (39% yield). 1H NMR (500 MHz, CDCl3, ppm): δ 7.76 (t, J = 8.4 
Hz, 4H), 7.66 (d, J = 7.9 Hz, 1H), 7.58 (dd, J = 8.0, 1.6 Hz, 1H), 7.43 (m, 
12H), 7.31 (td, J = 7.5, 1.0 Hz, 3H), 7.13–7.01 (m, 6H), 7.00–6.67 (m, 
18H), 6.51 (s, 1H), 5.76 (dd, J = 17.6, 0.8 Hz, 1H), 5.34–5.19 (m, 5H), 
4.96 (s, 3H), 3.81–3.63 (m, 4H), 1.91–1.75 (m, 4H), 1.55 (s, 3H), 
1.37–1.20 (m, 4H), 0.88 (dd, J = 8.6, 5.4 Hz, 2H). GC-HRMS (FAB+) m/ 
z 1380.5600 [(M + H)+]; Calcd. For C104H72N2O2, 1380.5594. The 1H 
NMR spectra were displayed in Fig. S1, supporting information. 

Fig. 1. Synthesis scheme (a) N-phenyl-4-((4-vinylbenzyl)oxy)aniline, (b) 7-bromo-N-phenyl-N-(4-((4-vinylbenzyl)oxy)phenyl)-9,9′-spirobi [fluoren]-2-amine, (c) 
DSP, and (d) DSBP. 
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Diphenylamine (DPA) units were adopted as the crosslinking unit for 
the cross-linkable HTM[27]. For the elongated π-π conjugations and 
enhanced hole transporting ability, the phenyl or biphenyl group was 
introduced into the core of DSP and DSBP, respectively[28]. Fig. 2 shows 

the UV–Vis absorbance and photoluminescence (PL) spectra of DSP and 
DSBP. The optical bandgap (Eg) of DSP and DSBP was 2.93 eV and 2.91 
eV, respectively. The absorption peaks at 370–380 nm were assigned to 
the π - π * transitions, originated from the π -conjugations in DSP and 
DSBP. The shoulder peaks near the wavelength of 310 nm and the ab-
sorption profiles less than 400 nm can be attributed to the spirobi-
fluorene species [29,30]. For the steady-state PL spectra, the strong 
emission peaks centred at 479 and 469 nm corresponding to DSP and 
DSBP, respectively, were obtained, where the triplet emission for DSP 
and DSBP were observed at 500 and 514 nm, respectively. The calcu-
lated triplet energy values were 2.48 and 2.41 eV for DSP and DSBP, 
respectively [31,32]. In addition, the HOMO level was estimated 
through CV as 5.64 and 5.59 eV for DSP and DSBP, respectively, (Fig. S2, 
supporting information). However, no clear reduction curve was ob-
tained. The LUMO level was calculated to be − 2.71 and − 2.68 eV from 
Eg and HOMO energy level [33,34]. The obtained photophysical, elec-
trochemical, and thermal properties of DSP and DSBP are summarized in 
Table 1. To investigate the cross-linking temperature and thermal sta-
bility properties, the DSC and TGA were conducted as shown in Fig. 3. As 
displayed in Fig. 3a and b, the crosslinking temperature ranges for DSP 
and DSBP were 145–175 ◦C and 154–204 ◦C, respectively. The two 
HTMs were cross-linked at temperatures 180 ◦C, which was well 
confirmed during the second scan [35]. As shown Fig. 3c and d, DSP and 
DSBP show high thermal stability at temperature less than 300 ◦C. Also, 
the decomposition temperature (Td, 5% weight loss) of DSP and DSBP 
was observed at around 397 ◦C and 301 ◦C, respectively [36,37]. The 
high thermal stability of DSP and DSBP resulted from the rigid structure 
of spirobifluorene species, which can enhance the light-emitting effi-
ciency of OELDs [38,39]. As shown in Fig. S3, the FT-IR spectroscopy 
investigation revealed that DSP and DSBP are well-crosslinked and 
suitable for application in solution-processed multilayer devices. During 

Fig. 2. UV–Vis absorbance and PL spectra, and Low temperature PL (LTPL) of 
DSP and DSBP. 

Table 1 
Photophysical properties of DSP and DSBP.   

ES (eV) ET (eV) ΔEST (eV) HOMO (eV) LUMO (eV) Eg (eV) 

DSP 2.59 2.48 0.11 − 5.64 − 2.71 2.93 
DSBP 2.64 2.41 0.23 − 5.59 − 2.68 2.91  

Fig. 3. (a–b) DSC and (c–d) TGA curves of DSP and DSBP, respectively.  
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thermal crosslinking, the remarkable changes in C––C and C–C bonds 
could be an evidence of crosslinking, which could be attributed to the 
conversion of C––C to C–C, observed in the peaks attributed to the sty-
rene units at around 1681–1682 cm− 1. 

The cross-linking properties and feasibility of DSP and DSBP as the 
HTM in solution processible devices were investigated. The solvent 
resistance characterization was performed after crosslinking via a 
rinsing-test using toluene, which was used as the solvent for the EML. 
For the rinsing-test, the spin-coated DSP and DSBP layers were dried at 

200 ◦C for 30 min on the hot plate. Subsequently, the HTL samples were 
rinsed in toluene using a spin-coater at 2000 rpm for 30 s. The UV–Vis 
absorption spectra of the DSP and DSBP layers were characterized before 
and after the rinsing test (Fig. 4). After the rinsing-test, a slight decrease 
in the absorption at a wavelength of 250–300 nm and over 450 nm were 
observed for DSP. However, no obvious change in the absorption spectra 
at the entire wavelength was observed for DSBP. This indicates that 
DSBP has excellent cross-linking property compared to DSP. The AFM 
topology images reveal the excellent solvent-resistive property of DSBP 

Fig. 4. UV–Vis absorption spectra of DSP and DSBP before and after the rinsing test with the solvent of the EL (toluene).  

Fig. 5. AFM images of DSP and DSBP before and after the rinsing test with the solvent of the EL (toluene).  

Y.E. Kim et al.                                                                                                                                                                                                                                   



Dyes and Pigments 187 (2021) 109122

6

(Fig. 5). For the surface morphology characterization, a Si-wafer was 
used as a flat substrate. The DSP and DSBP layers were spin-coated on 
the surface of PEDOT:PSS coated on the Si wafer substrate, followed by 
the thermal cross-linking treatment. The root-mean-square (RMS) values 
of the cross-linked films were 0.88 and 0.42 nm for DSP and DSBP, 
respectively. After the rinsing-test, the RMS value of DSP was signifi-
cantly reduced to 0.49 nm. However, no obvious change was observed in 
the RMS value (0.45 nm) of DSBP after the rinsing-test, which well re-
flects its good solvent-resistive property. 

To investigate the performance of the solution-based EL devices with 
DSP and DSBP, the green phosphorescent organic light-emitting diodes 
(PHOLEDs) were fabricated with the multi-layered structure as shown in 
Fig. 6[40]. DSP and DSBP were used for the HTL of the PHOLEDs. To 
compare the performance of the device, a PHOLED composed of a 
commercialized polymer, PVK, as the HTL was fabricated. As for the 
EML, a mixture of 3Cz-PFP and TCTA with a weight ratio of 1:9 was used 
as the co-host and Ir (mppy)3 as a dopant in the toluene solvent. All 
solution processes were conducted by spin-coating. Additionally, 
considering the triplet energy values of DSP (2.48 eV) and DSBP (2.41 
eV), the DSP and DSBP were utilized in the green phosphorescent 
organic light-emitting diodes (PHOLEDs) [21,41]. 

TPBi and LiF/Al were deposited on the surface of the EML via the 
thermal vacuum deposition and the corresponding energy band struc-
tures with band alignment are illustrated in Fig. 6a. The current density- 
voltage and luminance-voltage (IVL) curves and the QE-luminance 
curves (Fig. 6b and c) indicate that the use of cross-linkable HTLs in 
EL devices resulted in improved efficiency. As displayed in Fig. 6b, 
reduced turn-on and operating voltage parameters were obtained by 
introducing the cross-linkable HTLs. The operating voltages of the EL 
device with DSBP were 4.3 V at 100 cd/m2, 5.1 V at 1000 cd/m2, and 
6.8 V at 10,000 cd/m2. The operating voltages of the EL devices with 
PVK and DSP were 4.9 and 4.3 V at 100 cd/m2, 6.0 and 5.5 V at 1000 cd/ 

m2, and 8.1 and 7.6 V at 10,000 cd/m2, respectively. The use of DSBP 
also resulted in a maximum QE of 16.5% (16.1% QE at 1000 cd/m2) 
compared to the maximum QE of 11.9% (11.9% QE at 1000 cd/m2) and 
maximum QE of 15.0% (14.6% QE at 1000 cd/m2) for the EL devices 
with PVK and DSP as summarized in Table 2. The CE was also enhanced 
by using the cross-linkable HTLs. The maximum CE parameters were 
41.4 cd/A for PVK (41.3 cd/A at 1000 cd/m2), 47.1 cd/A for DSP (46.7 
cd/A at 1000 cd/m2), and 53.7 cd/A for DSBP (53.1 cd/A at 1000 cd/ 
m2). As displayed in Fig. 6d, no significant changes in the EL spectra 
were recorded. The high EL performance of devices with DSP and DSBO 
resulted from the efficient hole migration and improved interfacial 
properties of the HTLs. The efficient charge migration through the cross- 
linkable HTL was evaluated by the fabrication of a hole-only device 
(HOD) composed of ITO/PEDOT:PSS/HTMs/Au as shown in Fig. S4. The 
current density values of the HOD with DSBP at the scan voltage were 
significantly higher than that of the HOD with DSP. The improved 
current density values can be attributed to the higher hole transporting 
property of DSBP than DSP [42–44]. The energy band diagram (Fig. 6a) 
shows that DSP and DSBP can enhance the efficient cascade hole 
migration from the ITO into the EML. Despite the similar energy level 
alignment of DSP and DSBP, the EL device with DSBP shows more 

Fig. 6. Schematic representation of the (a) energy levels, (b) Luminance-voltage-current density, (c) QE-luminance, and (d) electroluminescent characteristics of the 
fabricated solution-processed OLEDs comprised of PVK, DSP or DSBP as the cross-linkable HTL. 

Table 2 
Summary of device performance parameters of OLEDs comprised of PVK, DSP, 
and DSBP as the HTL.  

Devices Quantum Efficiency (%) Current Efficiency (cd/A) Colour 
coordinate 

Maximum @1000 cd/ 
m2 

Maximum @1000 cd/ 
m2 

PVK 11.9 11.9 41.4 41.3 (0.30, 0.62) 
DSP 15.0 14.6 47.1 46.7 (0.30, 0.62) 
DSBP 16.5 16.1 53.7 53.1 (0.30, 0.62)  
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outstanding performance than that with DSP. This superior performance 
is as a result of the enhanced interfacial properties between the HTL and 
EML, which is due to the outstanding surface morphology and 
solvent-resistive properties of DSBP. 

4. Conclusions 

In summary, thermally cross-linkable spirobifluorene-core-incorpo-
rated HTLs (DSP and DSBP) were synthesized and used for the fabrica-
tion of solution-processible OLEDs. The thermal annealing process for 
the cross-linking of the HTL was carried out at 180 ◦C as determined 
from the DSC and TGA. Via a rinsing-test with an organic solvent used 
for the EML, we found that DSBP possessed enhanced morphology sta-
bility and solvent-resistive property compared with DSP. The synthe-
sized HTLs were used to fabricate OLEDs with the multi-layered 
structure of ITO glass, HIL, HTL, EML, ETL, and LiF/Al. Considering the 
charge transporting property of HTL in OLEDs, the appropriate energy 
levels and triplet energy values of DSP and DSBP promoted the efficient 
cascade hole migration compared to PVK. As a result, the OLED 
composed of DSBP had the highest maximum QE of 16.5%, compared to 
that composed of DSP and PVK with maximum QE of 15 and 11.9%, 
respectively. Furthermore, the use of DSBP resulted in a lower operating 
voltage of 5.1 V at 1000 cd/m2, compared to the operating voltage 
observed with the use of DSP and PVK, 5.5 and 6 V, respectively. Hence, 
with the improved performance of the EL, it was demonstrated that the 
thermally cross-linkable charge transport layers with the 
spirobifluorene-core-units can be effectively utilized in various solution- 
based optoelectronic devices comprising of multi-layered structures. 
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